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A B S T R A C T   

The current paper introduces for the very first time recently invented electrodeposition-redox replacement 
(EDRR) method in continuous leaching-recovery-solution purification process. The mini-pilot study reveals that 
longer duration of the EDRR process is beneficial as it increases gold recovery per stage and decreases the specific 
energy consumption of the EDRR. This extraordinary behavior is postulated to be inherent to the EDRR process, 
as during the EDRR the cathode surface is gradually transformed from stainless steel surface to gold(±copper) 
surface, thus increasing process performance with time. In addition, gold concentration of 1 mg/L in the PLS was 
established as the minimum concentration required for efficient operation of the EDRR process. 

Gold extraction from ore to solution throughout the pilot test reached up to ca. 90%, whereas in reference 
cyanidation test only 64% of gold was dissolved. Overall, after 150 h of pilot experiment, 83% of dissolved gold 
was recovered from solution on the cathode, resulting in 68.5% holistic recovery of gold from ore. Furthermore, 
process simulation model was built, and it suggested that closed-loop operation of cupric chloride leaching – 
EDRR recovery – copper precipitation process can recover in total over 84% of gold from refractory telluride ore 
to the cathode product, providing further evidence of true potential of EDRR in sustainable gold extraction.   

1. Introduction 

Gold has been traditionally used for a variety of purposes, like 
jewelry, finance, electronics [1], but more recently it found new appli-
cations in biotechnology [2], medicine [3], sensors [4], energy con-
version [5] and carbon dioxide reduction [6] among many others. At the 
same time, world-class gold deposits have increasingly complex miner-
alogy, and they are becoming more difficult and expensive to discover 
and develop [7,8]. Therefore, there is a true need for innovative, ma-
terial and energy efficient unit processes for gold recovery. 

The cyanide process for treating gold-bearing ores is one of the most 
widely used hydrometallurgy processes because of its economy and 
simplicity [9,10]. However, this process has several disadvantages: low 
leaching rate for coarse gold concentrates, inefficiency of cyanide so-
lutions for treating refractory gold ores, environmental problems in the 
treatment of waste products. It is owing to these limitations that the use 
of lixiviants other than cyanide for the recovery of gold from ores and 

concentrates has received considerable attention during past decades 
[11–13]. The most investigated cyanide-free gold leaching options 
include halides [14–16], thiosulfate [17–19], thiocyanate [20,21] and 
thiourea [22,23]. In the recent years, methods utilizing glycine [24–26] 
and ionic liquids [27–29] have emerged as promising avenues of 
research. Currently, thiosulfate leaching is the only alternative method 
implemented in industry, thanks to its high efficiency in treatment of 
preg-robbing gold ore [30]. Nevertheless, it still has drawbacks such as 
complexity of the process, high reagent consumption and limited recy-
clability, sensitivity to the pH and redox conditions, challenging process 
control [31]. Chloride leaching has been explored as one of the most 
promising development-stage cyanide-free processes due to its capa-
bility of leaching refractory ores without pre-treatment (e.g. pressure 
oxidation or roasting), enhanced gold dissolution kinetics compared to 
cyanidation and facile oxidant regeneration via air sparging [32,33]. 

Many different processes have been investigated for gold recovery 
from chloride solutions. In the early years since the inception of gold 

* Corresponding author. 
E-mail address: mari.lundstrom@aalto.fi (M. Lundström).   

1 Present address: Geological Survey of Finland, Tutkijankatu 1, 83500 Outokumpu, Finland. 

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2021.132283 
Received 5 June 2021; Received in revised form 31 August 2021; Accepted 1 September 2021   

mailto:mari.lundstrom@aalto.fi
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2021.132283
https://doi.org/10.1016/j.cej.2021.132283
https://doi.org/10.1016/j.cej.2021.132283
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2021.132283&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Chemical Engineering Journal 429 (2022) 132283

2

chlorination, precipitation with chemical reagents was the preferred 
gold recovery method in industry [34]. In highly concentrated gold 
chloride solutions, various reductants such as iron sulfate, hydrogen 
sulfide, hydrazine, sodium metabisulfite, and sodium borohydride have 
been used [35]. However, reductant-based gold recovery processes were 
reported to suffer of poor settling properties and lack selectivity in so-
lutions with high impurity contents. Further, several adsorbent mate-
rials have been examined for gold recovery from chloride leaching 
solutions [36–38]. The use of activated carbon, typically adopted in 
cyanide process, is technically feasible also in chloride media [39], but it 
poses challenges in further refining as gold is being irreversibly reduced 
by activated carbon to metallic form [40–42]. This renders conventional 
stripping and elution methods ineffective, and activated carbon have to 
be incinerated, thus increasing the carbon consumption and the direct 
CO2 emissions related to the gold recovery [43,44]. 

However, recently invented electrodeposition-redox replacement 
(EDRR) method [45] provides a unique possibility for selective, 
chemical-free and totally electrified gold recovery from complex mul-
timetal solutions with only minuscule (in ppm or even ppb scale) 
amount of gold present. In future, electrochemical processes could be a 
viable option as the share of “green” electricity is rising [46,47], which 
allows the use of EDRR method to decrease overall carbon emissions in 
gold production. The basic idea of EDRR is that first sacrificial (base) 
metal is deposited during electrodeposition (ED) step, after which the 
precious metals (like Au, Pt, Ag, etc.) are recovered to the electrode 
surface through redox replacement (RR) reactions driven by the differ-
ence in reduction potentials between the sacrificial base metal and 
precious metals. During the last 5 years the metal recovery capabilities 
and mechanisms of EDRR have been studied using, for example, Ni|Pt 
[48,49], Cu|Te [50,51], Cu|Au [52–54], Cu|Ag [55–57], Zn|Ag [58–60] 
pairs, both from synthetic and industrial solutions. However, all the 
previous research has focused on investigating the unit processes sepa-
rately, i.e. leaching, recovery, and the electrochemical behavior of 
metals in cupric chloride systems. The current paper introduces for the 
very first time EDRR studies in continuous leaching-recovery-solution 
purification process. The pilot testing should provide a high level of 
assurance that the developed process will be feasible on an industrial 
scale [61,62]. The role of pilot experiments is to generate data predictive 
of the full-scale process, but it still may be necessary to further develop 
and optimize the process after the pilot. 

2. Experimental 

2.1. Material characterization 

The composition of the solid samples was assayed by inductively 
coupled plasma optical emission spectrometry (ICP-OES; iCap 6000, 
Thermo Fisher Scientific, USA) after total dissolution. Gold and silver 
were analyzed by the fire assay, sulfur and carbon content was measured 
using a CS-2000 automatic elemental analyzer (Eltra GmbH, Germany). 
In addition to X-ray diffraction (XRD; D8 ECO, Bruker, Germany) anal-
ysis used to determine the main mineral phases of the ore sample, pol-
ished sections were examined by an Axioplan 2 optical microscope (Carl 
Zeiss AG, Germany) and a JSM-7000F field emission scanning electron 
microscope (SEM; JEOL Ltd., Japan) equipped with an energy dispersive 
spectrometer (EDS) and wavelength dispersive spectrometer (WDS), 
both from Oxford Instruments, UK. The imaging and both EDS and WDS 
analyses were performed under routine conditions using 20 kV accel-
eration voltage and 1 nA beam current for EDS analyses and 20 nA beam 
current for WDS analyses. An automated rare particle search program 
was used to locate gold-bearing particles and analyze their composition 
and morphology. Mineral quantification was performed with HSC 
Chemistry 10 software (Metso Outotec, Finland) using analyses gathered 
from the aforementioned methods. 

2.2. Batch experiments 

A reference test of cyanide leaching was run in 1 L glass reactor at 
room temperature (22 ◦C) with 3 g/L sodium cyanide (NaCN, 98%, Alfa 
Aesar) concentration, 0.5 L/min air flowrate, pH 11 and solid-to-liquid 
ratio of 500 g/L. Redox potential of the slurry was regularly measured 
with a Pt vs. Ag/AgCl reference electrode (SI Analytics, Germany). So-
lution samples were taken from the reactor at 0.5, 2, 5, 10, 18 and 24 h, 
filtered with a 0.45 µm pore size filter and the liquid phase was then 
analyzed by ICP-MS for Au and by ICP-OES for Cu, Fe and Na content. 
Solid residues at the end of experiment were filtered, dried and analyzed 
for the gold content by fire assay. 

Two batch scale chloride leaching experiments with different oxi-
dants (Cu2+ or Fe3+ ions) were carried out for 24 h in a 1 L titanium 
reactor equipped with a 6-blade Rushton disc impeller. The initial so-
dium chloride (NaCl, ≥99.0%, Merck) concentration in both tests was 
250 g/L. Copper (II) chloride dihydrate (CuCl2⋅2H2O, >98%, VWR 
Chemicals) or iron (III) chloride hexahydrate (FeCl3⋅6H2O, >97%, VWR 
Chemicals) were added to the solution in necessary amounts to achieve 
the 30 g/L concentration of cupric or ferric ions, respectively. 
Throughout the experiments, solution temperature (95 ◦C), solid-to- 
liquid ratio (250 g/L), air feed flowrate (1.2 L/min) and agitation rate 
(950 rpm) were kept constant. The solution’s pH was adjusted with 
hydrochloric acid (HCl, 35%, JT Baker) to 1.8 in cupric and 1.0 in ferric 
chloride leaching experiments. Slurry samples were taken at 1, 2, 4, 6, 8, 
12, 18 and 24 h and analyzed following the same procedure as described 
above. At the end of the experiments, slurry was filtered, leaching res-
idues were dried at 60 ◦C and subjected to chemical analysis. The un-
certainties of the analyzed values, as illustrated in the graphs with error 
bars, were drawn from accuracy of sampling (resulting in ± 2 mL/ 
sample error), precision of the analytical methods (estimated to be 2–5% 
based on the laboratory’s QA/QC procedures) and, where available, 
replicate measurements. 

2.3. Pilot setup 

The pilot test comprising four unit operations, namely cupric chlo-
ride leaching, filtration, EDRR and precipitation, was run in semi- 
continuous mode for 150 h (Fig. 1). Leaching was performed in 14 
batches with 8 h residence time in each batch. Lixiviant stock solution 
was prepared by adding CuCl2⋅2H2O to a 250 g/L solution of NaCl until 
Cu2+ concentration of 30 g/L. Leaching conditions (Table 1) were 
maintained constant in all 14 stages of the pilot test. After leaching, the 
slurry was filtered, and a half of the solid residue mass was returned to 
leaching reactor with fresh ore added to maintain solid concentration of 
200 g/L. This arrangement allowed to prolong the retention of solids in 
the reactor and emulate the operation of a continuous stirred tank 
reactor leaching with effective residence time of 10.5 h. 

Filtered pregnant leach solution (PLS) was stored in EDRR feed tank 
and was continuously pumped through a 250 mL water-jacketed EDRR 
cell with a 654SMO stainless steel cathode (Outokumpu, Finland) and 
RuO2-based coated titanium anode (Metso Outotec, Finland). At every 
10.5 h, the solution in the EDRR feed tank was replaced with fresh PLS, 
while spent electrolyte was used as a lixiviant in the next leaching stage. 
Loaded cathode was removed only at the end of the pilot (after 150 h) 
and was subjected to the SEM imaging, followed by chemical analysis of 
its composition to determine the total amount of gold recovered. Silver- 
silver chloride reference electrode (Ag/AgCl, Eh

0 = 197 mV) was used 
for potential measurement during the EDRR; all potentials hereinafter 
are reported with respect to the Ag/AgCl reference. The experiments 
were controlled with Autolab PGSTAT30 potentiostat equipped with a 
10A Booster (both from Metrohm AG, Switzerland). The EDRR param-
eters used in the pilot test are summarized in the Table 1. 

Spent electrolyte after the last recovery stage was used to investigate 
precipitation of copper from the solution for the purpose of its recycling 
as oxidant in leaching. The experiment was carried out at temperature of 
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50 ◦C in a titanium reactor equipped with a 45◦-pitched blades impeller 
to mix the slurry at 450 rpm. During the experiment pH and redox po-
tential were measured continuously. pH of the slurry was adjusted to 
target values (2.5, 3.0, 3.25, 3.5, 3.75, and 4.0) with addition of sodium 
hydroxide (NaOH, ≥98%, Sigma Aldrich). Samples were taken once the 
desired pH had been reached and stabilized for 30 min. After the 
experiment, slurry was filtered, the cake was washed with deionized 
water and dried in the oven at 60 ◦C. Dried solid precipitate and solution 
samples were analyzed by ICP-MS for the Au, Cu and Fe content. 

3. Results and discussion 

3.1. Sample mineralogy 

The gold ore sample from metamorphosed Paleoproterozoic deposit 
of high-sulfidation epithermal type was obtained for leaching tests. 
Deposits of this kind are characterized by telluride-rich mineralization 
[63,64]; however, regardless of the ore type, each deposit is unique and 
displays a distinctive combination of minerals. The chemical and min-
eral compositions of the ground ore sample (d80 = 86 µm) are shown in 
Table 2. The quartz-rich host rock contains varying amounts of fine- 
grained sericite and andalusite, while rutile is also common as an 

accessory mineral. The ore minerals include various base metal sulfides, 
sulfosalts and tellurides. Pyrite (FeS2), the prevalent sulfide mineral in 
the sample, mostly occurred as disseminated grains with inclusions of 
chalcopyrite (CuFeS2), sphalerite (ZnS), galena (PbS) and various tel-
lurides. Another iron sulfide mineral, pyrrhotite (FeS), was observed less 
frequently than pyrite and was generally free of inclusions. Chalcopyrite 
occurs in form of tiny veinlets and small aggregates, but it is also oc-
casionally found intergrown with sulfosalts and telluride minerals. 
Sphalerite and galena are uncommon minerals in the sample and only a 
few fine grains or inclusions in other sulfides were seen. Minor amounts 
of sulfosalts, namely tetrahedrite (Cu10Fe2Sb4S13), boulangerite 
(Pb5Sb4S11), bournonite (PbCuSbS3) and meneghinite (Pb13CuSb7S24), 
were identified in association with primary sulfides. 

Mineralogical investigations of the ore sample indicated that the 
most common gold, gold-silver and silver tellurides are calaverite 
(AuTe2), kostovite (CuAu4Te4), sylvanite (AuAgTe4) and hessite 
(Ag2Te), of which calaverite is overwhelmingly the most frequently 
observed. Other known tellurides include tellurobismuthite (Bi2Te3), 
altaite (PbTe), melonite (NiTe2), frohbergite (FeTe2). The tellurides are 
mostly of a grain size of 10–50 μm, occurring very often as aggregates of 
two or more species, sometimes as inclusions in base metal sulfides 
(Fig. S1). If aggregates comprise several species of tellurides, native gold 

Fig. 1. Schematic flow diagram of the continuous pilot-scale experiment.  

Table 1 
Operating conditions in the pilot experiment.  

Process parameter Value 

Leaching 
NaCl concentration 250 g/L 
Cu2+ concentration 30 g/L 
Solid concentration 200 g/L 
Air feed flowrate 1.2 L/min 
Agitation rate 950 rpm 
pH 1.8 
Leaching time 8 h 
Solution temperature 95 ◦C 
EDRR 
Applied potential –650 mV vs. Ag/AgCl 
Deposition time 15 s 
Redox replacement time 90 s 
Cathode surface area 5.5 cm2 

Solution flowrate 0.21 L/h 
Solution temperature 60 ◦C  

Table 2 
Chemical and mineralogical composition of the gold ore sample.  

Element Content (%) Mineral Content (%) 

Au 5.4 (ppm) Ore minerals 
Ag 2.0 (ppm) Pyrite  0.48 
Te 70 (ppm) Pyrrhotite  0.14 
Bi 40 (ppm) Chalcopyrite  0.06 
Cu 0.02 Galena  0.006 
Fe 0.80 Sphalerite  0.004 
Pb <0.01 Tellurides  0.012 
Zn <0.01 Host rock minerals 
Sb <0.01 Quartz  59.0 
S 0.34 Dickite  15.9 
Na 0.18 Biotite  10.1 
K 0.93 Microcline  6.8 
Mg 0.44 Andalusite  4.4 
Ca 0.30 Plagioclase  2.1 
Al 8.4 Rutile  0.32 
C <0.05 Others  0.68  
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is regularly present in the mineral assemblage. Native gold particles 
observed in the sample contain on average 5–6 wt% Ag and were under 
20 μm in size, but some sub-micron particles were also encountered. 

Mineralogical studies also allowed for quantitative estimation of the 
different modes of gold occurrence in the sampled ore (Fig. 2), which has 
significant implications for the leaching behavior of the ore [65,66]. 
According to Henley et al. [67], precious metals tellurides are barely 
amenable to direct cyanidation; even in strong cyanide solutions the 
dissolution of calaverite remains below 20%. In the ore sample inves-
tigated in the current study, gold tellurides i.e. calaverite, sylvanite and 
kostovite account for approximately one quarter of the total gold assay, 
whereas the remainder is represented by native gold, either as liberated 
particles or intergrown with other minerals. Although native gold is 
easily leachable in cyanide, the majority of it in the studied ore was 
observed as enclosed by various telluride minerals, which makes it 
dissolution rather difficult unless the gold grains are liberated enough to 
ensure the accessibility of lixiviant. Based on these observations the gold 
ore can be classified as refractory [68]. 

3.2. Batch leaching 

Reference leaching test by direct cyanidation (3 g/L NaCN, pH 11) of 
the investigated ore yielded only 64% of gold to the pregnant leach 
solution (PLS) after 24 h of leaching (Fig. 3). Such low extraction in 
cyanide can be attributed to the refractoriness of gold tellurides and 
their slow dissolution kinetics in cyanide medium compared to native 
gold [69], which is corroborated by mineralogical observations. 

Dissolution of gold-bearing tellurides in alkaline cyanide medium is 
explained to be impeded by the formation of a passivating layer of 
H2TeO3 (Eq. (1)) that protects the mineral surface from further oxida-
tion [70]: 

2AuTe2 + 4CN- +
9
2
O2 + 5H2O = 2AuCN2

- + 4H2TeO3(s) + 2OH- (1) 

Jayasekera et al. [71] demonstrated that the dissolution rate of gold 
tellurides in ferric chloride medium can be up to 300 times higher than 
in conventional cyanidation. The reason is that in acidic conditions of 
ferric chloride leaching the tellurides dissolve to form soluble HTeO2

+

(Eq. (2)) and mineral surface does not passivate. 

2AuTe2 + 4Cl- +
9
2
O2 + 6H+ = 2AuCl2

- + 4HTeO2
+ + H2O (2) 

In the current study ferric chloride leaching (30 g/L Fe3+, 250 g/L 
NaCl, pH 1) was shown to provide significant dissolution of gold already 
at the beginning of the experiment (Fig. 3). Gold extraction reached 76% 
in<30 min but drastically slowed down after that resulting in total yield 
of 91% after 24 h. Such behavior is likely related to the degree of 
liberation of the gold minerals. In the first minutes of the experiment, 
the gold-bearing particles with high fraction of their surface area 
exposed to the lixiviant were rapidly dissolved, whereas leaching of 
particles locked inside other minerals (either ore-forming or host rocks) 
takes longer time. 

When cupric chloride was used as a source of oxidant (30 g/L Cu2+, 
250 g/L NaCl, pH 1.8), the gold dissolution rate was lower in compar-
ison to ferric chloride leaching, although still slightly higher than in 
cyanidation. Seisko et al. [72] also noted a faster gold leaching kinetics 
in ferric chloride medium compared to cupric chloride leaching under 
similar process conditions. Unlike in cyanide solution, the dissolution of 
gold did not slow down with time, and finally by the end of experiment 
(24 h) the similar yield as in ferric chloride solution was achieved. The 
average redox potential in cupric chloride leaching was 610 mV vs. Ag/ 
AgCl, while in ferric chloride leaching measured values were around 
640 mV vs. Ag/AgCl. More oxidative conditions in the latter case ensure 
rapid kinetics of gold dissolution, while the maximum gold extraction 
achieved in both chloride media (ca. 94%) is controlled by the miner-
alogical factors and nearly independent of the oxidant source (either 
Fe3+ or Cu2+). 

Despite faster gold dissolution in ferric chloride medium, cupric 
chloride leaching was selected for a pilot test in conjunction with EDRR. 
The main reason for this is that iron is not suitable as a sacrificial metal 
for EDRR because its reduction potential in acidic chloride solution falls 
below the onset of hydrogen evolution [73,74], which dramatically 
decreases current efficiency and increases energy consumption of the 
recovery process. Iron has been shown to have detrimental effect on the 
gold recovery via EDRR, even when present in small concentrations 
[75]. On the other hand, cupric chloride leaching is operated at pH 1.8 
that helps to minimize iron content in the liquid phase by its precipi-
tation as goethite [76], while the sufficiently high reduction potential of 
copper prevents hydrogen evolution during the electrodeposition step of 
the EDRR [52] making cupric chloride leaching a preferred process 
option for integration with EDRR gold recovery. 

3.3. Semi-continuous mini-pilot 

3.3.1. Cupric chloride leaching 
The results of the batch leaching in cupric chloride medium were 

used as a baseline to investigate the effect of a range of factors influ-
encing the process on a pilot scale (Fig. 4). For instance, the reduced 

Fig. 2. Gold distribution between different mineral phases in the studied 
ore material. 

Fig. 3. Kinetics of gold ore leaching in batch experiments with 
different lixiviants. 
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solid concentration in the mini-pilot (200 g/L vs. 250 g/L in batch 
experiment) noticeably improved the kinetics of gold leaching due to 
better mass transfer and enhanced the gold yield by nearly 7 %-units 
after 8 h. 

It can also be observed from the Fig. 4 that returning part of the 
leaching residues from previous leaching stage back to the reactor af-
fects the kinetics of gold dissolution. It is reasonable to assume that 
undissolved gold in the leaching residue is mostly represented by slowly 
leaching, locked gold grains that require extended residence time to 
dissolve. As a result, in the 2nd and subsequent leaching stages the 
proportion of fast-leaching free gold particles was diminishing, and the 
gold extraction was gradually slowing down with each stage. It can be 
deduced from the Fig. 4 that around 10th stage (Leaching #10) those 
variations became negligible, and the system seems to reach a steady 
state. Nevertheless, the gold extraction to PLS after 8 h was comparable 
to that obtained in the first leaching stage (Fig. 5). The gold extraction 
from solid phase to PLS in individual stages varied in 75–85% range, 
whereas the overall gold leaching yield throughout the pilot test reached 
ca. 90%, owing to partial recirculation of solids between the stages. 

The redox potential of the solution was in the range that is favorable 
for both promoting the gold dissolution and stabilizing gold chloride 
complex in the solution [72,77], but its measured values were also 
steadily increasing throughout the pilot test. For instance, during the 
first leaching stage, in which only the stock leaching solution (30 g/L 
Cu2+, 250 g/L NaCl, pH 1.8) was used, an average redox potential of 
604 mV vs. Ag/AgCl was recorded. Starting from the 2nd leaching stage, 
spent electrolyte from EDRR was used as lixiviant (with minor addition 
of stock solution to maintain constant solid concentration in leaching 

reactor) that led to a persistent increase of the redox potential up to 627 
mV vs. Ag/AgCl in the end of pilot. This effect of the electrolyte recir-
culation is attributed to an accumulation of more oxidizing species, in 
particular Cl2, in the liquid phase during EDRR. In the electrodeposition 
(ED) step of EDRR cycles, main cathodic reaction that consumes elec-
tricity is the copper deposition (Eq. (3)) along with several minor side 
reactions taking place concurrently: 

CuCl2(aq.) + 2e - →Cu + 2Cl - (3) 

Simultaneously with cathodic reactions, oxygen and chlorine evo-
lution occur on the anode: 

2H2O→O2(aq.) + 4H + + 4e - (4)  

2Cl− →Cl2(aq.) + 2e− (5) 

Thermodynamically, the oxygen evolution reaction (E0 = 1.02 V vs. 
Ag/AgCl) is favored over chlorine evolution (E0 = 1.15 V vs. Ag/AgCl). 
The four-electron nature of oxygen evolution reaction means, however, 
that it has rather sluggish kinetics, especially in comparison to chlorine 
evolution [78]. The use of RuO2-based mixed metal oxide anode in the 
current study is also expected to catalyze chlorine evolution [79,80], 
making it the prevailing anodic reaction. According to Zeradjanin et al. 
[81], in 4 M aqueous solution of NaCl at pH 3, the fraction of Cl2 in total 
gas volume (Cl2 + O2) produced on the similar dimensionally stable 
anode in an industrial electrolyzer may reach up to 97%. Due to its high 
solubility in acidic cupric chloride solutions [82], aqueous chlorine may 
concentrate in the electrolyte during the EDRR cycles and be recircu-
lated to the leaching reactor, resulting in the observed increase of redox 
potential throughout leaching stages of the pilot test (Fig. 5). This 
property is also taken as benefit on an industrial scale, e.g. in nickel 
matte chloride leaching process, where Cl2 formed in electrowinning is 
directed to leaching as oxidizing agent [83,84]. 

3.3.2. Continuous gold recovery by EDRR 
Fig. 6 illustrates the accumulation of gold on the cathode via the 

EDRR recovery throughout the duration of the pilot test, exceeding 80 % 
recovery from solution after the studied 14 stages of combined leach-
ing–EDRR process. It is noteworthy that the gold recovery during each 
individual stage has intensified with increasing stage number (the per-
centage values in Fig. 6 reflect the single-stage recovery and do not 
include accumulation from previous stages). In the first stages of the 
EDRR, the recovery of gold from solution to cathode remained poor, 
only at around 20%. As the pilot test proceeded, the amount of gold 
recovered from the PLS in each individual stage gradually increased, 
being over 45% in the later stages. Such an extraordinary behavior of 
enhanced gold recovery with successive stages has not been reported 
earlier, and we speculate that this is an inherent advantage of the EDRR 

Fig. 4. Kinetics of gold extraction at various leaching stages of the mini-pilot in 
comparison with the results of the baseline batch leaching experiment. 

Fig. 5. Extraction of gold in semi-continuously operating pilot experiment.  
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process. 
This steady recovery growth can be partly related to higher gold 

concentration in the solution in later recovery stages due to recycling of 
the spent electrolyte back to leaching, which led to accumulation of 
dissolved gold in the PLS. Furthermore, regular replacement of spent 
electrolyte with fresh PLS prevented substantial depletion of gold ions in 
the liquid phase during the recovery stages that was previously shown to 
slow down the EDRR process in batch experiments with prolonged time 
[52]. It is also evident from Fig. 6 that it is advantageous for achieving 
high gold recoveries to maintain gold concentration in the solution 
above 1 mg/L. Nevertheless, the increased gold concentration in PLS 
cannot be the only factor for the rising gold recovery: the gold con-
centration in solution stabilized to 1.1–1.3 mg/L after the stage #7 
onwards, but the increase in stage recovery of gold was still observed 
after this, being 32% in stage #7 and reaching 62% at the 14th stage. 

A similar effect was seen for the specific energy consumption of the 
EDRR being improved as the pilot proceeded (Fig. 7). The highest energy 
consumption (31.4 and 30.4 kWh/g respectively) were recorded in the 
first two recovery stages, though it dropped significantly in following 
stages and remained in the range of 10–15 kWh/g until the end of the 
pilot test. While this measure is important from process engineering 
point of view in conventional electrowinning, it shall be used with 
caution when applied to the EDRR. The reason is that unlike in elec-
trowinning, the accumulation of gold on the cathode is not directly 
resulting from applied current or potential. In the EDRR, the potential is 

applied to the cell – and hence the energy is consumed – only during the 
electrodeposition (ED) step of EDRR cycles, while nearly all gold is 
recovered in the redox replacement (RR) step, i.e. under open circuit 
conditions without external energy input. 

Both the steep decline in energy consumption and increased gold 
recovery with sequential EDRR stages reflect the changes in the state of 
the cathode surface, as altering the surface even at nanoscale has a 
strong influence on early phases of deposit growth [85,86]. In the first 
stages of the pilot, the electrode surface is mostly stainless steel, and its 
properties define poor recovery effectiveness, but as the pilot proceeds, 
the surface turns to a gold(±copper) surface which promotes further 
gold deposition. The nucleation and deposition of copper on stainless 
steel depends on the number of active sites that will react at certain 
overpotential. The critical overpotential can depend on passive film 
resistance, surface morphology and adsorbed species [87]. At the initial 
stages of the pilot, copper electrodeposition occurs on a pristine surface 
of a stainless steel cathode, which requires high overpotential (in other 
words, more energy consumed) to initiate copper nucleation and 
growth. Short duration of a single ED step (tED = 10 s) is not enough to 
fully cover the electrode surface with a copper layer, but the surface 
coverage improves with more EDRR cycles; once the steel cathode is 
sufficiently covered with a copper–gold thin film, the overpotential 
required for copper electrocrystallization drops considerably [88,89]. As 
a result, the cumulative specific energy consumption persistently de-
clines with time, while the amount of gold recovered on the cathode 
(Fig. 6) increases in the later recovery stages of the pilot, making it 
beneficial to operate the EDRR process for extended periods of time. 

Although the general trend for the EDRR performance improvement 
(i.e. rising gold recovery and declining energy consumption) with sub-
sequent stages was observed throughout the pilot experiment, there are 
a few exceptions, particularly in stages #5, #9 and #14, which had 
bigger gain in gold recovery than expected. As electrodeposition is 
sensitive to the cathode surface composition and morphology, which in 
turn depends on EDRR cycling, and thus changes constantly throughout 
the mini-pilot study, these factors may also play a role in the observed 
variations in gold recovery in stages #5, #9 and #14. It is hypothesized 
that during these stages the state of cathode surface may have been 
favorable for more copper nucleation during ED steps, which then 
intensified the replacement of deposited copper by Au in the RR step. For 
instance, our recent study [90] demonstrated that roughness and ir-
regularities of the cathode surface act as copper nucleation sites, which 

Fig. 6. Amount of gold deposited onto cathode in each recovery stage; percentages indicate stage recovery of gold from PLS. Inset: relationship between gold content 
in PLS and gold recovery via EDRR. 

Fig. 7. Specific energy consumption (per gram of gold recovered) during 
the EDRR. 
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results in higher concentration of gold recovered at this spots by redox 
replacement. However, as the loaded cathode was only removed and 
investigated in the end of the completed pilot experiment, it was not 
possible to examine its compositional and morphological state sepa-
rately in the individual stages and correlate it with the gold recovery for 
a definitive validation of this conjecture. 

These findings have significant consequences for both the design of 
the EDRR process and its control philosophy. In particular, it uncovers 
advantages of maintaining a steady flow of PLS with constant gold tenor 
above 1 mg/L through EDRR cell and reveals that once a steady state 
operation has been reached the efficiency of the process will rise with 
longer run time due to gradual change of cathode surface from stainless 
steel to gold(±copper) surface – and actually being limited only by the 
maximum loading capacity of cathode. Although the results achieved in 
the current study are reassuring, a large-scale trial with longer duration 
is essential for reliable identification of the upper boundary of the pro-
cess performance. 

Overall, after 150 h of continuous operation, 83% of dissolved gold 
has been recovered from solution on the cathode. This remarkable result 
validates the technological potential of the EDRR combined with chlo-
ride leaching for gold recovery from refractory telluride ores. According 
to the SEM-EDS analysis of the cathode after the pilot test (Fig. S2), the 
average content of gold in the final deposit was 58.2%, with the rest 
being copper. The significance of this value is highlighted by the in-
crease of the Au:Cu ratio as a result of the EDRR from an average of 
3.5⋅10-5 in PLS to 1.4 in the cathode product, i.e. the enrichment factor 
of 40 000, again providing further evidence of true potential of EDRR in 
greener gold extraction. 

3.3.3. Spent electrolyte purification – Iron and copper precipitation 
Even though the achieved gold recovery in the EDRR cell was rather 

high, the spent electrolyte solution after the last recovery stage con-
tained large amount of copper along with traces of iron and gold. In 
order to mitigate metal losses and reduce the consumption of oxidant 
(Cu2+) in the chloride process, these elements should be recovered from 
the spent electrolyte solution and returned to leaching reactor. By 
raising the pH of cupric chloride solution above 3, it is possible to form 
basic copper chloride salt (i.e. atacamite, Cu2Cl(OH)3) that is easily 
dissolved back when pH decreases [91]: 

2CuCl2(aq.) + 3OH - ⇄Cu2Cl(OH)3 + 3Cl - (6) 

According to the Pourbaix diagram of the Au-Cu-Fe-Cl-H2O system at 
50 ◦C (Fig. 8a), copper predominantly exists as atacamite at pH above 
2.5. At the same time, dissolved gold in form of AuCl2- is theoretically 
stable in wide pH range but is sensitive to redox potential decrease 
below 0.42 V vs. Ag/AgCl. 

The experimental results of spent electrolyte purification by hy-
droxide precipitation are shown in Fig. 8b, and respective changes in the 
pH and redox potential values of the solution during the experiment are 
marked on the Pourbaix diagram with cross symbols. An increase in pH 
of the initial solution from 1.8 to 2.5 caused >90% of iron to precipitate 
as goethite (FeOOH), while copper remained in the solution as expected. 
Further pH increase to 3.0 lowered the iron concentration below the 
detection limit of ICP-OES and triggered intensive copper precipitation. 
When the pH of the solution reached 4.0, over 98% of copper and 91% of 
gold have precipitated resulting in final metal concentrations in barren 
solution of 500 mg/L and 0.07 mg/L, respectively. XRD pattern of the 
final precipitate (Fig. S3) corresponds to a copper(II) hydroxychloride 
with a formula 2CuCl2⋅5Cu(OH)2⋅H2O, which is a hydrated variety of 
atacamite. 

Notwithstanding theoretical prediction, the gold content in the 
liquid phase dropped by 65% already at pH 2.5, even though the redox 
potential of the solution did not change considerably. It has been shown 
previously [92,93] that gold may co-precipitate with goethite or get 
adsorbed on its surface and thus removed from the solution, which is 
presumably happened in the present study as well. Chemical analysis of 
the precipitated solids (Table 3) showed traces of iron that confirms 
presence of goethite in the formed precipitate, but only in minor con-
centration compared to atacamite, so it was not detected by XRD. 
Furthermore, SEM analysis of the precipitate revealed a small number of 
individual sub-micron gold particles completely enclosed by hydroxide 
compounds, thus providing additional evidence for the co-precipitation 
origin of gold in this product. The gold content in the precipitate (8.4 
ppm) is rather significant that reinforces the need for its recirculation 
back to leaching reactor in order to minimize gold losses. 

3.4. Pilot mass balance and process simulation 

Table 4 shows the distribution of gold from ore into the products of 
the pilot test flowsheet (Fig. 1). Gold accountability of 97% indicates 
high accuracy and reliability of the test results. The possible discrepancy 
between input and output amounts of gold in the pilot test is attributed 
mostly to the gold losses with analytical samples that were left unac-
counted for. Based on the gold mass balance of the mini-pilot test, it can 
be observed that only 11% of gold contained in the ore was ultimately 
lost with solid leach residue. Another 2% of gold was lost after atacamite 
precipitation in barren solution with a concentration of 66 µg/L. 
Although there exist reports of a possibility to extract dissolved gold 
from dilute solutions via ion exchange or adsorption methods [94,95], 
the detailed investigation of such options was outside of the scope of this 
study. In addition, 6% of gold was removed with washing water in the 
filtration unit and 9% of gold reported to atacamite precipitate; 

Fig. 8. (a) Pourbaix diagram for Au-Fe-Cu-Cl-H2O system at 50 ◦C ([Au] = 5⋅10-6 M, [Fe] = 3⋅10-3 M, [Cu] = 0.5 M, [Cl] = 5.5 M) constructed with HSC Chemistry 
10 software; (b) kinetics of metal precipitation from spent electrolyte solution. 
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however, these fractions of gold can be considered as recoverable on 
industrial scale as these products shall be directed back to leaching 
reactor with the purpose of reducing the resource consumption (i.e. 
copper chloride and fresh water) in process. 

A simulation model of the electro-hydrometallurgical chloride pro-
cess for selective recovery of gold from telluride-hosted ore (Fig. 9) was 
built in HSC Chemistry 10 software to study the effect of continuous 
operation, including the recycling of intermediate products. The process 
parameters used in the simulation model (Table S1) were identical to the 
experimental values obtained during the pilot test. Simply by returning 
the atacamite precipitate from the electrolyte purification and washing 
water from filtration back to the leaching reactor, while maintaining all 
the process parameters identical to the used in the pilot test, the holistic 
gold recovery from ore to the cathode was shown to increase by 15 
%-units, up to 84%. At the same time, the freshwater demand would 
reduce from 2.5 m3/t in the pilot down to only 0.3 m3/t in the closed- 
loop process that is a significant advantage from the perspective of 
sustainable gold extraction. The results obtained from both the mini- 
pilot study and the simulation model may be used as a basis for the 

life cycle assessment and resource efficiency analysis of the proposed 
process to guide its further development to a full-scale industrial tech-
nology [96,97]. 

The demonstrated electro-hydrometallurgical chloride process has a 
number of competitive advantages over the conventional cyanide-based 
technologies. Firstly, it is suitable for leaching refractory (telluride) gold 
ores directly after grinding with leaching efficiency exceeding 90%, 
whereas direct cyanidation was proven impractical without costly and 
energy-intensive prior treatment. Since the EDRR method was specif-
ically designed for treatment of complex multimetal solutions, in which 
gold is present in minor amounts [54], it does not require a purification 
and concentration operations after leaching, as is the case in cyanide 
processes, where activated carbon adsorption and elution are utilized for 
this purpose [98]. As a consequence, the flowsheet of the chloride pro-
cess becomes simpler with less unit operations. Finally, cyanide is highly 
toxic, hazardous substance that may cause great harm to human oper-
ators in the plant, but also to the environment if not handled properly 
[99]. Therefore, it is highly desirable form safety perspective to avoid 
the cyanide, if possible, and the chloride process offer such possibility. 

4. Conclusions 

This mini-pilot study demonstrated the first application of an inno-
vative electrodeposition-redox replacement (EDRR) method for gold 
recovery from chloride leaching solution in a continuous operation. The 
results revealed that a longer duration of the EDRR process is beneficial, 
as it increases gold recovery per stage and decreases the specific energy 
consumption of the EDRR. This extraordinary behavior is hypothesized 
to be inherent to the EDRR process, as during the EDRR the cathode 

Table 3 
Element concentrations in the formed precipitate.  

Composition Cu 
(%) 

Cl 
(%) 

Fe 
(%) 

Na 
(%) 

Ca 
(%) 

Mg 
(%) 

Au 
(ppm) 

Ag 
(ppm) 

from chemical analysis  56.9  16.1  0.32  0.33  0.02  0.01  8.4 20 
from XRD  57.4  18.3  –  –  –  –  – –  

Table 4 
Gold distribution between the products of pilot test.  

Product Fraction of gold input 

Gold cathode 69% 
Dry leach residue 11% 
Precipitate 9% 
Washing water 6% 
Barren solution 2% 
Gold accountability 97%  

Fig. 9. Proposed process flowsheet and results of simulation in HSC Chemistry 10 software; numbers in the flowsheet show the percentage of gold reporting to the 
product from fresh ore feed. 
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surface does gradually change from stainless steel surface to gold 
(±copper) surface, increasing recovery efficiency in each stage. Because 
of this feature, EDRR can be truly a competitive and realistic option for 
recovery of noble metals from complex metal solutions. 

When the cupric chloride leaching is coupled with the EDRR in an 
integrated chloride leaching–EDRR flowsheet for recovery of gold from 
the solution, 83% of dissolved gold was recovered from the liquid phase 
on the cathode. Also, it was experimentally established that for EDRR to 
operate with greater efficiency, the gold concentration in the solution 
shall be maintained above 1 mg/L. 

The process simulation suggested that closed-loop operation of 
cupric chloride leaching – EDRR recovery – copper precipitation process 
in these conditions have a potential to recover over 84% of gold from 
refractory telluride ore to the cathode while utilizing a much simpler 
and more resource-efficient flowsheet in comparison to traditional 
methods. Further optimization of process parameters and comprehen-
sive techno-economic assessment of the developed electro- 
hydrometallurgical chloride process may provide a more sustainable 
alternative to a conventional cyanide technology for refractory gold 
ores. 
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