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Abstract

Despite of being the most common hydrometallurgical process for extraction of gold from ores and
concentrates, cyanide leaching is blamed for its hazardous impact on environment and human health.
These concerns have given a rise for alternative cyanide-free technologies, such as cupric chloride
leaching. However, the state-of-art processes for gold recovery from chloride solutions are facing
issues of high reagent consumption and poor selectivity. This article describes an innovative method
for recovery of minor concentrations of gold from hydrometallurgical solutions by repetitive
Electrochemical Deposition-Redox Replacement (EDRR) cycles. In contrast to conventional carbon-in-
leach/resin-in-leach technologies or solvent extraction, the proposed electrochemical method does
not require addition of any chemicals in the process and remarkably selective gold recovery can be

achieved from concentrated cupric solution by tailoring the process parameters.

A number of electrochemical experiments was performed in order to identify the process variables
affecting the Au recovery. Results indicate that so called cut-off potential and deposition time were
the EDRR parameters having the strongest impact on gold recovery at fixed concentration of Cu and
Au ions. The Au content in the metal deposit after 250 EDRR cycles exceeded 75% and the Au:Cu ratio
has increased by a factor of 1000, from 1:340 in the solution up to 3.3:1 in the final product. X-ray
photoelectron spectroscopy analysis of the cathode surface confirmed full replacement of sacrificial
copper with gold. Obtained results prove that the EDRR method can be efficiently used for the

recovery of trace amounts of gold from cupric chloride solutions used for cyanide-free gold leaching.
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1. Introduction

Gold cyanidation is by far the main industrial gold leaching process and it has been used for over a
century in large-scale gold extraction operations all over the world (Deschénes, 2016). In spite of this,
raising concerns regarding the toxicity of cyanide and its inability to efficiently leach carbonaceous
and refractory ores has led to an increased interest in developing cleaner technologies for cyanide-
free gold recovery (Binnemans and Jones, 2017; Bisceglie et al., 2017; Jenkin et al., 2016; Leikola et
al.,, 2017). Actually, chlorination was applied extensively even before the introduction of the
cyanidation process (Adams, 2016). In 1851, K.F. Plattner developed a process for the treatment of
gold ores, which consisted of passing chlorine gas over crushed ore to produce a soluble gold chloride
(Kirke Rose, 1894). However, due to high treatment cost, chlorination required high gold ore grades
of about 50 g/t (Habashi, 2016). Also recently, chloride leaching of gold has been the subject of
detailed studies (Baghalha, 2007; Lundstrém et al., 2012; Pangum and Browner, 1996; Tran et al.,
2001, 1992) concerning extraction of copper and other base metals. Currently it seems to be a
favorable alternative to cyanide leaching. With increasing requirements to treat more complex
refractory ores and even secondary raw materials, the chloride leaching process can offer an
application where other metals are extracted along with gold in more environmentally friendly
manner (Forsén and Aromaa, 2013; Hasab et al., 2014; Lu et al., 2017; Nam et al., 2008; Sun et al.,
2016).

The global trend in mining industry in general and in gold mining in particular is that production of
metals is permanently growing but the ore grades and resource availability are steadily declining
(Calvo et al., 2016; Mudd, 2007; Sverdrup and Ragnarsdoéttir, 2014; Tuusjarvi et al., 2014). These issues
stimulate an emerging interest for extraction of minor quantities of valuable metals from complex
impure hydrometallurgical solutions, e.g. by means of electrochemical reactions (Park et al., 2015;
Tanongetal., 2017; Wu et al., 2017). Specifically, the use of electrochemical methods for gold recovery
is attractive as no additional chemical reagents are required and the recovery can be precisely

controlled by applying favorable process conditions (Lekka et al., 2015).

Redox replacement reactions have been studied for decades for different redox pairs (Dimitrov, 2016;
Hormozi Nezhad et al., 2005; Sun and Xia, 2004; Venkatraman et al., 2016). Classically, these reactions
are investigated in the context of designing of functional materials: various catalysts (Benson et al.,
2017; Jin et al., 2004; Machado et al., 1991), nanoparticle growth (Tian et al., 2006; Yliniemi et al.,
2013; Zhang et al., 2010), formation of thin films (Al Amri et al., 2016), fuel cell applications (Brankovic
et al., 2001a), etc. Brankovic et al. (2001b) introduced a two-step method of forming thin films by
surface-limited redox replacement (SLRR) which utilizes underpotential deposition of Cu (less noble

metal, also called sacrificial metal) coupled with a subsequent galvanic displacement of that layer by



a more noble metal of interest such as Ag, Pt or Pd from another solution. This method was further
developed by using a flow cell or one-cell configuration (Mitchell et al., 2012; Thambidurai et al.,
2009). Sheridan et al. (2013) demonstrated that chloride complexation improves formation of Pd thin
films using SLRR of underpotentially deposited copper. Viyannalage et al. (2007) studied the
deposition of Cu by SLRR of Pb adlayer in one-cell configuration and concluded that the key to
successful monolayer growth is the proper ratio of sacrificial metal ions to replacing metal ions in the
solution, which for his study was 33:1. However, in gold chloride leaching processes, the composition
of the hydrometallurgical process solution is not adjusted to achieve favorable ratio between metals
for electrochemical recovery, but it contains inherently high concentration of cupric ions (oxidant)
with only minor gold concentration in solution (Ahtiainen and Lundstrém, 2016; Leppinen et al., 2005;
Lundstrom et al., 2014; Miettinen et al., 2013). This brings along a new challenge, as high base metal
concentrations and impurity dissolution may hinder the best available gold recovery technology by

carbon-in-leach (CIL) or resin-in-leach (RIL) due to co-adsorption.

This paper provides a novel clean technology approach for gold recovery from cyanide-free solutions
with only minor gold concentration. Recently, Halli et al. (2017) described a method of silver recovery
from zinc-containing solutions by means of cyclic electrodeposition-redox replacement (EDRR). EDRR
resembles SLRR deposition method performed in a single electrolyte bath (Fayette et al., 2011), but
the goal in this study is to form rich layer of pure gold deposit rather than functional or nanostructured
layer. To the best of authors’ knowledge, there are no reports of utilizing SLRR type methods or
repetitive electrochemical atomic layer deposition cycles for the recovery of gold from any
hydrometallurgical solutions. The results presented in this paper introduce a novel method for the
extraction of gold from cupric chloride solutions, typical for emerging cyanide-free gold leaching
processes, e.g. Nippon Mining & Metals (Toraiwa and Abe, 2000), PLASTOL (Ferron et al., 2003), Intec
(Moyes et al., 2005), Nichromet (Lemieux et al., 2013), Outotec Gold Chloride process (Miettinen et
al., 2013), by EDRR. This method can offer an exceptional selectivity for gold recovery directly from

leaching solutions without any chemical addition into the process.

2. Experimental
2.1. Materials

Four synthetic electrolyte solutions simulating gold chloride leaching solutions were prepared by
dissolving in deionized water NaCl (299.0%, Merck), CuCl,-2H,0 (98% pure, Acros Organics) and Gold
Atomic Absorption Standard AA22H-1 (1000 pg/mL Au, AccuStandard) in quantities required to obtain

concentrations as quoted in Table 1. The experiments were performed in a three-electrode cell (50



cm?) with parallel plate geometry: working electrode (WE) made of 0.5 cm? Pt plate was immersed in
the electrolyte and another Pt plate of 10 cm? surface area was used as a counter electrode (CE). Both
electrodes were produced from 99.5% purity platinum (Kultakeskus Oy, Finland), which contains
impurities such as precious metals (mostly Au, Ag and Pd) and traces of base metals (Cu, Fe and Ni). A
saturated calomel electrode (SCE) from Sl Analytics, France, with a potential of 241 mV respective to
standard hydrogen electrode was used as the reference electrode. A 24-bit potentiostat (lvium

CompactStat, Ivium Technology, Netherlands) was used to control the experiments.
2.2. Description of the EDRR process

The EDRR process is schematically shown in Figure 1. It consists of two consecutive steps, which are
continuously repeated after each other. The process starts by introducing the inert working electrode

into the solution (Figure 1A), which contains ions of both copper (sacrificial metal) and gold.

During the first step (Figure 1B), Cu is deposited on the electrode surface at constant cathodic
potential Es.: for a defined time tsp. When the potential is applied to the electrodes, anodic reactions

of oxygen and possibly also chlorine gas evolution take place:

H,0 — >0, T +2H* + 2¢” (1)
2CI7 — Cl, T +2e” (2)
Cathodic reaction of copper deposition on the other hand is as follows:

CuCl,®™ 4+ e~ — Cu + 4CI- (3)

In the next step (Figure 1C), cell is left in open circuit conditions until the predetermined cut-off
potential E..: is reached. Due to the difference in their standard electrode potentials, the replacement

of Cu by Au can occur:

Cu+4Cl- — CuCl® + e (4)
AuCl,” + e~ = Au+ 2CI™ (5)
Overall reaction of the redox replacement step is as following:

Cu + AuCl,” 4 2C1~ — Au + CuCl,>~ (6)

The redox replacement is relatively fast until the vicinity of the cathode is depleted of dissolved gold.
After that, the replacement reaction is limited by the diffusion of dissolved gold towards the WE

surface.

As a general rule, the higher the deposition potential Es.: is, the more copper will deposit. This can

increase the redox replacement time and/or result in higher copper content in the cathode. When the



redox reaction does not have sufficient time to fully replace existing copper, the replacement is not
ideal, some traces of copper can remain in the final deposit (Figure 1D). In addition, the surface

coverage might be uneven due to lattice defects or impurities on the WE surface.

In the current work, the boundaries for Es: and Eq.: were determined with cyclic voltammetry (CV).
The voltammograms were recorded both in the blank solution and in the gold-containing solution at
scan rate v =50 mV/s. The scan was started at 0 mV vs. SCE in anodic direction up to 1000 mV vs. SCE,
then the potential was reversed until =500 mV vs. SCE was reached and the scan direction was

reversed again. The second scan was used to determine characteristic peaks of the voltammograms.
2.3. Analytical techniques

The amount of gold deposited on the surface of WE was evaluated by means of cyclic voltammetry.
Immediately after the end of EDRR process the electrodes were removed from working solution,
rinsed with deionized water and then CV was run in a solution of 175 g/L NaCl at a scan rate v=50 mV/s
starting from the potential of 400 mV vs. SCE until 1000 mV vs. SCE. The amplitude of a gold stripping
peak (in mA/cm?) during the first sweep in anodic direction is directly related to the amount of gold

deposited on the WE.

Mass of recovered Cu and Au was determined by potentiostatic dissolution of the gold deposit at 1.1
V vs. SCE in 175 g/L NaCl. Obtained solutions were analyzed with ThermoScientific iCapQ Inductively

Coupled Plasma Mass-Spectrometer (ICP-MS).

The replacement of Cu by Au and the surface coverage were investigated by X-ray photoelectron
spectroscopy (XPS). XPS measurements were carried out with a KRATOS Axis Ultra (Kratos Analytical,
Manchester, United Kingdom) with a monochromatic Al X-ray source operating at 100 W. The analysis
spot size is 400 x 800 um. The samples were analyzed under ultra-high vacuum in pressure range of
108-10° Torr at room temperature. Each analysis started with a survey scan from 0 to 1100 eV
binding energy using a pass energy of 80 eV at steps of 1 eV that led to the emission of photoelectrons
from the top 10-20 nm of the surface. High-resolution spectra of Cu2p and Au4f (and Pt 4f due to using
Pt as a substrate material) were collected at 20 eV pass energy at steps of 0.1 eV and 300 ms dwell
time with 8 and 4 sweeps, respectively. Binding energies were charge-corrected by referencing to
adventitious carbon at 285.0 eV and a piece of fresh pure cellulose paper was used as the in-situ

reference. CasaXPS software was used for peak fitting and analysis.

Morphology of deposit was studied using Scanning Electron Microscope (SEM) Carl Zeiss LEO 1450 VP,
Germany, equipped with an Energy Dispersion X-ray spectroscopy (EDS) INCA software from Oxford

Instruments, UK. The applied acceleration voltage and the beam intensity were 15 kV and 210-240 pA,



respectively. Prior to SEM-EDS analysis, the samples were rinsed with deionized water and air-dried

at room temperature.
2.4. Experimental design

Two solutions with elevated gold and chloride concentrations (Solutions 1 and 2, Table 1) were used
for studying the influence of process variables on the gold deposition process. Estimation of the gold
amount deposited on the electrode surface in different tests was done in semi-quantitative way by
comparing the current density jmaex Of gold oxidation peak on a voltammogram recorded straight after
the EDRR. In order to determine the impact of the parameters on the gold recovery in the process, a
full factorial test was designed and analyzed with the MODDE 12.0 software. The investigated factors
include concentration of gold [Au] in the solution, time tgp, and potential Es: for copper deposition
and cut-off potential E..:. In total 16 combinations of parameters were studied (E1-E16 in Table 2). The
order in which the experiments were made was randomized to avoid systematic errors. The
experimental results were assessed statistically by the coefficient of determination (R?), standard
errors of model coefficient (Student's t-test) and the analysis of variance (ANOVA) using Fisher's

variance ratio test (F-test).

Solution 3 (Table 1) has the composition close to one obtained from chloride containing leaching
process of WEEE (Elomaa et al., 2017) and it was used in the search of the optimal set of parameters
with a response surface methodology (RSM). For that purpose, a central composite face-centered
design of experiments was built with three factors: taep, Eset and Ece (Table 3). Such experimental plan
requires less tests than full factorial design and enables introduction of quadratic terms into the
regression model to describe the curvature of response surface, providing at the same time acceptable
quality of predictions (Eriksson et al., 2008). The purpose of the central composite design is to fit the
second-order model correlating the EDRR parameters and the composition of deposit. The central
point was replicated twice in order to provide a most adequate prediction in all the experimental

region and evaluate the pure error between each repetition.

The optimized process parameters were then used for producing thicker deposits on the WE by
extending the number of EDRR cycles up to 250. In order to improve diffusion between electrodes,

stirring of about 100 rpm was applied to the solution with a magnetic stirrer.
2.5. Efficiency indicators

Efficiency of the EDRR process was assessed by the current efficiency and specific energy
consumption. Current efficiency n, %, achieved in the experiments was calculated according to Moats

(2018):



T] — Itheor . 100%’ (7)

Ireal

where Iq — current measured in the experiment, A;

Iieor — theoretical current determined from Faraday’s law:

z-F'm
Itheor = Mtgep N ®)

where z-—number of electrons involved in the reaction;
F = 96485 A-s/mol — Faraday constant;
m — mass of the recovered metal, g;
M — molar mass of the metal, g/mol;
N — number of EDRR cycles.

Since the potential was applied to the cell only during the deposition step, specific energy

consumption w, kWh/kg Au, can be calculated as follows (Moats, 2018):

w = Ecell'lreal'tdep'N (9)
3600'm 4y,

where E.;— cell voltage measured between working and counter electrodes, V;

ma, — mass of the recovered gold, g.

3. Results and discussion
3.1. Background experiments

In order to determine the range of operating parameters, cyclic voltammetry experiments with the
blank solution (175 g/L NaCl and 1.2 g/L Cu, Table 1) and the same solution containing 100 mg/L of
gold (Solution 1, Table 1) were carried out, Figure 2. The mechanism of reactions occurring in similar

system during the potential sweep was detailed by Lekka et al. (2015).

In both solutions (Figure 2) the anodic peak (az) at 320 mV vs. SCE and the corresponding cathodic
peak (cz2) at 250 mV vs. SCE were observed, which refer to a reversible cupric-cuprous redox reaction
at the electrode surface involving only dissolved species. According to Muir (2002), in solutions with
high salinity ([CI] > 1 M) the prevailing cuprous and cupric species are CuCl;* and CuCl* respectively.

Thus, the suggested overall reaction is:

CuCl,® = CuCl* +3Cl~ + e~ (10)



The cathodic peak (cz) at =300 mV vs. SCE and the respective anodic peak (a;) at —140 mV vs. SCE have
distinct deposition/stripping shape. Rapid current increase during scan in cathodic direction indicates

the deposition of elemental copper on the electrode surface:
CuCl,®>” + e~ — Cu + 4Cl- (11)

After reaching the cathodic peak c;, the current decayed due to the depletion of copper ion species in
proximity of the electrode surface. Once the scan direction was reversed at —500 mV vs. SCE, the
current began to rise gradually because of copper stripping followed by its complexation with chloride
ions. Sharp current drop after the anodic peak a; at =140 mV vs. SCE denotes dissolution of copper

layer from the surface of cathode:

Cu + CI™ — CuClyqs) + €7 (12)
CuCl(ags) + 3C1~ — CuCl,>” (13)

Unlike in the case of blank solution, the voltammogram for the gold-containing Solution 1 exhibits a
minor oxidation peak at 750 mV vs. SCE (as). Since the only difference between two studied solutions
is in presence of gold, this peak was assigned to reaction of gold stripping from the electrode surface.
Heumann and Panesar (1965) showed that both Au(l) and Au(lll) species are produced by oxidation of
gold in presence of chloride. Recent studies (Lampinen et al., 2017; Seisko et al.,, 2017) on the
mechanism of gold dissolution in chloride media demonstrated that under the conditions of this study

([CI =175 g/L, [Cu*] =1.2 g/L, T = 25°C) gold dissolves predominantly in the form of AuCl,” complex:
Au+ 2Cl1~ = AuCl,” +e” (14)

However, the corresponding cathodic peak ¢; was not detected at applied scan rate due to fairly slow
kinetics of gold deposition caused by formation of gold chlorocomplex and low concentration of AuCly

ions in the solution.

Based on these observations, the aimed deposition of sacrificial copper layer was identified at
potential in the range between —250 mV and —500 mV vs. SCE (Figure 2). At more cathodic potential,
hydrogen evolution will decrease the efficiency of the metal deposition reaction, as a portion of the
used charge will be spent for hydrogen gas formation. Moreover, the formation of H, gas will reduce
the adhesion of deposited metal on the surface, leading to non-uniform morphology. The cut-off
potential (i.e. the open circuit potential which the electrode must reach before the next cycle can
commence) must allow sufficient time for the redox replacement reaction to proceed, but shall not
exceed 600 mV vs. SCE to prevent gold stripping from the cathode. The designated cut-off potential

for redox replacement reactions has a strong effect on the composition of the coating as interrupting



the reaction before all metal ions in sacrificial layer has been replaced leads to an alloy of the two

metals (Jayaraju et al., 2014; Mercer et al., 2015).

For the studied electrochemical system, the operating range for Es.: was between —500 and —250 mV

vs. SCE and E.,: range was between 0 and 600 mV vs. SCE.
3.2. Electrodeposition followed by redox replacement

Figure 3 shows the typical profile of the potential as a function of time during the EDRR process. The
curve shows both the deposition step at Es.: =—500 mV vs. SCE for 10 s followed by open-cell potential
until the cut-off potential Ec.: = 0 mV vs. SCE was reached and the next cycle could commence. The
entire process consisting of 10 cycles of EDRR takes less than 400 s. After the end of last cycle, the
voltammogram was recorded in the 175 g/L NaCl solution at 50 mV/s to confirm the formation of gold
layers on the cathode surface (Figure 4). For the purpose of clarity, the results of EDRR experiments
aimed to study of the impact of process parameters are described on the example of one typical test,
E11 (Table 2). The results for complete set of experiments are provided in the Supplementary Material

(Figures S1-516).

The large spike in the beginning of the voltammogram after electrodeposition (ED) only is attributed
to the instantaneous dissolution of major amount of copper deposited on WE at the anodic potential
of 400 mV vs. SCE. The presence of the current peak az between 750 and 800 mV vs. SCE, on the other
hand, corresponds to the oxidation of gold (aka stripping of gold) as described in Section 3.1; therefore
it can be concluded that also small amount of Au is co-deposited in ED step. In contrast, the current
density after EDRR in the beginning of CV profile is much lower than after pure ED suggesting that less
copper is present in the deposit: this is an expected result as during the redox replacement step Cu is

dissolved back to solution and Au is enriched to the electrode.

The current density of gold oxidation peak as was shown to be remarkable higher after EDRR than
either in the background experiments or after pure ED. This confirms that EDRR was successful and
gold was enriched on the cathode in the process. It is worth noting that dissolution of deposit
increased local concentration of gold ions near the electrode surface that resulted in its reduction
during the reverse scan of CV. It is reflected on the voltammogram by a minor cathodic peak ¢; around

550 mV vs. SCE.

Extent of Cu and Au co-deposition was investigated by performing only ED, without a redox
replacement step, i.e. applying potential Ese: =—300 mV vs. SCE for 100 s; this is comparable to a typical
electrowinning procedure. Comparison of the results with the composition of the deposit obtained
after EDRR (Table 4) clearly indicate the co-deposition of copper and gold during ED step. Moreover,

Table 4 also shows that the redox replacement step substantially increases the amount of recovered



gold on the expense of copper, thus improving the Au content in the product up to 5 times. This result
truly shows the power of EDRR process when compared to pure electrowinning, especially as RR step
is performed in the absence of applied potential or current, i.e. this 5-fold increase in the Au recovery
is obtained without additional energy consumption. The similar behavior was discovered in all the
EDRR tests, showing also how EDRR can be easily adjusted to the solution composition by simply

adjusting the EDRR parameters.
3.3. Optimization of EDRR process parameters for gold recovery

The influence of parameters tgep, Eset, Ecut, [Au] and any two-way interactions between them on jmax

(i.e. the gold oxidation peak in stripping CV) was investigated using multiple linear regression model.

Table 5 displays coefficients of the model and their effect on Au recovery (determined from Au
stripping peak), standard deviation of each coefficient and p-values for the full factorial design. The
positive coefficients reveal that the increase of corresponding parameters increased jms, and
conversely, negative values decreased the response. In addition, the model yielded a coefficient of
determination R%; of 0.966 and model validity of 0.73, which indicates that conclusions drawn based

on this model were statistically sound.

As it can be seen, besides the apparent effect of the gold concentration (8—100 mg/L) on the peak
current, the cut-off potential (0-600 mV vs. SCE) and its combination with gold concentration was
shown to have a substantial impact on gold layer formation while the copper deposition time tgep, (1—
20 s) influences the peak intensity to the lesser extent. In general, shorter deposition time produces
smaller amount of copper available on the cathode surface for gold redox replacement. The same
motivation applies for low deposition potentials at which the rate of copper reduction is fairly slow.
However, E,.: and all derived terms had no effect at the 95% confidence level (p > 0.05). This is most
likely because the concentration of gold is a limiting factor in the given conditions, meaning that the
amount of the reduced copper available for the redox replacement is excessive with regard to the gold

ions in solution.

In order to ensure the appropriate model, the variance analysis (ANOVA) was performed. According
to Table 6, the F-ratio of the mean sum of squares (MS) was found to be smaller than the table value
of 6.61 that implies no lack of fit. The significance of the regression model was tested using the ratio
of the mean sum of squares for regression and residual. The calculated ratio was found to be greater

than the critical F-value (4.06) indicating that the regression is significant at a confidence level of 95%.

The peak current densities jmax Obtained from the process optimization tests with central composite
face-centered experimental design are represented in relation to tgep, Eset, Ecut, in Table 3. The highest

anodic current density of 60.1 mA/cm? was achieved after copper deposition for 5 s at =375 mV vs.

10



SCE followed by the redox replacement by gold until the open circuit potential reached 600 mV vs.
SCE. A difference of nearly 1V between copper deposition potential and cut-off potential provides
enough time for gold ions to effectively replace copper at the surface. At the lower cut-off potentials,
less gold was deposited on WE due to the shorter period of the redox replacement, which results in

smaller gold oxidation peak on the voltammogram.
The resulting response surface model is expressed by the following equation:

108 jimax = —0.214 + 0.245 - tgep +2.17 - 107* + Epyy — 0.012 - t3,, + 2.98- 1076 - E2,, — 1.03 -

-107*- tdep "Ecyt

Notably, since the Es: did not have statistically valid effect on the gold oxidation current, it was
eliminated from the model. Afterwards, the fitted model was checked with ANOVA for adequacy of fit
(Table 7) in the region defined by the design matrix and was found to be reliable at 95% confidence
level. A 3D response surface plot of the predicted model is presented in Figure 5. It suggests that
regardless of the high goodness of fit, there is still some deviation of the regression model from the
experimental data points, especially close to the maximum current density. Due to this reason, two
points for confirmation experiments L1 and L2 (Table 8) with extended number of EDRR cycles were
selected around the predicted maximum of response surface, with Ec,;, = 550 mV vs. SCE and tge, =5
and 10 s, respectively. The deposition potential Es.: was set to -325 mV vs. SCE which is slightly lower

than the copper deposition peak c; (Figure 2).
3.4. Gold recovery and energy consumption

The recovery of gold and copper in validation tests L1 and L2 (Table 8) was quantified by dissolving
the WE samples in concentrated aqua regia (HCI:HNOs = 3:1) and assaying the produced solution for
Au and Cu with ICP-MS (Table 8). As the material of working electrodes also contains traces of gold
and copper, the chemical assays were corrected for the background concentrations, which were
obtained by applying the same analytical procedure to a sample of uncovered electrode material. In
both tests selective recovery of gold was observed. The ratio between Au and Cu increased from 1:340
in the initial solution (Table 1) up to 1.1:1 in test L2 and 3.3:1 in test L1 (Table 8). However, higher

purity of the gold deposit corresponds to its lower recovery from the solution.

The current efficiency observed in these tests varied around 40%. Since the potential was only applied
during the ED step, the current efficiency refers to that of Cu and partial co-deposition of Au during
this step. In addition, the energy consumption was calculated, and the obtained values are 114.3
kWh/kg Au at recovery of 8.4% and 292.9 kWh/kg Au at recovery of 9.3% in test L1 and L2,

respectively. Itis also worth noting that the optimization in this study was not performed with respect

11



to the energy consumption but instead, to the enrichment of Au on the electrode surface. Thus,

utilizing more positive Ese: could in reality result in much lower specific energy consumption.

When comparing these values to the electrowinning, EDRR shows a comparable performance,
especially in the case of the current efficiency. For example, the study by Brandon et al. (1987)
reported 112 kWh/kg energy consumption and only 0.33% current efficiency in 5 ppm Au (cyanide)
solution. Kasper et al. (2018), on the other hand, have studied gold electrowinning from thiosulfate
solutions and achieved a current efficiency of 1-6% for 100 ppm Au solution and values less than 1%
for 10 ppm Au solution. Therefore, the clearly higher current efficiency (40% for 8 ppm Au solution)
of EDRR is attributed to the redox replacement step, during which no external potential or current is
applied, even if the majority of the recovery takes place during this step. In contrast to the current
efficiency, Kasper et al. (2018) achieved the gold recovery with low energy consumption (5-15 kWh/kg,
depending on the applied potential, after approx. 300 min process) from 100 ppm Au solution.
However, it is important to point out that the solution studied by Kasper et al. (2018) contained over
a decade higher gold concentration (100 ppm) when compared to the EDRR study (8 ppm), and lower
the Au concentration, higher the energy consumption is: a direct comparison between these values is
difficult as Kasper et al. (2018) do not report energy consumption for the 10 ppm Au solutions.
Nevertheless, these results indicate that at higher gold concentrations, the optimized EW might result
in lower energy consumption while EDRR is a competitive option for solutions containing only trace
amounts of Au. Also, a full optimization of the EDRR system can further improve the energy

consumption.
3.5. Surface characterization

In order to quantify the surface coverage, XPS measurements were performed. The presence of
surface contaminants, carbon and oxygen, formed by air exposure and hydrocarbon contamination is
common for all sample surfaces. However, some of the oxygen can be attributed to the formation of
metal oxide products. The high resolution spectra of Au4f and Cu2p regions from the deposit and Pt4f

regions from the substrate material are demonstrated in Figure 6.

As expected, clean substrate material (Figure 6A) showed strong peaks for Pt at 71.14 eV (Pt 4f75,) and
74.45 eV (Pt 4fs/;) but only marginal signal of Au and Cu impurities were observed. In contrast, on the
test samples clear Au peaks at 83.88 eV (Au 4f;/;) and 87.56 eV (Au 4fs;,) were detected. These peak
positions and distances between spin-orbit components are corroborated by those found in literature
for Pt and Au (NIST, 2012). No quantifiable amount of Cu was detected on the surface up to 20 nm

depth. This indicates complete redox replacement of copper with gold at least in the outermost
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surface layers. As the process consists of identical cycles, it is expected that all the deposit formed has

same composition as the surface layers.

SEM micrographs of the WE surface (Figure 7) after EDRR revealed a uniform layer of material
composed mostly of gold and unevenly distributed gold clusters all over the immersed part of the
electrode. The cross section of the WE exhibits loosely attached porous buildup with micro-cavities
which are a result of dissolution of initially deposited copper. It is worth noting that such texture is
typical for deposits obtained from liquid phase and it is comparable to the product of conventional

gold electrowinning (Steyn and Sandenbergh, 2004).
3.6. Advantages and disadvantages of EDRR

Electrolysis for base metals in chloride media is a state-of-art process in metallurgy and in industrial
practice the potentially hazardous side reaction of chlorine gas formation has been turned into
advantage. For example, at Glencore Nikkelverk refinery Cl, produced in Ni and Co tankhouse is
collected and introduced back into leaching tanks, where it reacts with the feed material dissolving
base metals and heating up the slurry due to the exothermic nature of the reaction (Stensholt et al.,
2001). In the HydroCopper process developed by Outokumpu (Hyvéarinen et al., 2004), on the other

hand, the generated chlorine gas by chlor-alkali electrolysis is used in copper chloride leaching.

Similarly to other electrochemical processes performed in chloride media, the proposed EDRR method
may also produce Cl, in an anodic side-reaction and if not treated and collected properly, it can be
hazardous and toxic. However, similar to abovementioned commercial processes, Cl, offers a potential
advantage in the Au chloride leaching process. This fact is even further enhanced as EDRR can be
applied directly after leaching, thus leaving out an activated carbon and all unit operations related to

its treatment — adsorption, elution and regeneration.

Moreover, EDRR process parameters (Eset, Ecut, taep, NUmber of cycles) can be controlled and changed
relatively easily — without additional chemical — to reflect the raw material variations and subsequent
Au:Cu ratios present in the solution after leaching step. Therefore, the presented method can
contribute in elimination or reduction of toxic and hazardous substances typically used in mining
operations. Also, the product morphology compares to one obtained by conventional electrowinning
(Steyn and Sandenbergh, 2004), hence the following steps such as mechanical cathode stripping,
chemical or electrochemical dissolution, smelting and refining Doré bars (Marsden and House, 2006;

Stange, 1999) in production chain will be the same for both technologies.

Overall, utilizing EDRR could reduce the need for resources and the costs related to entire gold
recovery process. However, the detailed investigation of energy efficiency and energy consumption

of this particular process is the subject of future studies, while this paper clearly proves the feasibility
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of EDRR process for the Au:Cu process in chloride media. Moreover, due to the spontaneous nature
of redox replacement there is a clear indication that the EDRR is more effective than for example
electrowinning when the noble metal is present in solution at very low concentration (Halli et al.,

2017).

4, Conclusions

This study demonstrates the feasibility and optimization of electrodeposition-redox replacement
(EDRR) method for the recovery of gold from chloride solutions containing only very dilute amounts
of gold. First, copper is electrodeposited at constant potential during brief period of time (1-10 s),
after which the potential is switched to the open-circuit condition for redox replacement reaction to
proceed until a pre-determined cut-off potential is achieved. It was found that the difference between

these two potential values and concentration of both metals have strong impact on the end result.

It was shown that when the cell is left at the open circuit condition after the copper deposition step,
two simultaneous processes occur at the surface of WE: 1) copper starts to dissolve from electrode
followed by increase in the electrode potential, and 2) gold is deposited on the WE, due to charge
transferi.e. “cementation reaction” between reduced copper and dissolved gold species. EDRR proved
effective in the recovery of Au when EDRR method was compared to electrowinning (i.e. pure
electrodeposition and no redox replacement), as EDRR process yields a product with content of Au of
37.2% in comparison to 7.8% in conventional electrowinning. The composition of the deposited alloy

can be tuned by adjusting potential values of Es: and Ecut.

Also, 1000-fold enhancement was observed in Au:Cu ratio (1:340 in solution cf. 3.3:1 on the cathode
surface) when 250 EDRR cycles were performed at optimized conditions: tgep =5 S, Eset = —325 mV vs.
SCE and Ecyt, = 550 mV vs. SCE. This translates to 8.4% Au recovery from the solution and when taking
into account that the starting concentration is 8 mg/L of Au and 2.7 g/L Cu, this is truly a testament of

EDRR’s effectiveness.

Allin all, the obtained results prove that the EDRR method can be productively used for the recovery
of trace amounts of gold from cupric chloride solutions used for cyanide-free gold leaching in

environmentally friendly and resource-efficient manner.
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Figure 1. Mechanism of the electrodeposition-redox replacement (EDRR) in cupric chloride solution.

22



Figure 2. Cyclic voltammograms obtained from the blank solution (175 g/L NaCl and 1.2 g/L Cu) and
gold-containing solution (175 g/L NaCl, 1.2 g/L Cu and 100 ppm Au): v = 50 mV/s, Estarr =0 MV, E; =
1000 mV, E; =-=500 mV.
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Figure 3. Typical potential vs. time curve during the EDRR process.
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Figure 4. Cyclic voltammogram after 10 cycles of EDRR (test E11): v = 50 mV/s, Estars =400 mV, E; =
1000 mV, E; = 0 mV; electrolyte — 175 g/L NaCl. Inset: magnification of the graph with a focus on the
peaks observed in the experiments; az — Cu*/Cu®, as — Au stripping, ¢z — Au deposition, ¢z — Cu**/Cu*.
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Figure 5. Response surface model and experimental data points for EDRR parameters optimization.
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Figure 6. High-resolution XPS spectra of WE samples in Au-Pt 4f and Cu 2p regions: before test (A),
after test L1 (B) and L2 (C).
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Figure 7. SEM micrographs of WE surface after EDRR (A) and its cross-section (B), test L1.
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Table 1. Composition of investigated synthetic solutions.

Sample name Composition Au:Cu
Blank solution 175 g/L NaCl, 1.2 g/L Cu 0
Solution 1 175 g/L NaCl, 1.2 g/L Cu, 100 mg/LAu  1:12
Solution 2 175 g/L NaCl,1.2 g/L Cu, 10 mg/LAu  1:120
Solution 3 120 g/L NaCl, 2.7 g/L Cu, 8 mg/L Au 1:340
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Table 2. Investigated parameters affecting gold electrodeposition.

[Au], tdep, Eet, Ecut, Number
TestID

mg/L s mVvs.SCE mVvs.SCE of cycles
El 10 10 -500 0 10
E2 10 10 -500 300 10
E3 10 10 -300 0 10
E4 10 10 -300 300 10
ES 10 20 -500 0 10
E6 10 20 -500 300 10
E7 10 20 -300 0 10
ES 10 20 -300 300 10
E9 100 10 -500 0 10
E10 100 10 -500 300 10
E1ll 100 10 -300 0 10
E12 100 10 -300 300 10
E13 100 20 -500 0 10
E14 100 20 -500 300 10
E15 100 20 -300 0 10
El6 100 20 -300 300 10
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Table 3. Design matrix and experimental data for optimization of gold recovery.

tdep, Eset, Ecut, Number Jmaxy
Test ID
s mVvs.SCE mVvs.SCE ofcycles mA/cm?

R1 1 -475 0 20 1.0
R2 1 -475 600 20 14.8
R3 1 -375 300 20 2.8
R4 1 -275 0 20 1.1
R5 1 -275 600 20 11.0
R6 5 -475 300 20 8.3
R7 5 -375 0 20 4.8
R8 5 -375 300 20 8.1
R9 5 -375 600 20 60.1
R10 5 -275 300 20 5.1
R11 10 -475 0 20 7.0
R12 10 -475 600 20 33.2
R13 10 -375 300 20 12.5
R14 10 -275 0 20 20.5
R15 10 -275 600 20 521
R16 5 -375 300 20 7.4
R17 5 -375 300 20 8.7
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Table 4. Mass of metals recovered at the WE surface.

Test ID Cu mass, ug/cm? Au mass, ug/cm? Au content
ED only 38.0 3.2 7.8%
EDRR (test E11) 18.2 10.8 37.2%
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Table 5. Estimated effects and coefficients for jmax (MA/cm?).

Factor Effect Coefficient Standard error P
Constant 1.4089 0.0453 0.000
Gold concentration [Au] 2.8477 0.0138 0.0453 0.000
Deposition time tgep 0.3965 -0.0647 0.0453 0.030
Set potential Eset 0.1080 0.0022 0.0453 0.470
Cut-off potential Ecut 0.5542 -0.0074 0.0453 0.008
[Au] - taep 0.4255 9.5-10* 0.0453 0.023
[Au] - Eset 0.0582 6.5-10° 0.0453 0.693
[Au] - Ecut 0.5631 4.2:10° 0.0453 0.007
taep * Eset -0.0460 -4.6-10° 0.0453 0.754
taep - Ecut 0.3390 2.3-10* 0.0453 0.052
Eset - Ecut -0.2708 -9.0-10°® 0.0453 0.102
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Table 6. ANOVA for full factorial experimental design.

Source of variation DF SS MS F P
Regression 10 37.814 3.7814 46.32 7.04-10°
Residuals 6 0.4898 0.0816
Lack of Fit (model error) 5 0.4694 0.0939 4.59 0.340
Pure error (replicate error) 1 0.0204 0.0204
Total 16 38.304

Coefficient of determination R%.4 = 0.966
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Table 7. ANOVA for the response surface model.

Source of variation DF SS MS F P
Regression 5 3.7316 0.7463 36.00 1.86-10°
Residuals 11 0.2281 0.0207
Lack of Fit (model error) 9 0.2254 0.0250 18.73 0.052
Pure error (replicate error) 2 0.0027 0.0013
Total 16 3.9597

Coefficient of determination R%4 = 0.916
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Table 8. Calculated recovery of metals from the solution at the optimized conditions.

tdep, Eset, Ecu, Number of Metal recovery
Test ID Au:Cu
S mV vs. SCE mV vs. SCE cycles Cu Au
L1 5 -320 550 250 0.01% 8.4% 3.3:1
L2 10 -320 550 250 0.02% 9.3% 1.1:1
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