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ABSTRACT

The high volume of sales and the high degree of obsolescence of mobile phones,
together with the reduction of the natural reserves of the metals used in the
composition of their printed circuit boards (PCBs), makes the recycling of these
devices economically and environmentally attractive. Moreover, the search for the
reduction of toxicity levels inherent to the gold leaching processes with alternatives
to cyanide, such as thiosulfate is a priority. Thus, it is necessary to search for
efficient alternatives for the recovery of gold from solutions containing thiosulfate,
in the presence of copper, used in the leaching of PCBs of mobile phones. One of
these alternatives could be the electrochemical recovery of the metals present in
solution. Thus, this study aimed to verify some variables involved in the process of
recovery of gold and copper and to determine the electrochemical yield obtained
for these solutions. Initially, cyclic scanning voltammetry with a rotating disk

electrode (RDE) was performed to verify the electrochemical behavior of gold and
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copper in solution. Then, electrowinning tests were used to determine the recovery
rates of these metals and to calculate the yield obtained in the process. The
results showed that this electrochemical reaction is mass transport controlled,
which allowed the calculation of the diffusion coefficients of the metal in solution.
In real solutions, the gold fraction recovered reached a 94%, and the copper
fraction recovered was 95%, applying electrode potential values of -500 mVag/agci
and -700 mVagagci, respectively. The current efficiency for the gold electrowinning

achieved in the experiments was lower than 3%.

Keywords: Diffusion Coefficients; Electrowinning; Gold Recovery; Printed Circuit

Board; Thiosulfate;

1INTRODUCTION

Waste electrical and electronic equipment (WEEE) comprises a wide and
varied range of equipment reaching the end of its useful life by default or
obsolescence [1]. Among these devices, it is possible to highlight mobile phones,
due to their high volume of sales and the high degree of obsolescence [2]. These
devices, by their composition, can be considered important sources of metals of
high economic interest (copper, nickel, silver, gold, palladium and others) as well
as a source of hazardous metals (lead, cadmium and others) [3-5].

On devices such as mobile phones, a small incidence of corrosion may
cause interruption or failure in operation. Thus, the presence of gold and its alloys
becomes unavoidable due to their high resistance to corrosion and their high
conductivity [6]. Although small amounts are used in each device, the precious

metals have a significant economic importance in the EEE production. According
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to Hageluken & Corti (2010) [7], these metals can make up more than 80% of the
value of a mobile phone. Regarding the quantities of gold present in the PCBs of
mobile phones, some authors report that, depending on the model analyzed, the
concentrations may exceed 300-350 g/t [4, 8-11]. This means that the residues of
these devices are significantly richer in gold than the primary ores of this metal,
which contain on average of 5-10 g/t [7, 10 - 11].

Cyanide has been used for more than 100 years in the extraction of gold
from ores and is currently also used in the extraction of gold from secondary
sources due to its high efficiency and relatively low cost [12-15]. However, cyanide
is highly toxic [16]. The reduction of acceptable levels for the discharge of cyanide
into the environment has made that, in recent years, the world gold mining industry
has turned its attention to the use of less toxic alternatives such as thiosulfate.
Thiosulfate is a relatively inexpensive product and has low toxicity, making it an
option that is economic and environmentally acceptable for the extraction of gold
[17-20].

The recovery of metals of interest from leach liquors is an essential step in
processing. Thus, the electrometallurgical recovery of metals has been the object
of several studies, being considered an economically and environmentally
attractive solution by several authors [21-31]. Currently, most of the copper, gold,
nickel and zinc is processed, recovered, or refined by electrowinning [32-33].

While the electrowinning process of gold from cyanide solutions is a widely
known process [28,34-35], the recovery of gold from copper ammoniacal
thiosulfate solutions is more controversial. Some authors [36-37] consider this a
problematic alternative due to the large amount of copper present in the solutions

and also due to the reduction and oxidation reactions that involve the thiosulfate



itself and that may interfere in the gold recovery process. However, other authors
consider as a viable alternative route [23, 38-41].

Thus, the present study aims to evaluate the use of an electrochemical
process to recover gold and copper from the thiosulfate solutions used in the

leaching of printed circuit boards of mobile phones.

2 MATERIALS AND METHODS

2.1  Solutions

In this work, synthetic solutions containing thiosulfate, ammonia, copper
and gold were used to perform the cyclic voltammetry experiments and
electrowinning tests. The composition of these solutions was 100 ppm of gold and
1000 ppm of copper (that is, 100 g/t of gold and 1000 g/t of copper). This
composition represents the mean of the value obtained in the extraction of gold
from PCBs of mobile phones in our previous studies [9]. In relation to thiosulfate
and ammonium, solutions containing 0.12 mol L™ of sodium thiosulfate and 0.2
mol L™ of ammonium hydroxide were used in this work. Our previous work has
shown that these concentrations are adequate to leach the gold present in the
PCBs of mobile phones. [9].

The reagents used were: gold (lll) chloride (AuCls;, 64.4% Au, by Alfa
Aesar, GmbH), copper (IlI) sulfate (CuSO,4.5H,0, by Panreac), sodium thiosulfate
(Na,S,03.5H,0, by Panreac), ammonium hydroxide (NH;OH, 29%, by J. T.
Baker), sodium hydroxide (NaOH, by Panreac), and hydrochloric acid (HCI by

Panreac).



First, a synthetic solution containing 1000 ppm of gold was prepared by
dissolving gold (IIl) chloride in water and hydrochloric acid (HCI), forming HAuCl,.
This solution was packed in a dark bottle and stored in a cool and dry place to
prevent its deterioration. Aliquots were removed from this solution for the
voltammetric and electrowinning studies. The other solutions (copper and
thiosulfate solutions) were prepared daily. The solutions used in these studies are

shown in Table I.

Table |

All solutions were obtained from analytical grade reagents and prepared
with distilled water. All the studies were performed at pH 10+ 0.1 (controlled by

pHmeter Q400AS Quimis, with glass electrode) and a room temperature.

2.2 Voltammetric studies

In this study, a conventional three-electrode cell was used (Figure 1a). A
platinum rotating disc (RDE) enclosed in Teflon with a surface area of 0.078 cm?
was used as a working electrode. An electrode of Ag/AgCI (in saturated KCI) was
used as the reference electrode, and a platinum electrode with a surface area 1
cm? was used as counter electrode.

The experiments were carried out at rotation rates of 500, 1000, 1500,

2000 and 2500 rpm. The polarization curves were obtained at a scan rate of 20

mVs™. The potential range used in this study was +1500 to —1500 MV agiagcl-



The experiments were controlled using an Autolab PGSTAT20
potentiostat/galvanostat connected to a PC (Software GPES 4.9).

Before each experiment, the surface of the working electrode was
mechanically polished (using alumina powder) and rinsed off with distilled water.
The solutions were deoxygenated for 10 minutes with nitrogen. The atmosphere
was maintained inert during the whole measurement to eliminate oxygen reduction

as a cathodic reaction.

2.2.1 Calculation of the diffusion coefficients
The diffusion coefficients of the ions in solution were calculated using the

Levich equation by the limiting current density [42].

iim =0,621 n FvY* D 2 C (1)

The Levich equation shows that the limiting current density is proportional to
the square root of the rotational speed of the electrode. Thus, in a process
controlled by mass transport the graphical representation of the limiting current
density versus the square root of the rotational speed of the electrode, for a given
concentration, is a straight line that passes through the origin. From this slope, it is
possible to estimate the diffusion coefficient of the reactant if the kinematic

viscosity is known.

2.3  Electrowinning tests



The electrochemical reactor (Figure 1b) used in this work consisted of a
150 mL Pyrex glass. Two graphite electrodes were used as cathode and anode,
and an electrode of Ag/AgCI (in saturated KCI) was used as reference electrode.

Both the cathode and the anode had an effective area of 14.15 cm?.

Figure 1

Initially, the electrowinning tests were performed with solutions containing
100 ppm of gold, and then with solutions containing 10 ppm of gold. In both cases,
the concentrations of the other components present in the solution were kept
constant: copper 1000 ppm, thiosulfate (Na;S,03) 0.12 mol L™* and ammonium 0.2
mol L.

The gold and copper concentrations in solutions were measured by atomic
absorption spectrophotometry (AAS) with a Perkin-Elmer spectrophotometer
model Analyst 100. For measuring the concentration of gold, a gold hollow
cathode lamp at 242.8 nm wavelength, 0.2 nm spectral bandwidth and an
operating current of 10 mA was used. For copper, a copper hollow cathode lamp
at 218.2 nm wavelength, 0.2 nm spectral bandwidth and an operating current of 10

mA was used.

2.3.1 Parameters evaluated in the electrowinning pr  ocess

A series of parameters such as the fraction of metal recovered (Xwe), current
efficiency (@), productivity (p) and the specific energy consumption (Es) were
evaluated in order to study the feasibility of the electrowinning process. Equations

2-5 were used for the calculation of these parameters.
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were concentrations are in molL™?, current intensity in A, volume in L, voltage in V

and time in s.

3 RESULTS AND DISCUSSION

3.1 Electrochemical Study of Gold and Copper and De termination of the
Diffusion Coefficients

The electrochemical behavior of gold and copper present in solutions was
evaluated by cyclic voltammetry. Initially, the electrochemical behavior of each
metal (gold and copper) was analyzed separately and then the electrochemical
behavior of these metals together simulating a real solution (considering only

concentrations of gold, copper, ammonium and thiosulfate) was analyzed.

3.1.1 Gold



In relation to the electrochemical behavior of gold, it is important to note
that the anion [AuCls] used in synthetic solutions can have acid or alkaline
hydrolysis (equations 6 and 7) and may therefore dissociate, forming Au*® and

Au*t [43].

AuCl; + jOH™ 4+ kH,0 = AuCls_;_(OH); (H,0); ' + (j +k)CI~ ©6)

AuCI; + jOH™ = AuCly—;(OH)7 + jCI7, Bjo -

where j and k are the stoichiometric values.

At low pH (< 4) the chlorocomplexes of gold are stables [44]. The addition
of ammonium hydroxide (0.2M) in the HAuCl, solution and the consequent raise of
pH up to 10.0 (conditions used in this work) led to the formation of complexes of
gold with ammonium [Au(NHs).4]"® and Au(NHs)* [45]. The equations corresponding
to the electrochemical reduction are as follows:

AU(NH3)s" + 2e” = Au(NH3)" + 2 NH3 E= 206 mV sug [46]  (8)

Au(NH3)*+ e - Au® + NH,3 E= 160 mV sug [47]  (9)

The cathodic polarization curves, which show the effect of the rotational
speed of the RDE electrode on the reduction of gold in the ammoniacal medium,
without thiosulfate, are shown in Figure 2. This figure also shows the graphical

representation of the Levich equation.

Figure 2



In this case, the plateau of limiting current density shown corresponds to
the mass transfer processes often observed for reduction of metal from complexes
[48]. In Figure 2 two plateaus can be observed, one between 550 and 300
MVagiagel corresponding to the reduction of Au*®/Au™ and another at potentials
between -200 mVagagcr and -1000 mVagager corresponding to the reduction of
Au*/AUC. This data is compatible with the literature data [49-50].

In this case, it was also possible to observe that the limiting current density
increases with the increase of the rotation rate of the electrode. Through the
graphical representation of the Levich equation, it is possible to verify that in both
cases a straight line passing near the origin is obtained and that the current
density, corresponding to the second plateau (i 2), is greater than the first. These
two circumstances demonstrate that the reduction of gold in ammoniacal medium

occurs in two consecutive steps controlled by mass transport.

The diffusion coefficients calculated for solutions containing gold in
ammoniacal medium, without thiosulfate, obtained in this study were 4.7 x 10™°
m?%/s for Au** and 1.8 x 10 m?/s for Au*>. These values are consistent with the
values found in the bibliography that present values of 7.5 x 10" m?%/s for Au**
and 1.25 x 10 m?/s for Au*[51].

The cathodic polarization curves that show the effect of the rotation rate of
the RDE electrode on the reduction of gold in a medium containing thiosulfate and
ammonia are presented in Figure 3. This figure also presents the graphical
representation of the Levich equation. For this solution only one plateau is

observed. The plateau ranges between -250 mVagagcr and -600 mVagager, and
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may be due to the complex [Au(S,03).>] formed by the reaction between gold and

thiosulfate.

Figure 3

During the process of gold leaching of PCB the complex of
gold(l)/thiosulfate is rather formed over the complexes of gold with ammonia or
chlorine because presents a greater stability in relation to the others. The order of
the stability constants (log B) of these complexes is [Au(S;0s),°] > [Au(NH3)?] >
[AuCl;], with values of 26, 19 and 9, respectively. This reaction of gold with
thiosulfate was evidenced by the occurrence of a single plateau in the voltametry.
This data is also compatible with the literature according to the following reaction
[52]:

[AU(S203).°]+ € = Au + (S,03)% E°= 153 mV (shg) (10)

The diffusion coefficient calculated for solutions containing gold and
thiosulfate in ammoniacal medium obtained in this study was 5.05 x 10™° m?%s.
This values is consistent with the values found in the bibliography that show 1.2
x107° m?%s [53].

3.1.2 Copper

After analyzing the electrochemical behavior of gold in ammoniacal
medium (with and without thiosulfate), the same type of analysis was carried out
for the copper ions under the same conditions.

The corresponding equations of electrochemical reduction are [45]:

Cu(NH3)s2* + e = Cu(NHg)," + 2NH; E=100 mV g (11)

Cu(NH3)," +e = Cu + 2NH3 E=-239mV sugy (12)

11



The effects of the rotational speed of the RDE on the reduction of copper
in ammoniacal medium, without thiosulfate, are shown in Figure 4. In the same
figure the graphical representation of the Levich equation, that allowed the
estimation of the diffusion coefficient of the copper ions, can be observed.

Figure 4

In this figure two plateaus can be observed, the first one between -300
MVagagel and -500 mVagagci, corresponding to the reduction of Cu*?/Cu*?, and the
second one at more cathodic potential values than -600 mVagagci, corresponding
to the reduction of Cu*'/Cu®. Each of these plateaus present a limiting current
density, typical of a mass transport controlled process.

As can be seen, the limiting current density increases with the increase of
the rotation rate of the electrode. In addition, the limiting current density of the
second plateau is approximately twice the current density of the first, which is in
accordance with the two-step process of copper reduction. This result is confirmed
by the Levich equation, since in both cases (first and second plateau) a straight
line was obtained that passes through the origin, and the current density
corresponding to the second plateau (i») is double that the first. These two
circumstances demonstrate that the reduction of Cu*? in ammoniacal medium
occurs in two consecutive steps controlled by mass transport.

The diffusion coefficients calculated for solutions containing copper in
ammoniacal medium were 6.07 x 10™"° m?/s for Cu**and 6.7 x 10™*° m?s for Cu*%.

The value reputed in the literature was 4.9 x 10™° m?/s for Cu*? [54 - 57].

In solutions containing copper and thiosulfate in ammoniacal medium is

important to note that thiosulfate reacts with copper (Il) ions and produces the

12



complex copper(l)/thiosulfate. This reaction causes a reduction in the
concentration of copper (Il) [58-59]. The equations of the corresponding
electrochemical reduction is shown ahead:

Cu(S;03)s2 +e - Cu° E=-250 mV (spg  (13)

The cathodic polarization curves that show the effect of the rotational rate
of the RDE on the reduction of copper in ammoniacal medium in the presence of
thiosulfate and the graphical representation of the Levich equation are presented
in Figure 5. In this figure is possible to observe the presence of a plateau
concerning the reduction of Cu**/Cu® at potential values more cathodic than -600

MVag/agcl-

Figure 5

The diffusion coefficient for solutions containing copper and thiosulfate in
ammoniacal medium obtained in this study was 4.9 x 10° m?s. This value is

consistent with the values found in the bibliography [54-57].

3.1.3 Gold, Copper and Thiosulfate System

After analyzing the electrochemical behavior of gold and copper ions in
ammoniacal medium separately (with and without thiosulfate), the electrochemical
behavior of both ions in the same solution containing thiosulfate was analyzed.
Figure 6 shows the effect of the rotational rate of the RDE on the reduction of gold
and copper in a solution containing thiosulfate and ammonia.

In this figure two plateau can be observed, one between -100 and -550

MVagiagcl, corresponding to the reduction of Au*/AU®, and the other plateau at
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more cathodic potential values than -600mVagagci, corresponding to the reduction
of Cu™/Cu®. This behavior shows that the electrodeposition of gold and copper,
under these conditions, occurs in two different ranges of potential. It is also
observed that in both cases the limiting current density increases with the increase
of the rotation rate of the electrode, and the straight line obtained (see inset of
Figure 6) passes very close to the origin and therefore follows the Levich equation

for reactions controlled by mass transport [53].

Figure 6

The diffusion coefficients for solutions containing gold and thiosulfate in
ammoniacal medium obtained in this study were 5.05 x 10*° m%s. These values

are consistent with the values found in the bibliography.

3.2  Electrowinning Results

Previously, it was verified that gold and copper are reduced to their
metallic state at different potential values, which makes the possible recovery of
gold through the use of an electrochemical reactor, using suitable applied
potentials.

For this purpose, several electrowinning tests were carried out at different
electrode potentials selected from the cyclic voltammetric tests.

According to literature data [7-8,10] and confirmed by the results shown in
our previous article [9], the amount of gold present in the printed circuit boards of
mobile phones is variable, depending on the type, model or year of the board.
Therefore, the amount of gold present in the leached solution also varies (between

14.0 — 70.0 ppm).
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Thus, electrowinning of gold using 100 mL of synthetic solutions
containing 100 (solution A) and 10 (solution B) ppm of gold was performed. Both
solutions (A and B) contain sodium thiosulfate (0.12 mol L), ammonia (0.2 molL"

1y and copper sulfate (1000 ppm).

The evolution of the gold fraction recovered (Xay) versus time for solutions
containing gold and copper through the application of different electrode potentials
is presented in Figure 7. It can be observed that Xa, increases with time until
reaching a maximum value at the end of the experiments.

For solution A (gold 100 ppm), it is observed that for the lowest cathodic
potential (-250 mV), the value of Xa, is lower (approximately 0.90) than that
reached at the potentials of -400, -500 and -700 mV, approximately 0.99. This
behavior can be explained by the fact that at -250mV the corresponding current
density is below the limiting current density of gold. For more cathodic potential
values, between -400 and -700 mV, the current density obtained is close to the
limiting current density and the fraction of gold recovered is therefore the same in
all cases, considering that the limiting current density represents the maximum
reaction rate.

For potentials of -1000 mV, the gold recovery is faster than for potentials
close to the limiting current density. This may be due to the fact that, at very
cathodic potentials, co-deposition of copper along with gold occurs, in addition to
the generation of a large amount of hydrogen. The hydrogen formed under these
conditions could act as turbulence promoter near the electrode [60], increasing the

mass transfer and making the gold fraction recovered larger.
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For solution B (10 ppm of gold), it can be observed that the fraction
recovered increases more slowly. For an electrode potential of -400 mVagagcl, Xau
reached a maximum value of 0.5 in 300 minutes, whereas for a potential of -500

MVagiagen the value reached is 0.9 the the same time value.

Figure 7

With respect to the gold fraction recovered, a mathematical model can be
proposed, since the electrowinning tests were carried out in a reactor that can be
considered as a uniform closed reactor. For a reactor of this type, operating under
limiting current density conditions, the concentration decreases exponentially with

time according to Equation 17:

C — Cge_kﬂet
(17)

Thus, the fraction of gold recovered versus time is:

XAU : 1 e F.‘C.I‘,I'.”
(18)

According to the mathematical model proposed for a closed reactor, and
from the fitting of the experimental data it is possible to calculate the product k.ae.
This product is a fundamental design parameter for electrochemical reactors, in
which the reaction is controlled by the mass transport. The values of k.a. obtained

for this study are presented in Table II.
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Table Il

The results of k.a. are very similar for the potential values of -400, -500
and -700 mV, as at these applied potential values, the current is close to the
limiting value. For these values, an average value was estimated (k.a. = 0.0152
min™) and with this value it is possible to calculate C and Xa, from Equations 17
and 18 respectively.

The product of k-a. is an important parameter in the design equations for
all the electrochemical reactors supporting a mass transport controlled reaction
[61]. In practice, it is difficult to separate the values of these parameters: In the
case of metal deposition under limiting current conditions, usually porous and
roughened metal deposits occur, and thus the specific electrode area is increased.
This also can affect the mass transport coefficient. On the other hand, the
enhanced turbulence effect, due to hydrogen formation on the cathode, makes the
mass transfer coefficient increase as the electrode potential is shifted towards
more cathodic values or when the current density increases [62]. Hydrogen
formation becomes an evident feature when observing the low values of the
current efficiency obtained in Figure 9. This is the reason why is so difficult
separate the term k-a. and makes difficult compare the mass transfer coefficient
with the data reported in the literature.

On the other hand, the hydrodynamic conditions depend not only on the
electrolyte agitation but also on the bubbles generated on the cathode surface
under very cathodic currents that act as turbulence promoters. Therefore, the
differences observed in table 2 are more likely due to the turbulence promoting
action of the gases formed at different current regimes and not to the different

agitation.

Figure 8 (a) shows the evolution of the gold concentration (for a initial gold

concentration of 100 ppm) over time for an applied electrode potential of -500 mV,
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along with the mathematical fit of the experimental data to equation 18. It can be

verified that the model fits very well with the experimental data.

Figure 8

Comparing the results obtained in Figure 8 (b) with the results obtained in
the cyclic voltammetry for the gold/copper/thiosulfate/ammonia system, it is
verified that, in the majority of the potentials used, the results coincide with the
expected results obtained in the polarization curves. However, a discrepancy
between both tests can be observed when a potential of -250 mV is applied.
According to the polarization curves using a potential of -250 mV, we would
already be working on the limiting current density for the case of gold; however, in
the electrowinning tests the value of Xa, obtained is lower (0.90) than in the
potentials of -400, -500 and -700 mV (0.99). This difference can be explained by
the difference in the assembly of the two experiments, such as the difference in
the size of the electrodes used in the electrowinning, the nature of the electrodes,
and the position of the reference electrode, among others.

Figure 9 shows the evolution of the current efficiency calculated versus
time for the different electrode potentials.

It is verified that for the solutions containing 100 ppm of gold (solution A)
the current efficiency was inferior to 6% for all the cases, whereas for solutions

containing 10 ppm of gold (solution B), the electric efficiency was less than 1%.

Figure 9

18



As seen in our previous study [63], this low efficiency can be explained by
the presence of copper in the solution. Even at potential values where there is no
copper deposition, this species could contribute to the increase the current
density. This increase in current density is probably due to the fact that copper
favors the hydrogen evolution reaction (HER), which results in a low current
efficiency of gold in the presence of copper.

Therefore, for solutions containing small amounts of gold (10 ppm) and
large amounts of copper (1000 ppm), the less negative the potential applied, the
lower the observed current efficiency.

As can be observed in the figure, the electrowinning of gold from solutions
containing gold and copper, especially when the amount of copper is much higher
than the amount of gold present in the solution, presented a low current efficiency,
being below 3%. However, according to the literature [64], the low current
efficiency is not uncommon in the gold industry, which normally operates at current

efficiencies below 10%.

Figure 10 shows the evolution of the productivity (a) and the specific
energy consumption (b) as a function of time, for the different electrode potentials
tested, and for solutions containing 100 ppm of gold.

It can be observed that the productivity curves are practically coincident.
This is because in all cases the operates at, or close to, the limiting current density
and this represents the maximum reaction velocity. On the other hand, the

productivity decreases with time because gold is removed from solution.
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Figure 10

It is verified that the energy consumption increases with time and with the
increase of the applied potential. This is quite logical, since with the passage of
time the amount of gold ions in solution to be recovered decreases and the
secondary reactions are gaining more and more weight in the system. On the
other hand, the energy consumption increases with the potential because as the
potential becomes more cathodic, the greater the total voltage is, and the higher
the energy consumption. Moreover, the more cathodic the potential is, the greater
the current intensity, which also contributes to the increased consumption of

energy.

4 CONCLUSIONS

The results showed that for gold/copper/thiosulfate solutions, the
deposition of copper occurs at potentials more negative than -600mVagagci,
whereas the deposition of gold occurs in potentials more positive than -
600mvagiager- In this way, it is possible to use electrochemistry for selective
recovery of the two metals.

From the results obtained in the cyclic voltammetry with RDE, applying the
Levich equation it is possible to verify that in both cases (gold and copper
solutions in ammoniacal medium), a straight line passing near the origin is
obtained. This circumstance demonstrates that the reduction of gold and copper in

ammoniacal medium occurs in two consecutive steps controlled by mass

20



transport. Thus, from these results, it was possible to estimate the diffusion
coefficients of the ions in solution.

For solution A (100 ppm of gold) it is observed that for the least cathodic
potential (-250 mV) the value of Xa, is lower (approximately 0.90) than that
reached in the other potentials, where the evolutions of X, with time are larger
and similar (approximately 0.99). For solution B (10 ppm of gold) it can be
observed that for solutions containing lower concentrations the fraction of gold
recovered increases more slightly. In this case, for an electrode potential of -400
MVagiage, Xau reached a maximum value of 0.5 in 300 minutes, whereas for a
potential of -500 MV agagci, the value reached 0.9 over the same period of time.

The results obtained in the electrochemical tests indicated that the
presence of copper in the solution leads to an increase in the current density and
that the system behaves according to the mathematical model proposed for a
closed reactor.

The current efficiency achieved in the experiments with real solutions was
low, less than 3%. However, according to the literature, the gold industry normally
operates at current efficiencies below 10%.

In synthetic solutions the productivities almost coincide because in all
cases they operate in limiting current densities. Productivity falls over time, as the
rate of gold recovery slows over time. The energy consumption increases with
time and with increase in applied potential. The increase in energy consumption
over time occurs because, over time, the amount of gold ions in solution to be
recovered decreases and the secondary reactions take more and more weight in

the system.
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Figure 1: (a) Electrochemical cell used in the RDE study and (b) Diagram of the cell used
in the electrowinning tests
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Figure 2: Cathodic polarization curves of the gold (100 ppm) in ammoniacal medium (0.2
mol L"), without thiosulfate, and graphical representation of Levich's equation (w is the
rotation rate of the electrode). For a platinum working electrode (area of 0.078 cm?) and
counter electrode of platinum.

Figure 3: Cathodic polarization curves of gold (100 ppm) and thiosulfate (0.12 mol L™) in
ammoniacal medium (0.2 mol L™) and graphical representation of the Levich equation. For
a platinum working electrode (area of 0.078 cm?) and counter electrode of platinum.
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Figure 4: Cathodic polarization curves for copper (15 mmol L™?)) in ammoniacal medium
(0.2 mol L™), without thiosulfate, and graphical representation of the Levich equation. For
a platinum working electrode (area of 0.078 cm?) and counter electrode of platinum.
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Figure 5: Cathodic polarization curves for copper (15 mmol L™*) with ammonia (0.2 mol L™)
in the presence of thiosulfate (0.12 mol L™) and graphical representation of the Levich
equation. For a platinum working electrode (area of 0.078 cm?) and counter electrode of

platinum.
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Figure 6: Cathodic polarization curves for gold (100 ppm), copper (1000 ppm) and
thiosulfate (0.12 mol L™) in ammoniacal medium (0.2 mol L™) and graphical representation
of the Levich equation. For a platinum working electrode (area of 0.078 cm?) and counter

electrode of platinum.
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Figure 7: Evolution of the gold fraction recovered versus time for solutions A (100 ppm of
gold + 1000 ppm of Copper + 0.12 mol L* Na2S203 + 0.2 mol L™ NH40H) and B (10
ppm of gold + 1000 ppm of Copper + 0.12 mol L™ Na2S203 + 0.2 mol L™ NH40H)
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Figure 8: (a) Evolution of gold concentration over time at an applied potential of -500 mV
(b) evolution of the gold fraction recovered over time
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Figure 9: Comparison of the evolution of electric efficiency for solutions A (100 ppm of
gold + 1000 ppm of Copper + 0.12 mol L™ Na2S203 + 0.2 mol L™ NH40OH) and B (10
ppm of gold + 1000 ppm of Copper + 0.12 mol L™ Na2S203 + 0.2 mol L™ NH40H)
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Figure 10: Comparison of the evolution (a) of productivity
consumption with time for different potentials
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Symbols
R Specific surface of the electrode
C Concentration of the el ectroactive species in the solution (mol/m?)
Co Initial concentration
Cve (0) Initial concentration of the metal in solution
Cume (1) Concentration of the metal over time
D; Diffusion coefficient of the metal ion (m?/s)
Es(t) Specific energy consumption
F Faraday Constant (C/mol)
I Current intensity (A)
k Mass transfer coefficient

34




n Number of electronsinvolved in the redox reaction
t Time

\Y, Volume of solution

Xwme (1) Metal fraction deposited in function of time

Greek |etters

Vv Kinematic viscosity of the medium (m?/s)

) Productivity in function of time

0) Electric efficiency

w Rotation rate of the electrode (s*)

jor I(t)dt Integral of the current density by time

Table I: List of solutions used in the tests performed in this paper

Study Solutions
Voltammetry 1 Au + NH,OH
Voltammetry 2 Au + Na,S,03 + NH,OH
Voltammetry 3 Cu + NH,OH
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Voltammetry 4 Cu + Na,S,03 + NH,OH

Voltammetry 5 Au + Cu + NaS,03 + NH,OH

Electrowinning (A and B) Au + Cu + NayS;03 + NH,OH

Table II: Values of k.ae X potentials calculated

E (mV) k.ae (Min™)
-250 0.0870
-400 0.0152
-500 0.0151
-700 0.0152
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Figure 3: Cathodic polarization curves of gold (100 ppm) and thiosulfate (0.12 mol L?) in
ammoniacal medium (0.2 mol L'!) and graphical representation of the Levich equation. For
a platinum working electrode (area of 0.078 cm?) and counter electrode of platinum.



