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In a present paper the results of pure metallic silver electrochemical recovery from the solution
obtained by two-steps of chloride leaching process of Lubin, Poland copper flotation concentrate are
discussed. Potential-controlled electrolysis (PCEIl) was used as a promising method of silver
electrochemical recovery from low concentration complex composition aqueous solutions. The studied
solution contained approximately 50 mg/L of silver. The electroreduction of silver was studied using
cyclic voltammetry and chronoamperometry in two and three electrode configuration systems. The
effect of several factors such as potential, time of electrolysis on selectivity of silver reduction was
studied. Based upon conducted experiments the conditions of pure silver powders cathodic
electrodeposition using PCEI method were determined.
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1. INTRODUCTION

Due to expansive economic development and growing industrialization, the demand for base
and precious metals is constantly growing. At the same time resources and quality of ores and metals
concentrates are significantly declining, what results in increasing costs of metal production.
Therefore, alternative sources of metals like industrial waste and spent electrolytes should be explored.
There is a variety of methods in use for recovery of heavy metals, including hydrometallurgical,
pyrometallurgical, and bio-hydrometallurgical [1-3].

The hydrometallurgical recovery consists mainly of leaching process, where metals are
extracted from ores using aqueous solutions with a specifically selected lixiviant. In the following
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steps precipitation, cementation, solvent extraction and ion exchange are used to concentrate and to
purify the extracted metals. Finally, the recovery of metals in the pure form is performed by
application of electrochemical and/or precipitation methods.

The most widely used silver recovery method is electrolysis, where metallic silver is recovered
from the solution by electroplating it on a cathode. Consequently, the process has been studied by
many researchers and many aspects of the silver electrorefining, electrowining and electroplating have
been discussed in a large number of papers. However, there were not many fundamental changes in the
technology of silver industrial electrolysis [4-7].

In the majority of cases in the industrial scale processes direct electrical current is passed
between two electrodes immersed in the silver-bearing solution. Current-controlled electrolysis
produces nearly pure metallic silver but in the waste electrolytes of complex matrix care should be
taken in passing the constant current density because co-deposition of other products can
simultaneously occur. The most important requirement to recover the pure metallic product from
complex leaching electrolyte is selectivity of electrodeposition. This could be achieved by means of
potential-controlled electrolysis (PCEIl) [8-12], which is widely known in e.g. electroanalytical
chemistry [13,14] but has been used very seldom for the industrial scale recovery of metals. As a rare
example of the application of potential-controlled electrolysis is the electrochemical manufacturing of
ultra high purity copper (UHPC) mostly in nitric solutions [15,16]. It should be noted that one of the
fundamental differences between current- and potential-controlled electrodeposition processes is
related to the fact that current density is the measure of the electrochemical process rate. In the
galvanostatic process constant rate of electrochemical reaction is imposed, regardless of what
processes occur. Potential is the driving force of an electrochemical process and it determines what
process occurs.

The important advantage of PCEI technology is related to the fact that its implementation is
possible with only very limited changes in the power supply and control of electrolysis without the
changes of the design of the cells, general flow of materials and/or vital conditions of currently used
processes [11,12]. On the other hand, the PCEI method is a perfect tool to exploit the commercial
possibilities related to the development of nanotechnology [8-10, 17]. Using PCEI technology it is
technologically possible and economically viable to recover metals as nanopowders of very high added
value. Current study is the example of the PCEI method capabilities in the case of silver recovery from
low concentration complex matrix solution just in one step i.e. electrowining (EW).

Another important factor to provide the feasibility of metal recovery from low concentrations
of extracted metals is to increase the mass transport rate. In practice it can be achieved by mixing
electrolyte, rotation/movement of electrode and by the application of ultramicroelectrodes (UME). The
mass transfer to UME is increased due to spherical diffusion of electrolyte to the surface of the
electrode. In the commercial process one can use ultramicroelectrodes arrays which may be easily and
at low cost manufactured using very well established methods. The advantages of the application of
UME are described in previous works [8, 9]

In our previous papers [8-12, 18] we presented the results of electrochemical recovery of
copper in the form of cathodic product, powders\nanopowders, flakes from industrial and waste
electrolytes. The possibility of selective electrodeposition of copper from electrolytes of complex
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matrix was the inspiration to start the investigations towards selective recovery of other metals from
various electrolytes including electrolytes after leaching processes of solid concentrate which can
contain a series of metals such as Ag, Co, Pb, Cu, Co, Ni, Fe. In the present paper the results of silver
recovery from complex matrix electrolyte after chloride leaching of copper flotation concentrate using
potential-controlled electrolysis are presented. The hydrometallurgical process consisting of leaching
of copper concentrate and subsequent selective electrodeposition of silver and then copper may be in
certain cases the option for the presently used in the industry process involving pirometallurgical
treatment of the concentrate followed by electrorefining of copper. In the later process silver is
accumulated in the anodic slime. We show how potential-controlled electrolysis may be used to
control purity and size of deposited silver particles and nanoparticles. Although electrolysis is one of
the most common methods of manufacturing of metal powders and nanopowders we believe that
application of ultramicroelectrodes and UME arrays opens a unique and new opportunities in the
application of the process as it is also described in our recent patent [10] We present below the
examples illustrating selectivity of silver electrodeposition (leading to the deposition of very high
purity silver particles and nanoparticles even from very complex waste electrolytes), control of the size
of the electrodeposited silver particles (by the choice of the pulse electrolysis condition).

2. MATERIAL AND METHODS

The electroreduction of silver(l) ions was studied by cyclic voltammetry and
chronoamperometry. All measurements were carried out using AUTOLAB GSTST30 system. General
Purpose Electrochemical System version 4.5 was the program used for data acquisition.

The measurements were conducted in two- and three electrodes configuration. In two electrode
configuration system gold and platinum discs ultramicroeletrodes of diameters ranging from 10 pm to
100 um were employed as the working electrodes. Before experiment the surface of the
ultramicroelectrode was polished mechanically using wet alumina powder of grain diameter 0.3 um
and 0.05 pm. The quality of the polishing was verified with an optical microscope and SEM images.
The auxiliary electrode (acting also as the reference electrode) was a copper plate of high purity
(99.99% Cu) with a surface about 1cm?® To study the feasibility of silver electrodeposition on a
cathode of conventional sizes selected experiments were performed in the three electrode configuration
system where stainless steel plate with a surface about 2,5 cm? was employed as working electrode,
silver chloride electrode Ag/AgCl acted as a reference electrode and titanium plate with a surface
about 50 cm? was applied as counter electrode. The cell temperature was maintained as ambient.

The electrolyte was obtained after two-step chloride leaching process. Initially, atmospheric
leaching of copper sulphide flotation concentrate from Lubin Concentrator (KGHM, Poland) was used
for recovering of copper and accompanying metals (Zn, Co, Ni, Mo, V) [19]. Oxygenated sulphuric
acid in the presence of iron(I11) was used as a leaching medium. Subsequently, the solid residue after
atmospheric leaching was applied as a feed for chloride leaching of Ag and Pb, which have not been
leached in sulphuric acid solution. Both atmospheric and chloride processes were performed and
comprehensively investigated at Faculty of Chemistry Wroclaw University of Technology in the
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laboratory of hydrometallurgy within the frame of HYDRO project supported by Polish National
Centre for Research and Development (NCBIR) [20,21]. The composition of investigated electrolyte
after chloride leaching process is presented in Table 1. Figure 1 illustrates the simplified flowsheet of
the hydrometallurgical process developed at Wroclaw University of Technology for alternative
processing of copper flotation concentrate from Lubin Concentrator [21].

Table 1. The compositions of electrolyte after two-step chloride leaching process, according to
flowsheet in Fig.1.

Ag 50.7

Cu 3650
Pb 4780
Co 33.30
Ni 5.80

Fe 94

CI 150 000

The goal of the present study is to propose and test the selective method of silver
electrodeposition from complex matrix electrolyte obtained after chloride leaching. The analysis of the
standard potentials indicates that the closest to silver electroreduction potential is the copper
electroreduction potential [22]. It may be expected that among all the above listed metals copper may
disturb electrodeposition of pure silver. The other metals should not cause problem for selective silver
electrodeposition. Short discussion of silver ionic species stable in the studied solution is given below.

Scanning electron microphotographs were recorded on JOEL JSM 6490 LV (Japan) instrument
equipped with EDS.
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Figure 1. Simplified flowsheet of the hydrometallurgical process for alternative processing of copper
flotation concentrate from Lubin Concentrator.
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3. RESULTS AND DISCUSSIONS

The solution obtained after chloride leaching contained much less silver than copper (see Table

1). Therefore one can expect that recovery of pure silver can be disturbed by electroreduction of
copper ions. Additionally, it is well established that the following silver ionic and neutral species may
be theoretically present in the solutions containing chloride ions [23, 24]: (AgCI)°, AgCl,, AgCls%,
AgCL¥. In the present study high concentration of chloride ions (approx. 4M) was used and in
according to the literature data [23] the AgCls®, AgCl,* ions are dominant in the solutions. The
reported stability constant of these ionic species are following 1.1x10°, 4.4x10° respectively. At such
high concentrations of chloride ions the presence of AgCl is not expected [23] as it was reported in
analogous case of CuCl precipitate in copper chloride solutions in [25]. Taking into account the
complexation of silver ions by chloride anions the range of potentials where pure silver product can be
obtained should be carefully selected. Figure 2 presents the voltammetric curves recorded in leached
electrolyte at gold and platinum ultramicroelectrodes of diameter 10 um. The starting potential of
cyclic voltammograms commenced at +0.60 V reversed at -0.50 V and terminated at +0.60 V (scan
rate 0.05 V/s). As it can be seen there was no cathodic current registered initially until potential of -
0.10 V was reached. At this voltage the cathodic current starts to increase and forms two waves
corresponding probably to two-step reduction of copper ions [8]. Reverse sweep into the positive
direction results in three anodic peaks corresponding to electrodissolution of deposited species,
probably to the two-step electrodissolution of copper and oxidation of metallic silver. According to
[24] anodic dissolution of silver in solutions containing of chloride ions undergoes with participation
of chemically adsorbed halide ions:

Ag + Cl'(ads) = AgCl(ads) + e 1)
followed by formation of silver complexes and their consecutive diffusion from the electrode surface
to the bulk solution

AgCl(ads) + ( n-1)CI" = Ag Cl, ™Y (ads) )

Ag Cl, ™ (ads) = Ag CI, ™™ (aq) 3
where 2 <n<4

On the other hand the electroreduction of ionic silver species to silver metal is carried out
according to the following reaction:
Ag Xy ™ (aq) + e = Ag + (n-1) X'(aq) 4)
where X= CI, Br’, CN" etc. [24, 26]
The fundamental aspects of the anionic metals complexes electroreduction processes in the
presence of adsorbable species like chloride ions are discussed in a large number of papers eg. [27].
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Figure 2. The voltammetric curve recorded at room temperature on gold and platinium

ultramicroelectrodes, scan rate v = 0.05 V/s. Insert: the voltammetric curves recorded at v =
0.0005V/s.

Electrodeposition of silver is expected to occur at much positive potentials than those where
copper ions are reduced. Since the concentration of Ag(l) is low, its reduction current density can be
masked by the capacitive current. That is why, in order to register cathodic peak or any cathodic
current change corresponding to silver reduction the voltammetric curves on gold and platinum
ultramicroelectrodes in limited potential range and low potential scan rate were registered (insert in
Fig. 2). One can notice gentle inclination of current density line at potential range from 0.0 V to -
0.08 V which can be connected with double layer charging and/or reduction process of depolarizer of
lower content. The sudden drop of current density at about -0.08V indicates reduction process for
depolarizer of higher content. This was confirmed by chronomperometric experiments where applying
potentials more negative than -0.08 V resulted in co-deposition of copper and silver on the surface of
the electrode (see Fig. 5d).

In order to obtain pure silver deposit the potential ranged from -0.06 V to -0.08 V should be
applied at the cathode. As the concentration of silver ions in the solution was very low, not only
potential but also time of electrolysis had influence on purity of obtained cathodic product. For
experiments conducted at -0.05 V even for longer time of electrolysis no cathodic product was
obtained on the surface of ultramicroelectrode. Experiments performed at -0.06 V for 300-500s
allowed to obtain pure silver powders on the surface of the ultramicroelectrode. Depending on the time
of electrolysis the size of obtained powders ranged from 200 nm to 600 nm (Fig. 3a, 3b). It can be
noticed that the nuclei are growing with spherical shapes characteristic for 3D morphology. For longer
time of electrolysis (600s) the obtained silver forms dendrites. At -0.07 V pure silver powders were
also obtained even for 60 s of electrolysis (Fig. 4a). It was found that for the same duration of
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chronamperometric pulse increasing deposit potentials produces smaller nuclei (Fig. 3a and 4b). After
300s of electrolysis the co-deposition of copper takes place (Fig. 4c). At -0.08 V pure silver powders
are obtained only for 60-120s of electrolysis (Fig. 5a, 5b). For longer time codeposition of copper
occurs (Fig. 5¢). At -0.10 V copper electroreduction takes place even for 60 s (Fig. 5d). Based upon
conducted experiments one can conclude that silver recovery from electrolytes of such a complex
matrix should not be conducted continuously but as pulse potential-controlled electrolysis and after
certain period of time the cathode product in form of powders should be removed from the cathode.

b)

c)

Figure 3. SEM images and EDS analysis of silver deposition at Au ultramicroelectrodes at
E=-0.06 V for a) 300s, b) 400s, c) 600 s.
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b)

c)

Figure 4. SEM images and EDS analysis of silver deposition at Au ultramicroelectrodes at
E=-0.07 V for a) 60s, b) 300s, c) 600 s.
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b)

d)

Figure 5. SEM images and EDS analysis of silver deposition at Au and Pt ultramicroelectrodes
a) E =-0.08 V(Ag/AgCI), 60 s, b) E =-0.08 V(Ag/AgCl), 120 s, c) E =-0.08 V(Ag/AgCl), 300
s.,,d) E=-0.1 V(Ag/AgCl), 60 s.

Some experiments were also performed at electrodes of conventional sizes where semi-infinite
linear diffusion of electroactive species is expected. The rate of diffusion (mass transport) of
electroactive species is much lower at electrodes of conventional size which is very clear when we
compare current densities in Figures 2 and 6, so the time of electrolysis need to be longer in this case.
As it was presented in the measurements performed using ultramicroelectrodes the potential window
where pure silver can be obtained is quite narrow. That is why silver chloride electrode acting as
reference electrode was employed to enable precise control of potential. Figure 6 presents the
voltammetric curve recorded in leached industrial waste electrolyte at stainless steel plate with a
surface area about 2.5 cm?. The starting potential of cyclic voltammograms commenced at 0.0 V
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reversed at -0.80 V and terminated at 0.0 V (scan rate 0.05 V/s). It can be noticed that no cathodic
current registered initially until potential of -0.25 V was reached. At this voltage the cathodic current
start to increase and form waves corresponding probably to two-step reduction of copper ions and
hydrogen ions discharge. Recording the cv curve for lower scan rate did not provide the information
about potential rate where silver reduction can take place. Therefore, the electrochemical conditions
where pure silver products were obtained, were determined after numerous chronoamperometric
measurements for a wide range of potentials and time of electrolysis followed by SEM/EDS analysis.
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Figure 6. The voltammetric curve recorded at room temperature on stainless steel plate, scan rate v =
0.05 VIs.

The best results of pure silver recovery were obtained at E= -0.15 V for deposition time of
1800 s -7200 s. The size of obtained irregular silver powders depended on electrolysis time and ranged
from 100 nm (for 1800 s of electrolysis) to Sum (for 7200 s). The potential shift towards more
negatives values to -0.20 V or -0.25 V even for low time of deposition (1800 s) resulted in co-
deposition of chloride and copper on the electrode surface (Fig. 7d). The distribution of copper and
silver particles on the electrode surface was also illustrated by EDS mapping (Fig.8). As it can be seen
the obtained product is a co-deposit of silver and copper.
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Figure 7. SEM
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Figure 8. SEM image and map illustrating silver and copper particles distribution on stainless steel
electrode. Electrolysis conditions: E =-0.25 V, t = 1800 s.

4. CONCLUSIONS

Based upon obtained results it can be concluded that selective recovery of silver from leaching
solution of low concentration of Ag is feasible by using potential-controlled electrolysis (PCEI). The
potential range where pure silver products can be cathodically precipitated is quite narrow but is easy
to determine. Since the concentration of silver in the studied electrolyte is low the process should be
performed using pulse electrolysis. The obtained product is in the form of powders which size can be
controlled by the time of electrolysis. When the metal is deposited as nanopowder the high added value
product is readily obtained making the technology economically viable because 1 kg of silver
nanoparticles and microparticles prices range from $1000 to $2000
(http://www.advancedmaterials.us/47MR-02C.htm). The economic viability of the process might be
also assured by the application of ultramicroelectrodes and ultramicroelectrodes arrays at which
spherical (non-linear) diffusion occurs leading to very high cathodic current densities reaching a few
ampers per cm”as presented in the current study.
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