5.1.4

Reproducibility of the gold electrode potential measurements

Difficulty was experienced with the potential measurements with the
gold and the gold-silver electrodes. The procedure used in experi-
ments 10 to 14 led to non-reproducible results. These results are
given in appendix A. The redox potential measurements made in these
experiment were, however, quite consistent with the measurements made
in previous experiments, where only the redox potential was measured.

The experimental procedure was refined a bit by leaving the electrodes
in the pulp and by using a pen recorder to record the potentials
throughout the run. Conditions for experiments 10 to 14 were then
repeated in experiments 15 to 19 and more satisfactory results were
obtained. One problem still remained and that was, that the electrode
potentials fluctuated continually over a range of * 50 mV and there-
fore, an average value had to be taken every time. The pen recorder
made it possible, however, to determine the average potential at a
glven time more accurately,

Figure 5.8 and figure 5.9 show the reproducibility of the gold and
gold-silver electrode measurements respectively. The general tenden-
cies in both the gold and the gold-silver electrode potentials seemed
v be a sharp initial increase in the potential, Ffollowed by a sharp
decrease between 1 and 2 hours after che‘beginning of the experiment.
After hat, the potentials remained fairly constant during the rest of
the experim.nt, These potentials did not seem to follow the same ten-
dencles as the redox potential,

During the experiments it was observed that the sharp drop in the
potentials batween 1 and 2 hours occurred together with a change in
the surface appearance of the electrodes, i.e. the electrodes lost
their shine at that stage. After this drop in the potential nad oc-
curred, the electrodes had a greenish colour. In experiment 19 this
sharp drop in the potential of the gold-silver electrode was not ob-
served, In this experiment the gold-silver electrode did not lose its
shine either.
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Figure 5.8: The potential measurements made with a pure gold-elec-
trode In five leaching experiments (runs no. 15 to 19), done under

exactly the same conditions, to show the reproducibility of the meas-

uremencs.
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Figure 5.9: The potential measurements made with a gold-silver elec-
trode in five leaching experiments (runs no. 15 to 19), done under
exactly the same conditions, to show the reproducibility of the meas-

urements.




5.1.5 Experiments 20 to 23

Experiment 20 was done with nitrogen as sparging medium. From the
change in cyanide concentration, it was clear that leaching still took
place, probably because of a small concentration of oxygen still left
in the solution. The effect of the very low oxygen concentration on
the potential measurements, are shown in figure 5.10 and figure 5.11.
The redox potential again increased gradually during the experiment.
It is significant that the redox potentials were much lower in this
axperiment than in the experiments where the sparging medium was air

or oxygen,

-140. +
~
>
E
~

7 T / T
P

4 -180, + -+
c
o
-
Q

a. -200, - o+
x
0

T -220. 1 —— RUR 20 (N +
o

-240. T

' ; : - ; :
c.0 80. 0 120. 180. 240. 300. 360.

TIHE I[N MINUTES

Figure 5.10: The redox potential measurements made in run 20, when
the pulp solution was sparged with N,

There was also a significant difference between the potentials of the
gold and the gold-silver electrodes in this experiment and the poten-
tials measured in previous experiments, The gold and the gold-silver
electrode potentials also shifted to lower values., Furthermore, they
showed a rapld increase initially, but did not decrease again be-
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tween 1 and 2 hours after the start, as they had done previously.
There seemed to be a resemblance in the change of the three electrode
potencials vs. time during this experiment,
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Figure 5.11: The pocential measurements made in run 20 with a gold
and a gold-silver electrode, when the pulp solucion was sparged with

lvg .

In experiment 21 the liquid portion of the pulp was replaced with dis-
tilled water. This did not seem to have any effect on the poten-
tials, Experiment 22 was done in the liquid portion of the pulp only,
while experiment 23 was done in distilled water. The same potential
measurements were taken with the same electrodes. These potential
measurements in the liquid portion only, were compared to' those made
in cthe pulp in previous experiments, The measured changes in the
electrode potentials vs, time were quite differ;nc, as can be seen in
figures 5,12, 5.13 and 5.14, In both experiments 22 and 23 much
greater changes in the redox potential were observed. The redox
potential increased from -150 mV to +50 mV, while the potential curve
had flattened out to between -70 mV and -90 mV in the experiments
done with pulp,
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Flgure 5.12: A comparison between the redox potential measurements,
made ln runs no. 1&, 22 and 23.
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Figure 5.13! A comparison between the gold-electrode potential meas-
urements, made in runs no. 18, 22 and 23.
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The observed changes in the gold electrode potential in these two ex-
periments also differed from those observed in previous experiments,
In both experiments the potential curves were shifted to higher
values. Furthermore, the gold electrode potential showed an initial
increase in experiment 22 (liquid portion of pulp) and an initial
decrease in experiment 23 (distilled water) (see figure 5.13). After
these initial changes the potential stayed more or less constant

during the rest of the experiments in both cases.

The observed changes in the gold-silver electrode potential in these
two experiments were also different from those observed previously.
Although the potential curves were not shifted in this case, the gold-
silver electrode potential also showed an initial increase in experi-

ment 22 and an initial decrease in experiment 23, Again there was mno
rapid decrease in the potential between 1 and 2 hours after the start

of the experiment, as was observed in potential measurements in pulp.
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Figure 5.14: A comparison between the gold-silver electrode potential
measurements, made in runs no. 18, 22 and 23,
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Finally, there was another remarkable resemblance between the three
electrode potential curves, as was the case in experiment 20 when
nitrogen was used as sparging medium. The significant differences
between the potential curves measured in these two experiments and
those obtained in a pulp, gave an indication that the electréde poten-
tials were influenced by the ions that dissolved from the ore during
the experiments,

Other observations made in these two experiments were that the gold
and gold-silver electrodes did not lose their shine during these ex-
periments., Furthermore, the cyanide concentration decreased more in
experiment 22 than in experiment 23. The dissolution rate of gold from
the electrodes seemed to be slower in the clear cyanide solution used
in these experiments, than in the cyanided pulp., This can be seen from
the fact that the gold concentration in the clear cyanide solutions

. in these experiments, was only in the range of 0.7 ppm after 6 hours,
while in the case of a pulp, the presence of the electrodes increased
the gold concentration in the liquid from * 15 ppm to * 24 ppm after 6
hours,

5.1.6 Effect of agitation speed

Experiments 7, 24 and 25 were done under exactly the same conditions
except tha. different agitation speeds were used, The extraction
curves of these three experiments are compared in figure 5.15. In
figure 5.15 the initial slopes of the extraction curves appear to have
increased as the agltation spead increased, This indicates that a
higher agitation speed resulted in a higher leaching rate. This fact
will be discussed in more detail in section 6.1.

5.1.7 Effect of thallium

In experiment 26 a small amount of thallium was added to investigate
the possibillty of the gold surfaces in the ore having been passivated
in the experiments, Cathro (1963) showed how the addition of a small
amount of thallium could accelerate the leaching rate under certain
conditions by preventing passivation of the gold surface,
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In figure 5,16 the extraction curves of ex

periments 7 and 26 are com-
paréd to observe the effect of thallium, From the fact that the curve
of experiment 26 lies above the curve of experiment 7 in figura
ic is obvious that the thallium had a sli
the leaching rate.

3.16,
ght accelerating effect on
The accelerating effact is, however, not as dig- ‘
tinet as. one would have expected after stud

ying Gathro’'s work. The
deductions made from these experimental vresults are discussed {n
detail in section 6.1.

5.2

Potential measurements in arzificial solutions

5.2.1 Experiment Al: The effect of cyanide ions

In this experiment the effect of
redox potential was investigated,

minutes had to be allowed for the
however,

the cyanide concentration on the
After each addition, 10 to 20

potential to stabilise. Tt was,
clear that an increase in the cyanide concentration
in a decrease in the redox potential,

plotted against the cyanlde concentration

resulted
The stabilised potential was

as shown in figure 5,17,
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It was also found that, at a specific cyanide concentration, the redox
potential decreased as the pH increased.

5.2,2 Experiment A2: The effect of gold in solution

This experiment was planned to investigate the 2flect of the gold con-
centration in solution on the redox potential. It was found that, at

a specific cyanide concentration, the gold concentration had very
lictle effect on the redox potential. As the KAu(CN), solucion was
added, only a slight increase in the redox potential was observed,

5.2.3 Experiment A3: The effect of copper ions

In this experiment the effect of an increasing copper concentration on
the readox potential was investigated, After each addition of CusQy,,
10 minutes had to be allowed for stabilisation of the redox potential,
The potential increased with an inerease in the copper concentration,
The stabllised potentials were plotted against the copper concentra-
tion in figure 5,18,
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Page 57

As one would have expected, the cyanlide concentration also decreased
as copper was added, because of complex formation between the cyanide
and the copper. A plot of the stabilised potentlal vs. the cyanide
concentration is given in figure 5.19,
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If one compares figure 5.19 and figure 5.17, it is obvious that the
rate at which the potentlial decreased, with an increase in the cyanide
concentration, was much greater in experiment A3 than in experiment
AL, In experiment Al the potential decreased from - 50 mV to - 90 mV,
as the cyanide concentration increased from 0 to 8 mmol/l, However,
in experiment A3, more orx less the same change in potential was
observed, while the cyanide concentration increased only marginally
from 8 to 8.4 mmol/l. This shows that the copper ions must also have
had an effect on the solution redox potential,
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5.2.4 Experiment A4

In this experiment the cyanide concentration was reduced by adding
silver nitrate. The potential Lncreased slightly after each addition
of silver nitrate. As the free cyanide concentration tended towards
zero, the potential became more sensitive to the addition of silver
nitrate, When the stoichiometric point was reached, where the cyanide
coneentration was zero, the potential suddenly jumped by #* 100 mV,
Whet. a small amount of NaCN was added to the solution again, the
potential jumped back. The change in potential, due to a change in the
Eree cyanide concentration, is shown graphically in figure 5,20,
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Figure 5.20! The solution redox potentlal vs. the cyanide concentra-
tion as measured In experiment A4,

It is important to note that, with the addition of silver to the
cyanide solution, the potential showed only a large change near the
stoichiometric point, while with the addition of copper, a large
change was observed after the addition of the first drop of copper.
This indicated that both copper and cyanide ions played a role in sat-
ting the solution redox potential,
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6 MERITS OF AN ELECTROCHEMICAL MODEL

In this chapter the merits of using an electrochemical model in simu-
lating the leaching kinetics of gold ore, are taken into considera-
tion. Both the knowledge obtained from the literature and the experi-
mental work are used,

6.1 Rate controlling mechanism

The proposed leach equation, eq 27 in section 3,2, is founded on the
general leach equation (see appendix D):

Rate = Kay ...[28]

where: K = constant
a =~ area term
Y = solution parameter

The Ffunctional form with which the solution parameter can be de-
scribed, depends primarily on the rate controlling mechanism. When a
process 1s modelled on the basis of its electrochemical nature, the
functional form of the solution parameter is derived From the Tafel

equation as shown in appendix D. The functional form of the solution
parameter is then:

l/) ol klexp(sz) ) [29]

where: k, and k, = constants
E = surface potential of the dissolving metal

In using the above functional form for the solution parameter, one
actually makes the assumption that the leaching process is controlled
by the chemical reaction. Hence, in considering the merits of an
electrochemical model, it is necessary to take a closer look at the
rate controlling mechanisms in operation in the leaching of gold ore.
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From the literature it appears that three possible rate controlling
steps should be considered, namely:

1) Diffusion of the cyanide ions to the gold surface.
2) Diffusion of oxygen to the gold surface,
3) Chemical reaction when the gold surface is passivated.

To investigate the possibility that the dissolution rate of gold was
controlled by the chemical reaction in the leach experiments, the
effect of thallium on the leaching rate was investigated. The results
(see figure 5.16) showed that thallium had a slight accelerating
effect on the rate, but that the acceleration was not as distinct as
one would have expected,

If one looks at tha effect that thallium has on the anodic polariza-
tion curve, as given by Cathro (see figure 2.9), it becomes clear that
the observed effect of thallium in experiment 26, does not necessarily
indicate that the gold in the ore became passive in the absence of
thallium,e Apart from the fact that thallium prevents passivation of
the gold surface, it also increases the magnitude of the maximum ob-
tainable anodic current. Because the increase in the leaching rate
observed in experiment 26, was not as large as one would have expected
in the case where the gold was passive before the addition of thal-
lium, it seems more probable that this accelerating effect was caused
by the increase in the maximum anodic current. Therefore, it is

concluded that the leaching rate is probably not controlled by the

chemical reaction.

If diffusion of either oxygen or cyanide forms the rate limiting step,
an increase in the agitation speed will increase the leaching rate.
Experiments 24 and 25 were done to test the effect of the agitation
speed on the leaching rate. The fact that in these leach experiments,
agitation was produced not ouly by the stirrer, but also by the aera-
tion, made it difficult to quantify the level of agitation,.

A comparison between the extraction curves of the three leach experi-
ments, done with three different agitation speeds (figure 5.15),
showed that an increase in the agitation speed resulted in an increase
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in the leaching rate. That is an indication that the leaching rate

was probably controlled by a mass transfer operation,

No quantitative
deductions were, however,

possible from these experiments, Betteyr re-
sults were obtained in the experiments which investigated the effact
of the oxygen and cyanide concentration respectively,

The results of experiment 4 (see figure 5.3) show very clearly the

accelerating effect that a higher oxygen concentration had on the
leaching rate. 1In the case where the leachin
the rate of oxygen diffusion,
directly pr

g rate is controlled by
one expects the leaching rate to be
oportional to the oxygen concentration,

of the extraction curves can be taken as an indicati
tion rate per unit area.

The initial slopes
on of the dissolu-

The average slope of the extraction curves
obtained in experiments 1, 2 and 3 is 0.4 ppm/min,

extraction curve obtained in experiment 4,
sparging medium, was 1.03 ppm/min,
factor of 2,54, while the oXygen concentration increased by a factor

of 5. The leaching rate was thus not directly proportional to the
oxygen concentration and, therefore,

The slope of the
when pure 02 was used as
Thus the rate increased by a

it appears as if the dissolution
rate was not controlled by the rate of oxygen diffusion only,

The effect of the cyanide concentration on the lea
investigated,

ments 7, 8,

ching rate was also
A comparison between the extraction curves of experi-

and 9 (figure 5.6) shows clearly that an increase in the
cyanide concentration resulted in an increase in the leaching rate,
Again the initial slopes of the extraction curves were taken as an
indication of the dissolution rate.

rate is controlled by the rate of cyanide diffusion, one expects the
leaching rate to be directly proportional to the

In the case where the leaching

cyanide concentra-
tion, The relationship between the initial cyani

the initial slopes of the extraction curves as fo
given in table 6.1,

de concentrations and
und in figure 5.6, is

When the cyanide concentration was increased by 100 %, from 2.29 to
4.58 mmol/l, the initial slope of the leach curve increased by 33 g,
When the cyanide concentration was increased

by a further 100%, from
4,58 to 9.17 mmol/1,

the initial slope increased by 35%. It therefore
seems as if a proportionality exists between the rate and the cyanide
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concentration, but because it is not a direct proportionality, it is
concluded that the rate is not controlled only by the rate of cyanide
diffusion either.

Table 6.1: Slopes of extraction curves vs, initial [CON7]

Exp.no,| [CN™jmmol/l Slope ppm/min. Conc., norm, Slope norm,
7 9.17 0.473 4 1.79
8 4,58 0.351 2 1.3
9 2.29 0.264 1 1

From the discussion above, it appears as if the rate controlling mech-
anism in these experiments, was a combination between the diffusion of

. oxygen and the diffusion of cyanide. The question now still remains
whether an electrochemical model can be used to model the leaching
kinetics of gold ore. Let's look separately at the two possibilities;
first of all where the rate is controlla:d by only the rate of oxygen
diffusion and secondly, where the rate is controlled by only the rate
of cyanide diffusion.

When the rate is controlled by the rate of uxygen diffusion or.y, the
polarization curves have the form shown in figure 6.1. In figure 6.1,
two anodic polarization curves are shown for two different cyanide
concentrations and it can be seen that the corrosion potential in-
creases when the cyanide concentration decreases. It 1s important,
however, to note that no change in the corrosion current occurs simul-
taneously with this change in the gold surface potential, because the
corrosion current is set by the rate of oxygen diffusion only. Thus in
this case no relationship exists between the gold surface potential
and the leaching rate and an electrochemical model is unlikely to be
applicable,

If one assumes that the gold surface does not become passive, the
polarization curves will have the form shown in figure 6.2, when the
rate 1s controlled by the cyanide diffusion rate only. In this case a
change in the corrosion current goes along with a change in the gold
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concentration, but because it is not a direct proportiomality, it is
concluded that the rate is not controlled only by the rate of cyanide
diffusion either.

Table 6.1: Slopes of extraction curves vs. initial [CN7]
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7 9.17 0.473 4 1.79
8 4,58 0.351 2 1.3
9 2.29 0.264 1 1

From the discussion above, it appears as if the rate controlling mech-
anism in these experiments, was a combination between the diffusion of
oxygen and the diffusion of cyanide. The question now still remains
whether an electrochemical model can be used to model the leaching
kinetics of gold ore. Let's look separately at the two possibilities;
first of all where the rate is controlled by only the rate of oxygen
diffusion and secondly, where the rate is controlled by only the rate
of cyanide diffusion.

When the rate is controlled by the rate of oxygen diffusion only, the
polarization curves have the form shown in figure 6,1, In figure 6.1,
two anodic polarization curves are shown for two different cyanide
concentrations and it can be seen that the corrosion potential in-
creases when the cyanide concentration decreases. It is Important,
however, to riote that no change in the corrosion current occurs simul-
taneously with this change in the gold surface potential, because the
corrosion current is set by the rate of oxygen diffusion only. Thus in
this case nn relationship exists between the gold surface potential
and the leaching rate and an electrochemical model is unlikely to be
applicable.

If one assumes that the gold surface does not become passive, the
polarization curves will have the form shown in figure 6.2, when the
rate is controlled by the cyanide diffusion rate only. In this case a
change in the corrosion current goes along with a change in the gold
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