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ABSTRACT 

 

Typical copper electrorefining electrolyte contains tens of grams of copper, some nickel and a wide 

variety of impurities. Some of these impurities comprise trace amounts of dissolved precious metals like Ag, 

Pd and Pt that currently are not fully exploited. This study presents an electrochemical method to recover 

precious metals via a combined electrodeposition-redox replacement (EDRR) process, where energy is used 

only to deposit copper during the ED-step, while the RR-step relies on the spontaneous replacement of copper 

by the precious metals (i.e. cementation). In order to conduct the recovery successfully, process parameters 

such as deposition potential (EDE), deposition time (tDE), redox replacement time (tRR) and the number of 

cycles (n) was adjusted. Investigations performed in synthetic electrolyte (40 g/L Cu, Ag = 10 ppm) proved 

the possibility to recover a high purity silver. Short deposition times (tDE) were found to result in small Cu 

particles that provided a suitably high surface area for silver cementation. In addition, experiments performed 

in real industrial electrolytes containing 44 g/L Cu and 54 ppb Ag (Boliden Harjavalta, Pori), demonstrated 

that EDRR could attain Ag recoveries of between 46–67% in an energy efficient, additive-free manner. 
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INTRODUCTION 

 

The raw materials used in the state-of-art primary and secondary copper smelters contain mainly 

base metals, but also notable amounts of Ag, Pt and other precious metals. These valuable metals distribute 

mostly into the copper matte during the pyrometallurgical treatment (Tirronen et al., 2017) and end up into 

the cast anodes. During the electrorefining stage, metals more noble than copper such as gold and platinum, 

are not dissolved but enrich into the anode slimes. In contrast, silver may dissolve slightly and thus, minor 

chloride addition is used to retain silver in the slime as sparingly soluble AgCl. Moreover, other metals less 

noble than copper may also dissolve, such as nickel. Therefore, the electrolytes used in electrorefining 

typically contain substantial amounts of copper, nickel and even arsenic as well as minor metals such as 
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antimony and bismuth. In the Boliden electrorefinery these were reported to be in the magnitude of 51.2–

60.4 g/L of Cu, 10.9–15.8 g/L Ni, 7.2–15.9 As, 0.2–0.4 Sb and 0.1–0.4 Bi with an associated sulfuric acid 

concentration of 139–155 g/L (Lehtiniemi et al., 2018). Copper is the most noble of the dominating base 

metals in the electrolyte and is thus deposited on the cathode as 99.99% purity LME-A grade. Anode slimes 

are collected and subjected to precious metals treatment e.g. via pressure leaching—selenium recovery—

Doré smelting—Ag refining—Au/Pt/Pd leaching and reduction process (Ludvigsson & Larsson, 2003). The 

Pori refinery, operating in Finland since 1941, not only produces 133 000 t Cu cathode and 2300 t nickel 

sulphate annually but also 66 t silver, 4.6 t gold and palladium and platinum (in year 2017).  

 

According to the review by Grandell et al. (2016) there is a huge need for silver in modern 

applications like green energy and electronic devices. For example, in silicon photovoltaics (PV), silver is 

utilised due to its excellent conductivity properties as printed silver paste and the amount of silver in PV 

panels has been suggested to be as high as 8 g/m2. In concentrated solar power (dye-sensitized solar cells) 

the Ag concentration can be up to 1 g/m2. Also, electronic systems and electric recharging points for electric 

vehicles utilize minor amounts of silver in the power electronics and in cables. It has been predicted that 

resources for Ag production are 770 kt, whereas there are reserves up to 599 kt globally with annual mining 

of ca 26 t, in over 60 silver producing countries. Although, current developments in solar energy panels aim 

at reducing Ag content, the total consumption of Ag is growing, and therefore the global demand has been 

predicted to be by 2050 up to 300% of known resources. Ag is a large constituent of the PV panel production 

costs (6–14%), but panels, as yet, do not have an optimized recycling process (Nevala et al., 2019). On the 

other hand, silica (as the major component of panels) can be exploited in copper smeltery operations, 

however, the value is lost and the level of slag is increased when Si acts as the fluxing agent. As silver has 

superior properties in several applications and will therefore be critical for the future (Grandell et al., 2016). 

 

Traditionally, the presence of valuable metals in copper electrolyte has not been reported nor 

acknowledged, but are considered to be carried along into the anode slime and a majority of the valuable 

metals are systematically recovered from these slimes in precious metals plants. However, in different parts 

of the copper electrolytic refining process, the solutions still contain Ag, but at such low concentrations that 

neither its analysis nor has its removal been considered as being economically attractive. The recovery of 

such minor Ag concentrations present in electrolyte at levels lower than 0.1 ppm, has been challenging and 

economically unfeasible, and therefore this Ag is often lost to the copper cathode as an impurity. 

 

ELECTRODEPOSITION -REDOX REPLACEMENT (EDRR) 

 

In electrochemistry and surface science, electrodeposition and its variations have been studied 

extensively (Brankovic et al., 2001; Alia et al., 2014; Chandrasekar et al., 2008). Methods based on the 

cycling of electrodeposition and spontaneous redox replacement reactions between solid base metals and 

dissolved species of more noble metals (also known as cementation in hydrometallurgy) are not new, but 

have been commonly investigated and published in the scientific literature. Typically in all these methods, a 

sacrificial metal (base metal like Cu, Ni, Pb etc.) is deposited during the electrodeposition step – either using 

a constant potential or current of the system or controllably pulsing the potential or current – after which the 

external potential or current output is switched off and the spontaneous redox replacement takes place 

between the deposited base metal and dissolved precious metals (such as Ag, Pt, Pd). Depending of the 

application, different names are used to describe similar methods. When the redox replacement step is 

controlled by a limited amount of metals on the surface (obtained via underpotential deposition), the method 

is termed surface-limited redox replacement (SLRR) (Brankovic et al., 2001). The term galvanic 

displacement, on the other hand, is typically used instead of redox replacement step—as used for example 

in the formation of bimetallic catalysts—in electrocatalysis literature as the recent review shows (Alia et al., 

2014), while pulsed (current) electrodeposition is often utilized in e.g. thin film research (Chandrasekar et 

al., 2008). The SLRR technique can provide controlled deposition of monolayers; usually however, the 

electrodeposition (ED) is performed from different solution than redox replacement (RR) and only as 

recently as year 2012, was a one-pot method was introduced (Mitchell et al., 2012). One of the first papers 

using copper as the less noble metal was the paper by Brankovic et al. (2001) that investigated the surface-
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limited redox replacement where Cu was utilised as a sacrificial metal to build defect free thin films of Pt, 

Ag and Pd with the thickness varied controllably from sub-monolayers to bilayers.  

 

This wide variety of earlier studies have been predominantly conducted in ideal, clean and pure 

solutions, whereas only recently the first applications for process solutions have been published. The first 

patent application was submitted in 2016 (Lundström & Yliniemi, 2016). Since 2017, EDRR was for the 

first time investigated for synthetic hydrometallurgical solutions for silver recovery from a zinc solution 

(Halli et al., 2017) and gold recovery from cupric chloride solutions (Korolev et al., 2018). Also, the direct 

preparation of platinum co-catalyst on titanium dioxide nanotube surfaces was achieved for the first time by 

EDRR from synthetic nickel process solutions (Yliniemi et al., 2018). The use of real industrial base metal 

solution was first demonstrated in 2018 (Halli et al., 2018) as platinum could be recovered from a nickel 

plant solution with a nickel concentration of >140 g/L and Pt as low as <1 ppb. In this study, a special 

electrode material based on pyrolysed carbon electrode was used and in addition to Pt the enrichment of Ag 

and Pd was evident.  

 

The current study approaches precious silver recovery from copper electrolyte by application of the 

EDRR procedure in the copper electrorefining solutions and the method comprises of two distinct steps, 

Figure 1. During Step 1, copper is deposited from the electrolyte on the working electrode at a pre-determined 

potential (EDE) for a pre-determined time (tDE). According to the electrochemical standard potential series, 

the most noble metals deposit first to the electrode. The standard electrode potential for copper reduction is 

0.34 V (Reaction 1), whereas, for example, for silver the corresponding values is 0.8 V (Reaction 2). 

Impurities such as Ni (E0 = –0.23 V), typically have a lower reduction potential and lower concentration 

compared to copper, which does not favour Ni deposition during the first step, although it can be present in 

notable concentrations in the electrolyte. Moreover, in copper electrolyte there is an unfavourable ratio of 

Ag vs. Cu ions (Ag <<1 ppm), and therefore the deposit is dominated by copper after the first 

electrodeposition step, though a minor deposition of Ag may occur. 

 

Cu2+ + 2e-  Cu (1) 

 

Ag+ + e-  Ag (2) 

 

During Step 2 no current or potential is fed to the cell, either for a predetermined time (tRR) or until 

the potential of the WE achieves a predetermined potential (Ecut). This free time allows a spontaneous redox 

replacement i.e. cementation of noble metals to occur with the deposited copper. Due to the difference in 

reduction potentials, the more noble metal ions present in electrolyte (such as Pt2+, Pd2+, Ag+) will 

spontaneously replace the less noble metals (such as Cu) at the electrode surface at open circuit potential 

(OCP). Naturally the amount and shape of copper particles dominates the cementation behaviour, however, 

EDRR provides an excellent tool to tailor this phenomenon. When optimized, after the second step the 

deposit on the electrode consists almost entirely of noble metals. The layer quality, layer purity and surface 

properties are controlled by EDRR parameters, electrode design and patterning (e.g. lithographic methods), 

solution pH and ionic strength. In order to concentrate the noble metals on the electrode, cycling is conducted 

i.e. Step 1 and Step 2 repeated after each other, n times. Also the thickness of the deposit layers is controlled 

by the number of cycles: ideally this method can provide control over the thickness at the monolayer level. 
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Figure 1. Simplified schematic of a EDRR process in copper electrorefining electrolyte 

 

The current paper presents EDRR for silver recovery from industrial copper electrorefining 

electrolyte. This is important in order to tackle (in addition to the issues related to precious metal recovery) 

also questions related to material and energy efficiency. The primary aim is to achieve a high enrichment 

ratio of precious metals from solutions where base metal (copper) is the dominating metal and silver is 

present only in trace amounts. Secondly, the aim is to achieve nanostructured surfaces directly from the 

hydrometallurgical process solution. The hypothesis is that the method reduces the electricity consumption 

as the electricity “wasted” for impurity metal deposition (during the ED step) will actually be gained back 

during the spontaneous precious metal recovery by the power of redox replacement (during the RR step). 

The method is suggested to contribute to the circular economy of critical metals by recovering silver from 

solution not considered earlier as a source of Ag. Currently, in state-of-art processes Ag contaminates copper 

cathodes and is considered as an impurity metal with a 25 ppm limit in LME-A cathode. 

 

METHODS 

 

A variety of electrochemical and analytical methods were applied to observe minor precious metals 

recovery from copper electrolyte. 

 

Raw material 

 

The raw materials used in the investigations were synthetic and real industrial copper electrolytes. 

The synthetic electrolyte had 40 g/L (0.63 M) of Cu from copper sulphate pentahydrate (CuSO4·5H2O) and 

120 g/L (1.2 M) of H2SO4. The industrial electrolyte originated from Boliden Copper Electrorefinery (Pori, 

Finland) and contains tens of grams of copper and nickel and a wide variety of impurities, but only trace 

amounts of dissolved precious metals like Ag, Pd, Pt. The main elements present in the electrolytes are shown 

in Table 1. The industrial solution composition was analyzed by ICP-OES (Iris Intrepid, Thermo Fisher 

Scientific, USA) and HR-ICP-MS (Nu AttoM, Nu Instruments Ltd., UK, performed at GTK, Espoo, Finland). 

Industrial copper electrolyte was diluted with 2 vol% HNO3 for analysis. Acidity was determined by titration. 

 

Table 1. Composition of the electrolytes investigated. Analysis by ICP-OES and HR-ICP-MS*. 

Solution Cu 

g/L 

Ag 

ppm 

Ni 

g/L 

As 

g/L 

Sb 

ppm 

Fe 

ppm 

Al 

ppm 

S 

g/L 

H2SO4 

 

Synthetic 40 10       120 

Industrial 44 0.054* 19.2 11.7 240 165 21 96.1  

 

Electrochemical cell set-up 

 

Electrochemical tests were conducted using a three electrode cell. The working electrode (WE) was 

a free standing carbon nanotube (CNT) film produced by the liquid suspension method in Silesian University 

of Technology (Gliwice, Poland), details of which have been published earlier (Janas, 2017a). This type of 

electrode material is conductive and hydrophilic in nature (Stando, 2018; Janas, 2017b), which makes it 

suitable as working electrodes for aqueous solutions. The primary motivation for the use of CNT films in 

copper deposition lies in the attractive properties of electrodeposited Cu-CNT composite materials (Hannula 

et al., 2016, 2017), however in the current study the electrode material was used for demonstration purposes 

only and no conductive properties of the CNT film were investigated. The CNT film was cut with a surgical 

blade to produce samples with dimensions of ca. 1 cm × 2.5 cm that were used as the WE.  

 

In the studies with synthetic solution, the reference electrode (RE) was an Ag/AgCl electrode with 

a 1M NaSO4 salt bridge and the counter electrode (CE) was a Ti/RuO2 mesh anode with a surface area an 

order of magnitude higher than the WE area. An Autolab PG 302 potentiostat with Nova 2.1 software was 

used for electrochemical measurements.  
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For the industrial solution studies, the RE was a Saturated Calomel Electrode (SCE) with a 1M 

NaSO4 salt bridge and the counter electrode was a Pt sheet with surface area an order of magnitude higher 

than the working electrode area. An IviumStat-24-bit CompactStat (Ivium, NL) with Ivium software was 

used for the electrochemical measurements. 

 

EDRR experiments 

 

The CV for solutions investigated were conducted in the range of –0.4 V to 1.2 V vs. Ag/AgCl. 

Based on CV reduction and oxidation peaks, the EDRR parameters were determined. The EDRR experiments 

in synthetic solutions (S1-S2) were conducted at two different deposition potentials (EDE = -0.1 and -0.5 V 

vs. Ag/AgCl) as well as with two different deposition times (tDE = 500 and 50 ms). Consequently, the redox 

replacement time (tRR) was also varied as was the number of cycles (n = 100 and 50). The electrodeposition-

redox replacement experiments in industrial solutions (I1–I2) were conducted with nearly identical 

parameters to S1, only the redox replacement time was slightly longer (200 s) and the amount of cycles i.e. 

operation time was varied from 60 to 230. The parameters used are listed in Table 2. 

 

Table 2. Parameters used in EDRR experiments 

Sample EDE 

(V vs. Ag/AgCl) 

tDE 

(ms) 

tRR 

(s) 

n 

S1 –0.1 500 150 100 

S2 –0.5 50 300 50 

I1 –0.1 500 200 60 

I2 –0.1 500 200 230 

 

SEM-EDS 

 

Analysis for the samples from synthetic solutions were conducted by Field Emission Gun Scanning 

Electron Microscopy (FEG-SEM) with a JEOL JSM-7100F, equipped with energy dispersive X-ray 

spectroscopy (EDS), at Vrije Universiteit Brussel (VUB) Brussels, Belgium. The acceleration voltage during 

imaging and EDS analysis was 15 kV and at least 5 randomly selected particles per sample were analyzed 

by EDS. The reported EDS Cu:Ag wt %- ratios are calculated by the ratio of the average wt % of Cu and Ag 

of the analyzed particles. Analysis for the deposits from real industrial solutions was conducted by Tescan 

Mira-3 Scanning Electron Microscopy (SEM), equipped with energy dispersive X-ray spectroscopy (EDS), 

at Aalto University (Espoo), Finland. 

 

Solution analysis 

 

Solution analysis after experiments in industrial solutions to calculate the recovery by EDRR were 

conducted with ICP-OES (Iris intrepid, Thermo Fisher Scientific, USA) and HR-ICP-MS (Nu AttoM, Nu 

Instruments Ltd., UK, housed at GTK, Espoo, Finland). The industrial copper electrolyte was diluted with 2 

vol % HNO3 prior to analysis. 
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RESULTS 

 

Selection of the EDRR parameters 

 

Cyclic voltammograms (not shown) of synthetic solutions containing 40 g/L Cu with 120 g/L H2SO4 

and 100 ppm Ag with 120 g/L H2SO4 were conducted in order to find the suitable ranges for copper and 

silver deposition in EDRR experiments. In this synthetic solution, the Cu deposition (increase in cathodic 

current density) was evident at ca. -0.1 V vs. Ag/AgCl, whereas silver deposition started at ca 0.3 V vs. 

Ag/AgCl. The corresponding stripping peaks during the anodic sweeps were observed proximal to these 

potentials. The selected EDE values for EDRR experiments were –0.1 V and –0.5 V vs. Ag/AgCl, furthermore 

the WE potential during RR step should not increase above 0.3 V vs. Ag/AgCl to avoid dissolution of 

deposited Ag. 

  

Ag recovery from synthetic solutions 

 

The electrochemical potential data gained in experiments S1 and S2 during the first 1200 s is 

presented in Figure 2. During the first electrodeposition pulse the surface is deposited with Cu particles. The 

system is then subjected to open circuit conditions and these Cu particles then begin to oxidize. 

Simultaneously, Ag is redox replaced to form Ag particles. It can be clearly seen that during the OCP 

conditions immediately after the deposition pulse, an increase of potential up to ca. 0.3 V occurs, which 

concurs with the OCP of a pure Ag surface. Consequently, the rise in potential is attributed to the redox 

replacement of Cu with Ag, due to the higher nobility of silver.  

 
Figure 2. Time-potential data of EDRR experiments S1 and S2 recorded during the first 1200 s. 

 

Figure 3 shows the SEM micrograph of the electrode surface after experiments S1 and S2. It can be 

seen clearly that a longer deposition time at lower overpotential (S1, 500 ms at –0.1 V) induces silver 

particles with larger size and a slightly more agglomerated manner, whereas the shorter (S2, 50 ms at –0.5 

V) deposition time (tDE) at higher overpotential supports the formation of smaller Ag particles. This is 

attributed initially to the deposition of smaller size of Cu particles during the short deposition at high 

overpotential (S2). The high Cu area due to small particle size and higher density of Cu nanoparticles per 

unit surface area (Figure 3b, inset), also provides a higher surface area for silver cementation, and thus affects 

the redox replacement kinetics. This is likely the reason why for each RR cycle of S2, the replacement time 

per unit area takes longer than in S1 (Figure 2).  
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It should be noted that the overpotential used for the electrodeposition (S2) and the density of Cu 

nanoparticles deposited leads to changes in the chemical composition and metallic coverage of the sample 

surface, which in turn affects the surface conductivity and polarizability in some degree. Therefore the 

electrode cannot be considered as a stable element, but should rather be considered as a dynamic part of the 

process. SEM-EDS analysis showed both EDRR processes S1 and S2 created extremely high purity Ag 

deposits with S1 having Cu/Ag wt % ratio of 0.0035 and S2 having Cu/Ag wt % ratio of 0.0039 i.e. both 

deposits were over 99.5% Ag.  

 

 
 

Figure 3. SEM-micrographs after experiments (a) S1 and (b) S2.  

 

Ag recovery from industrial solutions 

 

Using similar parameters as applied for synthetic electrolytes in S1 experiments, EDRR was 

conducted for industrial copper electrorefinery electrolyte for either n = 60 or 230. The time-potential data 

of EDRR experiments showed the same pattern as those shown in Figure 2 for S1 experiments. Both 

experiments in industrial electrolytes demonstrated Ag recovery on the CNT surface, in I1 the dominating 

metals on the WE were Ag and Pt and Au with 57%, 21% and 22%, respectively in nanoparticles (with a 

Feret diameter) smaller than 250 nm. For particles with a size between 500 nm and 1 to 1.5 m, the 

dominating metals were Ag, Cu, Pt and Au with 63%, 23%, 7% and 7%, respectively. With increased 

deposition time, I2 showed the deposit of Pt (98%) and Au (2%) in particles with sizes smaller than 200 nm, 
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and Ag 100% in particles between 500 and 650 nm. Also some small particles of impurities containing Fe 

(86%), Ni (13%) and Co (1%) were detected on the surface in lower density per unit areas. In addition, other 

noble elements could be detected on the surface.  

 

After EDRR experiments in industrial solutions, each solution was analyzed to check the silver 

content (I1–I2). Figure 4 shows that with EDRR operation cycles of 60, with a total of 30 s deposition time, 

46.3% of Ag present in the industrial electrolyte was recovered from the electrolyte. Increasing the EDRR 

operation time (and with parameters shown in Table 2) even further i.e. increasing n up to 230 (total 

deposition time of 115s) increased the Ag recovery up to 66.7%, which is remarkable taking into account the 

low amount (0.054 ppm) of Ag initially present in the solution.  

 

 
Figure 4. Ag concentration in industrial solution after experiments I1 and I2 as well as the recovery 

percentages. 

 

DISCUSSION 

 

Until now, the copper industry has not considered copper electrolyte as a direct source for silver (or 

other precious metals) recovery. The results presented in the current study suggest however, that Ag recovery 

is technically feasible and that over half of the silver in industrial copper electrolyte could be recovered 

during the outlined EDRR process with n = 230 cycles. In addition, other noble metals such as Pt and Au 

could be recovered. Regarding the energy consumption, it needs to be noted that short deposition pulses 

consume some extra energy due to the capacitive nature of the double layer in the early ms of the deposition. 

This energy is not stable for each pulse, but changes during the process, due to changes in the electrode 

chemical composition, conductivity and polarizability.  

 

The experimental results show the major advantages of EDRR: (i) it is able to recover ppb-levels 

of noble metals and (ii) also to obtain in-situ functional surfaces with particles of pure noble metals at the 

nanoscale. Theoretically, also direct Ag deposition may occur, however with high [Cu2+] and very low [Ag+], 

and furthermore with the short ED times used (50 ms and 500 ms), the surface polarization is more likely to 

attract Cu2+ during the electrodeposition step. Currently, there is no other viable method for the direct 

recovery of such low Ag concentrations from industrial base metal solutions, therefore EDRR provides a 

promising approach for improved solution purification. The value of the recovery would further increase if 

EDRR is used not only to recover the metal value, but as a direct preparation method for nanostructured 

catalyzing or other functional surfaces as shown earlier by Yliniemi et al (2018). 

 

CONCLUSIONS 

 

Traditionally, the copper industry has recovered silver indirectly through the processing of 

recovered anode slimes. However, there exist minor amounts of Ag in the electrolyte, which partially end up 
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to the high purity cathodes diluting in this pure base metal fraction and being lost from the recovery. In the 

current paper a novel approach for Ag recovery directly from copper electrorefining electrolyte was 

demonstrated. Short deposition times (tDE = 50 ms) were found to result in small Cu particles that provided 

a high surface area for silver cementation, however also longer deposition times (tDE = 500 ms) clearly 

concentrated Ag on the surface. Experiments performed in real industrial electrolytes containing 44 g/L Cu 

and 54 ppb Ag (Boliden Harjavalta, Pori), demonstrated that EDRR could attain Ag recoveries between 46-

65% in an energy efficient, additive-free manner. The results confirmed the applicability of EDRR as a Ag 

recovery method for copper electrorefining electrolytes. The method presented tackles not only issues related 

to precious metal recovery but also related to material and energy efficiency. 
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