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Abstract

The half-reactions involved in gold cementation on zinc powder from low concentration alkaline cyanide solutions
were studied in a steady state regime, employing electrodes of glassy carbon and graphite paste with zinc powder.
The effects of pH, cyanide and initial gold concentrations were investigated using various electrochemical techniques.
The results were used to determine the controlling step of the cementation at low cyanide concentration and to
interpret the influence of the variables on this process. Mixed potentials and associated currents were determined
from the Evans’ diagrams constructed using sampled current—potentials curves from chronoamperometric results for
half redox reactions. These values do not adequately describe the global cementation reaction because gold reduction
in low cyanide concentration solutions is greatly influenced by a strong contribution from adsorptive processes. This
behaviour is different from that found by other authors for concentrated gold and cyanide solutions, where the
process is controlled by the complex ion diffusion (Au(CN),). The strong component of adsorption found in the
present work does not permit the determination, using the Evans’ diagrams, of the cementation velocity. Direct
monitoring of the mixed potential was proposed, employing an electrode made of zinc powder in carbon
paste submerged in a gold cyanide solution. The results of these experiments at low cyanide concentrations show
that zinc oxidation is controlled by the formation of different passivating layers, the nature of which depended on
the pH of the solution, and that the gold reduction reaction is strongly influenced by adsorption phenomena.

1. Introduction

The extraction of gold from minerals and concentrates
with cyanide is an important hydrometallurgical pro-
cess, which has been studied for more than 100 years
[1, 2]. Two of the most important steps in this process
are gold leaching in an alkaline cyanide medium,
followed by its cementation with zinc powder, carbon
adsorption or electrolysis. Generally, in industrial prac-
tice, where high concentrations of silver or copper are
found, zinc cementation is preferred over the other two
processes [3].

One of the most serious problems in the cementation
stage is the high cost of reagents. The reduction in
concentration of one of them, cyanide, results in an
extremely negative consequence, zinc passivation. When
this occurs, the controlling step of the process may
change and the amount of zinc powder must be
increased to raise the gold cementation to an acceptable
level [4-6]. There is thus substantial motivation for
study of the cementation process under passivating
conditions [7].

Most authors have stated that the controlling step in
the cementation is Au(CN), ion transport to the zinc
surface [4-9]. On the one hand, all authors employed
high cyanide concentrations (107> M CN~), which is
not common in industrial practice [3]. On the other
hand, Eisenmann proposed that the kinetics are domi-
nated first by an adsorption equilibrium, followed by
electron transfer [10]. This contradiction in the literature
constitutes another reason to study in more detail gold
cementation at low cyanide concentrations.

To clarify the passivation problem, an electrochemical
study of gold cementation at low cyanide concentrations
(107 and 107* M) is proposed, which investigates
individually each half reaction: gold reduction (cathodic
branch) and zinc oxidation (anodic branch) as proposed
by Ihsan et al. [4].

Au(CN); +e~ — Au’ +2CN- (1)

2)
3)

Zn+20H™ — Zn(OH),(s) +2e~

Zn(OH), + 4CN~ — Zn(CN)2™ + 20H"
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Zinc oxidation passes through the intermediate prod-
uct of Zn(OH),, whose stability is more important at
low cyanide concentrations [4, 5]. The most common
procedure is to construct Evans’ diagrams, superim-
posing the anodic and cathodic polarization curves. The
crossover point of these curves is thought to determine
the mixed potential and current associated with the
cementation process. Using these values, in most cases,
it is possible to interpret the velocity and controlling step
of the cementation [5, 7, §].

2. Experimental methods

Four electrochemical techniques were used: cyclic vol-
tammetry, electrochemical impedance spectroscopy
(EIS), chronoamperometry and direct mixed potential
measurement. All experiments were performed in a three
electrode cell under a nitrogen atmosphere at a temper-
ature of 30 °C. The electrode arrangement included a
saturated sulfate electrode as reference (SSE), a graphite
counterelectrode and the working electrode, which was
zinc powder in a carbon paste matrix for zinc oxidation
or a glassy carbon bar mounted in a Teflon support for
the gold reduction studies. Usually, a gold electrode is
employed to study gold reduction when Au(l) concen-
trations are high (>107> M), however with the low
concentrations used in the present investigation, the
capacitative and reductive currents are of the same order
of magnitude, camouflaging the nature of the process.
Also, since the quantities of gold deposited on the
electrode are small, the only way to confirm that a
reduction has taken place is studying the oxidation of
the recently formed metal over a substrate of a different
material, in this case a glassy carbon electrode (GCE).
The carbon paste zinc electrode (Zn(CPE)) has the
advantage of maintaining the original geometry of the
solid species used in the cementation process and for
that reason reproducibility is very high [11]. The use of
(Zn(CPE)) is even more beneficial than suspended
particles because it allows a detailed study of the
interface. The zinc powder carbon paste prepared in
this study was completely homogeneous. An estimate of
the surface area was made by evaluating the geometric
area of the electrode (Zn(CPE)) in contact with the
electrolyte (3.14 x 1072 cm?).

The perturbation signal (potential) and the response
(current against potential or current against time) were
obtained using a EGG PARC potentiostat (model
273A) linked to a personal computer. Capacity mea-
surements of the glassy carbon cyanide solution inter-
face were performed in the following manner. Initially,
impedance diagrams at different imposed potentials
were generated in the interval 0.01 Hz to 10 kHz. From
these, the frequency was selected where the interfacial
capacitative time constant was predominant: (a) 30 Hz
for interface (GCE)/solutions containing 0.01 M
Na,SO, and 107* M NaCN at pH 10 and 11 and (b)
10 Hz for the interface (GCE)/solutions containing

0.01 M Na,SO4 and 10> M NaCN at pH 10 and 107°
and 107> M (Au(CN), ). Subsequently, the capacitance—
potential diagrams were traced at this frequency. For
these studies, the same potentiostat was used coupled
with a Solartron (model 1260) frequency response
analyser (FRA). Mixed potentials were measured with
a millivoltameter (PM2525) controlled by a personal
computer. Solutions were prepared with analytical grade
chemicals and deionized water. The electrolyte support
consisted of 107 or 107 M sodium cyanide and 107> M
Na,SO,4 at pH 10 or 11. The solutions employed for
gold reduction additionally contained 107° to 107> M
Au(CN),. These solution conditions were selected
because they represent actual values of industrial oper-
ating parameters [3].

3. Results and discussion
3.1. Gold reduction

Figures 1 and 2 show the voltamperometric behaviour
of a glassy carbon electrode submerged in a solution
which contain only cyanide and sodium sulfate. A
saturated sulfate reference electrode (SSE, 0.616 V vs
NHE) was employed for the entire study which was
favoured over chloride since sulfate ion is always present
in mineral leach solutions, due to the coexistence of
metal sulfides. Figure 1 shows the behaviour of solu-
tions with fixed cyanide concentrations (10™* M, Fig-
ure 1(a) and 10~ M, Figure 1(b)) and variable pH (10
and 11). Figure 2 shows the behaviour at fixed pH
values (pH 10, Figure 2(a) and pH 11, Figure 2(b)) with
variable cyanide concentrations (107 M and 107> M).
Although these two Figures show the same data, the
manner in which the information is combined allows
the appreciation of the differences and similarities. The
potential scan commences at 0.5 V in the cathodic
direction to —2.0 V (direct scan), then, at this potential,
the scan is inverted ending in 0.5 V. In the direct scan, a
wave is observed at approximately —1.0 V. Because it
could not correspond to a faradaic reduction of the
electrolytic medium, the wave can only be associated to
the adsorption of cyanide. The corresponding current of
this wave is more important at pH 10 than at pH 11 for
the different concentrations of cyanide (Figure 1). This
behaviour is probably due to the competition between
the cyanide and hydroxyl ions for adsorption sites on
the GCE surface. Alternatively, it may be seen in
Figure 2 that, at the same pH, the influence of the
cyanide concentration on the adsorption wave is mini-
mal, indicating saturation of the electrochemical mono-
layer.

To confirm the existence of a capacitative effect at
the interface, an impedance study was undertaken at the
same conditions. Figure 3 shows the variation of the
interfacial capacitance as a function of E (the imposed
potential). The interfacial capacitance for pH 11 is lower
over the whole potential range. The notable difference
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Fig. 1. Typical voltammograms obtained on (GCE) at 50 mV s~! in aqueous solution containing 0.01 M Na,SO,, at different pH: (——) 10 and
11 (- - - -). NaCN concentration was modified: (a) 10~* M and (b) 1073 M.

between the capacitance values at both pH indicates a
modification of the ions adsorbed at the interface.

In Figure 4, the voltammograms of the supporting
electrolyte are compared to those of each solution
containing gold (107%, 107> and 10~ M) at pH 10 and a
constant cyanide concentration (107 M). The medium
adsorption (wave at —1.0 V) is less favourable as the
gold concentration increases. Another wave is observed
at a potential of —1.8 V for gold concentrations of 107>
and 107° M, which is independent of the gold concen-
tration (Figure 4 (a) and (b)). This fact and the shape of
the peaks suggest adsorption of the gold cyanide
complex (Au(CN);). This hypothesis is confirmed by
the reduction in interfacial capacitance when Au(CN);
is added to the solution containing 0.01 M Na,SO,4 and
10> M NaCN in different concentrations (Figure 5(a)
and (b)). When the gold concentration is greater
(Figure 4(c)), the controlling step of the electrochemical
process changes, modifying the characteristics of this

peak. A faradaic reduction of gold exists (peak A),
which is evidenced during the reverse scan by the
appearance of peak A’ at —0.925 V, representative of
gold oxidation (Figure 4(c)). This faradaic reduction
provokes a modification of the capacitance of this
interface (Figure 5(c)). In this case, the oxidation—
reduction process may be represented by Equation 1.
The conditional potential associated with this system at
the experimental conditions is —1.035 vs SSE [12]. The
difference between this value and that of peak A’ is
minimal and may be attributed to electrocrystallization
processes. Therefore, it may be confirmed that the
aforementioned peaks A and A’ correspond to the
reduction—oxidation process of Au(CN), .

When gold reduction occurs at high concentrations,
water begins to be reduced on the recently formed gold,
camouflaging the gold reduction peak (Figure 4(c)).
Water reduction on glassy carbon usually takes place at
more negative potentials; however, the presence of
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Fig. 2. Typical voltammograms obtained on (GCE) at 50 mV s~' in aqueous solution containing 0.01 M Na,SO,, at different NaCN
concentration: (——) 107 M and (- - - -) 1073 M. pH was modified: (a) 10 and (b) 11.

metallic gold shifts the process toward more positive
potentials.

To dilucidate the influence of the cyanide concentra-
tion, the same study as shown in Figure 4 was carried
out at a lower cyanide concentration (107* M) for the
gold cyanide concentrations of 10™® and 107 M. The
voltammograms of Figure 6 show that, even at the high
gold concentration (107> M) (Figure 6(b)), the adsorp-
tive process of the gold cyanide complex is important.
The wide peak at —1.8 V still appears at this concentra-
tion, indicating that for lower cyanide concentrations,
the complex adsorption is greater. However, when the
pH is changed from 10 to 11 (Figure 7), the adsorptive
effect of the gold complex is suppressed by the compet-
ing hydroxyl ions. This contribution may be attributed
to the small amount of free cyanide relative to the large
quantity of (Au(CN);). In these conditions, a modifi-
cation of the free cyanide concentration at the interface

may be induced when the gold complex is adsorbed or
reduced at the surface, which would cause a large
variation in the cathodic current when the gold complex
concentration or the pH is modified (Figures 6 and 7).

A chronoamperometric study was performed on gold
cyanide solutions to verify the presence of large adsorp-
tive effects which mask faradaic processes in the
voltamperometric behaviour of the cyanide solutions.
When cyclic voltammetry is employed, the energetic
properties of the surface are modified with time (depen-
dent upon the potential scan velocity), resulting in a
current where the contributions from the energetic
changes and the associated reaction velocities are
combined. To separate the two types of contributions,
chronoamperometry is used. To establish the voltam-
perometric behaviour of gold reduction without the
problems associated with cyclic voltammetry, I/E curves
from the chronoamperograms were constructed.
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Fig. 3. Variation of the capacitance of the GCE/cyanide solution with the imposed potential. The capacitances were evaluated by (EIS) at 30 Hz
at (GCE) immersed in an aqueous solution containing 10~* M NaCN and 0.01 M Na,SOy at different pH: (a) 10 and (b) 11.

Figure 8 shows some of the typical I/E curves (Figure 8(b)). The selected sampling time for these
constructed for a small sampling time (27 ms) for a curves allows observation preferentially of the capacitive
low gold concentration (10™® M) and a constant cyanide contribution to the total current (this capacitive current
concentration (107> M) at pH 10 (Figure 8(a)) and 11 is directly associated with adsorptive processes). The
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Fig. 4. Comparison between voltammograms obtained in (GCE) (50 mV s~!) electrolytic solution in the absence (——) and in the presence of
(Au(CN)3) (- - - -). The electrolytic solution containing 107> M NaCN and 0.01 M Na,SO,4 at pH 10. The concentration of (Au(CN); ) was varied:

(@) 107% M, (b) 10> M and (c) 1073 M.
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Fig. 5. Variation of the capacitance of the GCE/cyanide solution with an imposed potential. The capacitances were evaluated by (EIS) at 10 Hz
at the (GCE) immersed in an aqueous solution containing 10~> M NaCN and 0.01 M Na,SO, at pH 10 and different concentrations of

(Au(CN)7): (a) 0, (b) 107 M and (c) 1073 M.

associated current is greater at pH 11 (Figure 8(b)). The
same behavior was observed with larger sampling times
(up to 5s), however the response is amplified at this
short time. Since the Au(I) concentrations are identical
in both solutions, this difference is indicative of a
modification in the adsorptive processes. In Figure 9,
I/E curves for solutions with different concentrations of
gold (Figure 9(b) and (c)) and without gold (Fig-
ure 9(a)) are shown at pH 10 and at a constant cyanide
concentration (107 m). If the current were due exclu-
sively to faradaic processes, this would be expected to
increase with the gold concentration. However, the
associated current actually decreases for the highest gold
concentration to a value lower than when there is no
gold present (supporting electrolyte). This indicates that
the adsorptive effects are more important than the
faradaic ones. It may be concluded that the correspond-
ing gold reduction current has an important contribu-
tion from adsorption processes that does not allow the
exact determination, by these methods, of the faradaic
current that is associated with metallic gold formation.
This behaviour is due to the low cyanide concentration,
which differs from the findings of other authors [5, 7],
who worked at high cyanide concentrations.

3.2. Zinc oxidation

The behaviour of the (Zn(CPE)) was studied in solutions
containing 0.01 M Na,SO, and 10~ M NaCN at pH 10.
The presence of sulfates modifies the oxidation—reduc-
tion behaviour of zinc relative to that reported in
solutions containing only cyanide. However, because of
the very small quantity of cyanide employed, the use of a
supporting electrolyte was necessary.

In electrochemical studies that involve solid species it
is important to start from the open circuit potential
(OCP) to obtain reproducible results. The (OCP) was

determined by monitoring the working electrode poten-
tials starting from the time when the solution was first
introduced until the potential remained stable. The time
for the system to reach this potential is called the
‘solution conditioning time’. The OCP at pH 10 is
—1.25 V, while the (OCP) for the solution at pH 11 is
—0.6 V. Additionally, there exists a large difference in
conditioning time (5 min at pH 10 and 15 min at
pH 11). This indicates that the cyanide solution interacts
in a different manner with the zinc surfaces at the two
pH values. Other authors [4, 5] have observed that at
low cyanide concentrations a zinc hydroxide layer is
formed which should be of a different nature at pH 10
than at pH 11.

Figure 10 shows typical voltammograms obtained on
a graphite paste electrode containing zinc powder
(Zn(CPE)) in aqueous cyanide media at pH 10 and 11.
The potential scans commence at the (OCP) and
proceed to 0.8 V (direct scan), at which point the
potential scan is inverted and brought back to —-2.0 V
(reverse scan). In the direct scan (anodic), a large
oxidation peak is observed (B’ and B1’), which may be
associated with the formation of zinc hydroxides that
passivate the metal surface [4, 5] due to the low cyanide
concentration (Equations 2 and 3). When the potential
is inverted, the formation of these hydroxides continues
since an oxidation current still exists in the inverse scan.
When the potential is more negative (—1.7 V), a small
peak appears which corresponds to the reduction of the
zinc that had been dissolved in the oxidation process.
This last statement is supported by the fact that said
peak disappears when the solution is agitated or when
the potential scan is initiated in the opposite (cathodic)
direction. Finally, the process observed in the limit of
the cathodic scan is due to water reduction.

The currents associated with the oxidation-reduction
processes of zinc are greater at pH 11. However, to
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Fig. 6. Comparison between voltammograms obtained in (GCE) (50 mV s~!) electrolytic solution in the absence (——) and in the presence of
(Au(CN);) (- - - -). The electrolytic solution containing 10~* M NaCN and 0.01 M Na,SO, at pH 10. The concentration of (Au(CN)37) was

varied: (a) 107 M and (b) 1073 M.

obtain a large current for zinc dissolution at this pH,
more positive potentials are required than those needed
at pH 10 (B’) and (B1’). The differences in the current
magnitude and the potential of the oxidation peak
(B1") obtained at pH 11 with respect to peak (B') at
pH 10, leads to the supposition that the surface of zinc
hydroxide at the two pH’s are different. The large
oxidation current in the inverse scan, more pronounced
for pH 11 than for pH 10, indicates that the passive
layer of zinc hydroxide formed at pH 11 continues to
dissolve at more negative potentials, probably due to
the higher concentration of hydroxyl ions. This hy-
pothesis is confirmed by peak (C), much larger for
pH 11, which represents the reduction of soluble
Zn(11), recently oxidized in the direct potential scan.
When the scan is inverted at —2.0 V, peak C’ is
obtained, but only for pH 11. This peak appears at a
less negative potential (—1.05 V) than the other oxida-

tion peaks (B’ and B1’) and is associated with the
metallic zinc, recently formed in the reduction process
represented by peak C. The half potential Ej),
(Epe + Epa/2) from peaks C and C' is =1.47 V vs SSE,
comparable to the conditional potential associated with
this system (Zn(OH),/Zn) at these experimental condi-
tions (—1.622 V) [12], confirming the hypothesis that
peaks C and C' correspond to the zinc oxidation—
reduction system.

It may be assumed that at this low bulk cyanide
concentration and with the large rate of zinc dissolution,
the interfacial cyanide may be limited. In this situation,
the solubility of the superficial zinc hydroxide is a
function of both the cyanide and the hydroxyl ion
concentrations, as may be calculated from the complex
stability constants and the zinc hydroxide solubility
product [13]. Under these conditions, zinc hydroxide
would be more soluble at pH 11 than at pH 10.
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Fig. 7. Typical voltammograms obtained on (GCE) at 50 mV s~! in aqueous solution containing 10-> M Au(CN)7, 10~* M NaCN and 0.01 M

Na,SO,, at different pH: (——) 10 and (- - - -) 11.

The potential and characteristics of peak C’ are totally
different from those observed for peaks B’ and B1’. This
confirms that the zinc powder employed in the carbon
paste initially has a passive layer which requires an
overpotential to dissolve it, even at a high pH value. The
crossover potential of zinc oxidation and gold reduction
occurs near the zinc (OCP). Since the objective of this
research is to study the cementation process, the
behavior of the passive layer in this zone is required.

In the voltammograms for pH 10 and 11 (Figure 10),
no appreciable changes in oxidation current are ob-
served near the (OCP) due to the limitations of this
technique. To separate the contributions from the
energetic changes and the associated reaction velocities,

it is necessary to use the chronoamperometric technique
performed in the potential range corresponding to
potentials less negative than that of the (OCP) (0.8 to
—1.25 V). In Figure 11, the I/E curves constructed at
different sampling times are shown for the oxidation of
(Zn(CPE)) in the supporting electrolyte at pH 10 and
11. While the I/E curves obtained with cyclic voltamme-
try show very little difference between the two pH values
near their (OCP)’s, in the I/E curves, a sizeable
difference may be observed.

The currents associated with zinc oxidation at pH 11
are more important than those at pH 10. In both cases,
oscillations are observed which probably correspond to
oxidation—passivation processes. The associated cur-
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Fig. 8. Sampled current-potential constructed from potentiostatic current transients obtained on (GCE) in aqueous solution containing 10~ M
Au(CN);, 1073 M NaCN and 0.01 M Na,SO,, at different pH: (a) 10 and (b) 11. Current was sampled at 27 ms.
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Fig. 9. Sampled current—potential constructed from potentiostatic current transients obtained on (GCE) in aqueous solution contained 10~* M
NaCN and 0.01 M Na,SOy, at pH 10 at different (Au(CN)3): (a) 0, (b) 107¢ M and (c) 10~3 M. Current was sampled at 27 ms.

rents diminish as the sampling time increases, indicating
that the oxidation process is strongly affected by
diffusion. These modifications with time are also noted
at pH 10, however, they are not perceivable in the
Figure due to the large difference in magnitude between
the currents at pH 10 and 11. In the I/E curves of
Figure 11, the abrupt increments are related to zinc
oxidation and the sharp decreases to passivation. At
pH 11 the magnitude of the oscillations become more
important as the potential is less negative. For less basic
pH values the oscillations are minimal, denoting a more
constant process. This behaviour indicates that the
nature and character of the passivating layers formed at

pH’s 10 and 11 are quite different, confirming the
observations made in the voltammograms (Figure 10).
From the previous discussion it is possible to explain
why, even at the (OCP), the (Zn(CPE)) potential is
variable at more basic values of pH.

3.3. Evans’ diagrams

The ultimate purpose of studying the anodic behavior of
zinc and the cathodic behavior of gold is to generate
Evans’ diagrams to evaluate the potential and velocity
of cementation. For the case analysed here, such
diagrams were constructed employing the current—
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Fig. 10. Typical voltammograms (50 mV s~!) obtained for metallic zinc in CPE (Zn(CPE)) in aqueous solution containing 10> M NaCN and
0.01 M Na,SOy, at different pH: (——) 10 and (- - - -) 11. The scan was initiated from OCP (-1.25 V at pH 10 and —0.6 V at pH 11) to anodic

direction.
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Fig. 11. Sampled current—potential constructed from potentiostatic current transients obtained on metallic zinc in CPE (Zn(CPE)) in aqueous
solution containing 10~ M NaCN and 0.01 M Na,SOy, at different values of pH: (a) curves at 10 and (b) curves at 11. Current was sampled at

different times: (OJ) 27, (V) 54 and (x) 74 ms.

potential (I/E) curves obtained from the series of
chronoamperograms for each half-reaction. Figure 12
shows a typical diagram generated in this work. The
zone where the I/E curves cross defines the controlling
step (adsorption, charge transfer or diffusion). The
mixed potential is that where the velocities of the anodic
and cathodic reactions are equal, which signifies that no
net current is present. The anodic or cathodic current in
this point would correspond to the cementation velocity.

Table 1 shows the crossover potentials and currents
obtained from the corresponding Evans’ diagrams at
different conditions. At 1073 M cyanide and gold con-

centrations equal to or larger than 107> M, three
crossover points are found due to the oscillations caused
by the zinc oxidation—passivation process. The crossover
potentials and currents are essentially the same for the
supporting electrolyte and for all the gold concentra-
tions. This suggests that the controlling step of the
cementation is zinc oxidation and not gold reduction.
However, the crossover potentials at these conditions
are near the cyanide adsorption wave (Figure 1). Addi-
tionally, it was demonstrated that at pH 11 the cyanide
adsorption wave was suppressed and, consequently, the
mixed potential was shifted to more negative values

9
6 —
e i
(8]
<
£ 3-
0 -
1 1 v T
-2000 -1000 0
E/mV vs SSE

Fig. 12. BEvans’ diagrams for the redox system (Zn/Au(CN);) for the gold cementation by zinc in an aqueous solution containing 10> M NaCN
and 0.01 M Na,SOy4 at pH 10. The I/E curves were constructed from the corresponding potentiostatic current transients and the current were
sampled at 27 ms. The zinc oxidation (- - - -) was obtained from Zn(CPE) and the gold reduction curves were obtained at different concentrations
of (Au(CN)7): (——) 107 M and (- - —-) 107> M.



Table 1. Crossover potentials and currents obtained from the corre-
sponding Evans’ diagrams in solutions containing 0.01 M Na,SO,4 and
107* M NaCN at pH 10, the zinc oxidation was obtained from
Zn(CPE) and the gold reduction curves were obtained at different
(Au(CN);) concentrations*

(Au(CN);)/M E/mV IjuA
0 (Sup. elect.) -909 —46
107¢ -909 —45
1073 —858 —49
-887 -60
-906 -63
1074 —-872 —46
—-878 —46
-908 —47
1073 —-854 —-60
—-859 -65
—-905 -67

*The Evans’ diagrams were constructed from sampled //E curves at
a sample time of 74 ms.

(Table 2). This confirms that the adsorption camoufl-
ages the gold reduction process. For this reason, these
potential and currents do not describe the conditions of
the cementation process since at the mixed (crossover)
potential it is not possible to observe the faradaic
contribution of gold. These results differ from those
found by other authors who studied this system at
higher cyanide concentrations, where gold reduction is
limited by diffusion [5, 7].

It may be concluded that in processes where adsorption
takes on a predominant role (for example in systems such
as [Au(CN); /AU, [Ag + ethylamine]/glassy carbon)
[14-16], evaluation of the cementation velocity and the
controlling step by means of Evans’ diagrams is not reli-
able. Consequently, the results produced with the tech-
niques employed do not allow the precise determination
of the cementation velocity. Because of this, the direct
determination of the mixed potentials of the Au(CN);/
Zn° system was necessary in order to clear up those
points where the validity of Evans’ diagrams is limited.

3.4 Mixed potential of (Au(CN)Z’)/ZnO system

The mixed potential of the Au(CN); /Zn° system should
not be confused with the oxidation—reduction potential

Table 2. Crossover potentials and currents obtained from the corre-
sponding Evans’ diagrams in solutions containing 0.01 M Na,SO,4 and
103 M NaCN at pH 11, the zinc oxidation was obtained from
Zn(CPE) and the gold reduction curves were obtained at different
(Au(CN), ) concentrations*

(Au(CN)7)/™M E/mV IjuA
0 (Sup. elect.) -1232 -101
—-1269 -106
1323 —111
10°¢ —-1232 -104
—1271 —111
-1303 -116

*The Evans’ diagrams were constructed from sampled I/E curves at
a sample time of 74 ms.
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(ORP) of the solution. The former measures the inter-
facial potential where the cementation process takes
place, while the latter detects the redox properties of the
cementation solution (the (ORP) of the solution is
determined using a platinum electrode). The mixed
potential may be measured with a solid zinc bar, however,
its superficial characteristics are completely different from
those of zinc powder used in the industrial process. In
order to approximate those conditions, a carbon paste
electrode with this powder (Zn(CPE)) was used.

The change in potential with respect to time was
determined using the (Zn(CPE)) electrode in the pres-
ence of different electrolytes with distinct pH values and
concentrations of gold and cyanide. In Figure 13, the
potential-time (E/f) curves are shown for the Au(CN);/
Zn® system at different gold concentrations in 0.01 M
Na,SO4 and 10~* M NaCN at pH 10. In Figure 14, the
corresponding curves are plotted for the same condi-
tions as before, but with a higher cyanide concentration
(1073 M).

At both cyanide concentrations (Figures 13(b) and
14(b)), oscillations in the value of the mixed potential
are observed at pH 11. These oscillations are larger
when the cyanide concentration is low (Figure 13(b)).
Oscillations in the potential are indicative of an oxida-
tion—passivation process probably due to the flaking of
the passive layer. The absence of oscillation in the (E/¢)
curves at pH 10 (Figures 13(a) and 14(a)) imply that
considerable flaking does not exist at this pH, corrob-
orating that the passive layer is more stable. The values
of the mixed potential are more negative with respect to
those obtained at pH 11 for both cyanide concentra-
tions. This difference between the mixed potentials at the
two pH’s suggests that a distinct phenomena may be
controlling the cementation process at each pH. A
pH 11, the controlling step may probably be zinc
oxidation—passivation.

The oscillations observed in the intensity—potential
curves generated from the chronoamperometric study of
(Zn(CPE)) in cyanide solution (Figure 11) (where the
oxidation is provoked electrically) are similar to those
observed in Figures 13 and 14, where zinc oxidation is
chemically induced by the cementation reaction.

For both levels of cyanide, the mixed potential be-
comes less negative as the gold concentration increases
(Figures 13 and 14). These variations indicate that at
pH 10 the controlling step is the gold reduction. This
reduction is affected by the adsorptive processes of
cyanide and of the gold cyanide complex, illustrated by
the difference in the E/¢t behaviour when the cyanide
concentration is modified at the same gold concentra-
tion and pH.

In this manner it can be shown that while the
adsorptive effects do not allow the obtention of infor-
mation on the gold reductive processes from the Evans’
diagrams, the evaluation of the mixed potentials permit
the detection of variations in the cementation process
when the conditions are modified. Figures 13 and 14
suggest that the cementation process presents optimum
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Fig. 13. Variation of the mixed potential of metallic zinc in CPE (Zn(CPE)) with the immersion time in aqueous solution containing 10~* M
NaCN and 0.01 M Na,SO, at different concentrations of (Au(CN);) and pH: (a) 10~ M at pH 10, (b) 107® M at pH 11 and (c) 10~* M at pH 10.
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Fig. 14. Variation of the mixed potential of metallic zinc in CPE (Zn(CPE)) with the immersion time in aqueous solution containing 1073 M
NaCN and 0.01 M Na,SOy, at different concentrations of (Au(CN); ) and pH: (a) 10~ M at pH 10, (b) 107® M at pH 11 and (c) 10-3 M at pH 10.
E/t curves for the Au(CN)z’/Zn0 system at two gold concentrations (107® M and 1073 M Au(CN);) at pH 10 and 10~* M CN~.

conditions at pH 10 and when the ratio of cyanide to
gold is large.

4. Conclusions

The following may be concluded with respect to zinc
powder oxidation in cyanide solutions: initially the zinc
powder is covered by a passive hydroxide coating which
requires a large overpotential to dissolve. The charac-
teristics of this layer are different at two distinct values
of pH, being much more stable at pH 10 than at pH 11.
At the latter pH, an oxidation—passivation process was
observed using chronoamperometric and mixed potential
measurement techniques. The formation and dissolution
of the hydroxide layer is strongly affected by the pH.

Generally, it has been found that at high cyanide
concentrations, gold reduction is limited by a diffusional
process. However, at low cyanide concentrations, as
those used in industrial practice, the present study
determined that gold reduction is influenced by the
competitive adsorption between the cyanide, hydroxyl
and gold dicyanide ions. At high concentrations of gold
in solution, cyanide is replaced by Au(CN); on the
electrode surface. However, in more alkaline solutions,
gold adsorption is suppressed by the competition of
hydroxyl ions for the same sites. At pH 10 and low
cyanide concentration, the faradaic reduction of gold is
evident only when this is present at the highest concen-
tration (1073 m).

Because gold reduction is completely concealed by the
strong adsorptive processes, the construction of Evans’



diagrams from chronoamperometric curves does not
reflect the cementation process and consequently, the
mixed potentials obtained may not be valid. This was
confirmed by the direct measurement of the mixed
potentials. From these potentials it was possible to
conclude that the controlling step of the cementation
changes when the pH is modified from 10 to 11, where
zinc oxidation determines the kinetics of the process. At
pH 10, the kinetics are affected by the competitive
adsorption between the gold dicyanide complex and
the free cyanide ion. For this reason, a practical
suggestion to obtain an optimum cementation velocity
is to operate at a low pH value (pH 10) with a high
cyanide to gold ratio.
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