
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Halli, Petteri; Elomaa, Heini; Wilson, Benjamin; Yliniemi, Kirsi; Lundström, Mari
Improved Metal Circular Economy-Selective Recovery of Minor Ag Concentrations from Zn
Process Solutions

Published in:
ACS Sustainable Chemistry and Engineering

DOI:
10.1021/acssuschemeng.7b02904
10.1021/acssuschemeng.7b02904

Published: 01/01/2017

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
Other

Please cite the original version:
Halli, P., Elomaa, H., Wilson, B., Yliniemi, K., & Lundström, M. (2017). Improved Metal Circular Economy-
Selective Recovery of Minor Ag Concentrations from Zn Process Solutions. ACS Sustainable Chemistry and
Engineering, 5(11), [7b02904]. https://doi.org/10.1021/acssuschemeng.7b02904,
https://doi.org/10.1021/acssuschemeng.7b02904

https://doi.org/10.1021/acssuschemeng.7b02904
https://doi.org/10.1021/acssuschemeng.7b02904
https://doi.org/10.1021/acssuschemeng.7b02904
https://doi.org/10.1021/acssuschemeng.7b02904


Improved Metal Circular Economy-Selective Recovery of Minor Ag
Concentrations from Zn Process Solutions
Petteri Halli,† Heini Elomaa,† Benjamin P. Wilson,† Kirsi Yliniemi,†,‡ and Mari Lundström*,†

†School of Chemical Engineering, Department of Chemical and Metallurgical Engineering, The Research Group of Hydrometallurgy
and Corrosion, Aalto University, Vuorimiehentie 2, P.O. Box 16200, FI-00076 Aalto, Finland
‡School of Chemical Engineering, Department of Chemistry and Material Science, Aalto University, Kemistintie 1, P.O. Box 16100,
FI-00076 Aalto, Finland

ABSTRACT: Silver is a metal widely applied in renewable
energy applications and therefore subject to resource scarcity.
The paper presents a new approach for recovering silver from
zinc-containing solutions mimicking hydrometallurgical base
metal process solution. By nature, silver present in ores or
concentrates is more noble than zinc and not effectively
leached into the sulfate media during zinc hydrometallurgical
processing. This paper presents a novel approach for
concentrating and recovering silver present in minor amounts
in zinc sulfate media. The electrodeposition−redox replace-
ment (EDRR) method was investigated in synthetic zinc sulfate
solutions ([Zn] = 60 g/L, [Ag] = 1 ppb−250 ppm, [H2SO4] =
10 g/L) containing silver as low as 1 ppb. The deposited metal
coating was analyzed by electrochemical techniques and SEM-
EDS. As a result, an enrichment of silver as nano- and microparticles on electrodes was evident. With the application of multiple
EDRR steps (n = 160), the method was shown to result in a high purity Ag layer (Ag/Zn ratio ≈ 1500 in the product) from
solution with minor Ag content (Ag/Zn ratio ≈ 0.0017 in solution). Moreover, at the concentration levels studied, the EDRR
method was shown to outperform conventional electrowinning (EW).

KEYWORDS: EDRR, Silver recovery, Zinc process solution, Circular economy

■ INTRODUCTION

There is a significant amount of impurities1−4 present in the
zinc ores and concentrates ending up in hydrometallurgical
process solutions, end products, and leach residues.5−7 Most of
these impurities are base metals,8,9, but noble metals, like silver
and gold, can be also present. During the zinc electrowinning
process, minor amount of the impurities end up in the
electrolyte solution and can affect the purity of the deposited
zinc cathode,10 while most of the impurities are addressed in
the solution purification stage. Fundamentally, silver present in
the ore or concentrate11−14 is in contact with sulfate solutions
during hydrometallurgical processing, however, having only
minor solubility (<200 ppm15) to the sulfate media. Moreover,
typically the process conditions do not allow almost any silver
dissolution. These kinds of base metal solutions are not
conventionally considered as containing valuable metals and
definitely not as sources for silver recovery.
Traditionally, cementation has been applied in hydro-

metallurgy for some impurity or side-product metal recovery
from zinc sulfate solutions.16 In the current study, the authors
suggest that electrodepostion−redox replacement (EDRR) can
provide a method for utilizing the cementation phenomenon in
a more controlled manner. Although several authors have
investigated redox replacement, the published research has

primarily focused on building defect-free mono/multilayers and
studying the behavior of surface-limited redox replacement
(SLRR) from high purity chemicals with a relatively high noble
metal content.16−25 In addition, redox replacement (also called
galvanic replacement or galvanic displacement) with electro-
deposition has also been utilized in catalyst formation as shown,
for example, in the recent review by Papaderakis et al.26 The
advantage of electrodeposition is that it allows easy tailoring of
the process by different parameters such as deposition time and
deposition rate (either by controlling potential or current).
When combined with a redox replacement reaction, even more
possibilities to control the enrichment become available as one
has control over enrichment time simply by controlling the
time for the redox replacement reaction. There is no published
data on the EDRR method applied for metal recovery from
industrial hydrometallurgical process and waste solutions. A few
EDRR investigations about silver have been performed in
synthetic solutions27−29 in order to produce functional and
defect free surfaces, but silver recovery and comprehensive
investigations of EDRR in concentrated zinc sulfate solutions
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mimicking solutions typical for base metal production have not
been conducted.
This work presents a method that provides a chemical free

method for Ag recovery from hydrometallurgical-concentrated
zinc sulfate solutions where silver is present only in minute
concentrations. After EDRR of silver, the used electrodes can
be removed from the solution in order to recover the deposited
silver. Moreover, the silver is also in demand for other high-
added materials such as antibacterial30−32 or surface-enhanced
Raman33,34 surfaces. In this paper, the EDRR process
parameters and the deposit quality will be investigated. In
addition, the energy efficiency of the EDRR process is
compared to that of electrowinning (EW), i.e., direct
electrodeposition, to reveal the superiority of the EDRR
approach.
As silver usage is ever increasing with the rising clean energy

sector, silver is used, for example, as a connector in solar cells
and batteries, and finding alternative raw material sources for
silver is crucial if the clean energy sector is to take over for fossil
fuels. This paper provides a new opening for the silver recovery
from hydrometallurgical solutions, which have extremely low
silver content, pushing circular economy thinking a step
forward toward reality.

■ EXPERIMENTAL SECTION
Chemicals and Equipment. All the chemicals used in this work,

ZnSO4·7H2O (Sigma-Aldrich), AgNO3 (Sigma-Aldrich), and H2SO4
(VWR), were of technical grade, and the solutions were made using
distilled water. Solutions consisted of a base metal (Zn) and a minority
metal (Ag) in 10 g/L H2SO4 solution. The Zn concentration applied
was 60 g/L in all the experiments, whereas the silver concentration was
varied from 250 ppm to 1 ppb.
An IviumStat CompactStat (NL) potentiostat was employed for the

electrochemical measurements, and SEM-EDS (scanning electron
microscope, Leo 1450 VP, Zeiss, Germany, Energy Dispersion
Spectroscopy, INCA-Software, Oxford Instruments, UK) was used
for product (deposition) analysis. The used acceleration voltage was
15 kV. Prior to SEM-EDS analysis, the samples were rinsed with
distilled water and dried at room temperature. For each sample,
between 10 to 20 spectra were measured and analyzed.
Cell Setup. The measurements were carried out in a three-

electrode cell with a saturated calomel electrode (SCE, B521, SI
Analytics) as a reference electrode, a Pt working electrode (WE) (0.4
cm2), and a Pt counter electrode (CE) (having 15 times larger area
compared to WE). The Pt substrate was 99.5% purity, having less than
500 ppm impurities of gold, silver, copper, and base metals (N.B.
during the deposition analysis, these substrate impurities have been
taken into account). Prior to each EDRR measurement, the Pt
electrodes were cleaned in pure 10 g/L H2SO4 solution by a cyclic
voltammetry (CV) measurement, where 10 cycles were performed
with a scan rate of 50 mV/s starting from 0.0 V to +1.3 V, going to
−0.3 V and back to 0.0 V vs SCE. After the cleaning procedure, the
electrodes were thoroughly rinsed with distilled water before starting
EDRR measurements. The same solution (10 g/L H2SO4) was also

used as a base solution in which the silver deposition was investigated
by observing the current density related to silver stripping (by CVs, +
0.3 V → + 1.0 V → −0.5 V → + 0.3 V vs SCE). All CV measurements
were conducted with a scan rate of 20 mV/s. The solution volume was
40 ± 0.5 mL, and the distance between working and counter
electrodes was 2 ± 0.1 cm.

EDRR and ED Measurements. The EDRR procedure consisted
of two steps: Step 1 was an electrodeposition (ED) step during which
a constant deposition potential (E1) was applied on the electrode for a
predetermined time (t1). Step 2, i.e., the redox replacement (RR) step,
followed immediately after the electrodeposition step. During the RR
step, no external current or potential was applied, but the RR step
continued until the open circuit potential (OCP) reached a
predetermined cutoff potential E2 or cutoff time t2, which ever
occurred first. The reactions occurring during Step 2 are similar to
those traditionally considered as cementation in hydrometallurgy.
After the redox replacement step, a new electrodeposition step
commenced without delay, and cycling between Step 1 and Step 2 was
performed.

In the current study, the EDRR parameters are as follows: E1 was
either −0.75 V, −0.70 V, or −0.65 V vs SCE, t1 was 2, 4, 6, 8, 10, 20, or
40 s, E2 was +0.25 V, + 0.30 V, or +0.35 V vs SCE, t2 was 1000 s, and
the number of cycles investigated was between 5 to 160.

During EDRR, Ag was enriched on the electrode surface from a
solution containing a high concentration of Zn2+ ions and a low level
of silver ions (Figure 1). During the electrodeposition step (Step 1),
the zinc ions were reduced and deposited as Zn on the electrode.
During the next step, i.e., redox replacement step (Step 2), the Zn
layer was spontaneously replaced with the more noble silver metal ions
still present in solution. Ag+ oxidizes the deposited Zn, which dissolves
back into the solution as Zn2+ ions, while Ag+ ions were reduced to
metallic Ag, resulting in an enrichment of silver on the surface. The
spontaneous replacement takes place due to the difference in electrode
potentials of Zn/Zn2+ and Ag/Ag+: the electrode potential difference
being ∼1.6 V between zinc and silver. After a full cycle, another cycle
of EDRR was conducted, and the procedure was continued.

After each EDRR experiment, three cycles of CV were performed,
and a Ag stripping peak was observed to identify successful enrichment
of Ag on the Pt electrode (WE) as the current density is directly
related to the deposited Ag amount.35,36

■ RESULTS AND DISCUSSION

EDRR Procedure: Parameter Optimization. Optimiza-
tion experiments were conducted in a solution containing 60 g/
L Zn, 100 ppm Ag, and 10 g/L H2SO4. First of all, the initial
deposition potential of Zn (E1) and cutoff potential (E2) were
determined from a CV measurement (Figure 2). The CV in
Figure 2 indicates that Zn deposition started at approximately
−0.55 V vs SCE, whereas the deposition of Ag (cutoff
potential) occurs already at a potential of ca. E = 0.30 V vs SCE
(inset, Figure 2). The stripping of Ag from the electrode surface
starts at potentials >0.3 V vs SCE (Figure 2).
The deposition potentials (E1) of −0.75, −0.70, and −0.65 V

vs SCE were investigated. In all experiments, 10 EDRR cycles
(n) were conducted, with a 10 s deposition time (t1), and a

Figure 1. Schematic demonstration of EDRR procedure in zinc sulfate solution with minor amount of Ag present. Gray circles represent zinc and
black ones silver. Empty gray and black circles represents zinc and silver ions in a solution, respectively, while filled circles represent metallic zinc and
silver deposited on the surface either during ED or RR step. Diagram (A) demonstrates that with optimized parameters the layer consists of more Zn
and less Ag, whereas diagram (B), with optimized parameters, shows that the surface is almost entirely Ag.
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cutoff potential (E2) of 0.30 V vs SCE (i.e., just before the Ag
stripping peak) was employed. In order to evaluate the
deposited amount of Ag on the electrode (i.e., the quality of
the product), CV in the stripping region of Ag was conducted
after the EDRR cycles, as shown in Figure 3A
It can be seen that utilizing deposition potentials (E1) −0.75

V and −0.70 V vs SCE in EDRR resulted in a higher Ag
recovery compared to E1 = −0.65 V vs SCE. Furthermore,
SEM-EDS analysis, performed after EDRR, also displayed a
higher Ag/Zn ratio on the electrode surface when the
deposition potential E1 was −0.7 V vs SCE compared to E1
= −0.65 V vs SCE (Table 1). SEM-EDS analysis suggested also
that E1 = −0.70 V was more favorable than −0.75 V, even
though the Ag stripping peak in the CV measurements (Figure
3A) did not predict any difference between these two
potentials. Moreover, an E1 = −0.7 V vs SCE has a lower
level of energy consumption when compared to E1 = −0.75 V
vs SCE.

Figure 3B shows the CV data after cutoff (E2) potential
optimization (E2 = +0.25, + 0.30, and +0.35 V in EDRR
measurements). It can be seen that a value of E2 = +0.25 V
provided very low current density at silver stripping compared
to + 0.30 V or +0.35 V vs SCE. Moreover, + 0.35 V was shown
to be practically a too high cutoff potential as in these
experiments the cutoff time (t2) was reached before E2 in every
cycle. The SEM-EDS analysis (Table 1) confirms that the best
Ag recovery (in terms of Ag:Zn ratio) was achieved with E2 =
+0.3 V vs SCE.
The optimization of deposition time (t1) was conducted over

a deposition time range of 2−40 s. Figure 4 shows that the Ag
stripping peak height increased up to 10 s, after which the peak
current density initially started to decrease before subsequently
increasing again. The most favorable deposition time (10 s)
provides an optimal level of Zn deposition for Ag to replace.
The redox replacement reaction takes place only at the deposit/
solution interface, and thus, a thin layer with a certain level of
defects will favor the Ag enrichment. With a higher deposition
time (20 s), the thickness of the deposited Zn layer increases
(during the ED step), resulting in a lower Ag peak current
density (Figure 4). After longer deposition times (30 and 40 s),

Figure 2. Average of nine (cycles 2 to 10) cyclic voltammetry
measurements from 0.0 V→ + 1.0 V→ −1.0 V→ 0.0 V (20 mV/s) in
a solution containing 60 g/L Zn, 100 ppm Ag, and 10 g/L H2SO4 and
a magnification of the silver deposition peak at +0.30 V vs SCE.

Figure 3. Ag peak height of first CV cycle (+0.30 V → + 1.0 V → −0.5 V → + 0.30 V vs SCE) after (A) E1 potential optimization (EDRR
parameters 10 cycles, E2 = +0.30 V vs SCE) and (B) E2 potential optimization (EDRR parameters n = 10 cycles, E1 = −0.70 V vs SCE) in a solution
containing 60 g/L Zn, 100 ppm Ag, and 10 g/L H2SO4.

Table 1. Weight Percentages of Zn and Ag Present on
Electrode Surface after E1 and E2 Optimization Based on
SEM-EDS Analysis (average of 10−20 point analysis)a

Potentials (vs SCE) Zn (wt %) Ag (wt %) Ag/Zn

E1 optimization
E1 → E2

−0.65 V → + 0.30 V 0.17 16.34 97.7
−0.70 V → + 0.30 V 0.08 14.30 191
−0.75 V → + 0.30 V 3.97 26 6.6
E2 optimization
E1 → E2

−0.70 V → + 0.25 V 0.19 10.27 53.8
−0.70 V → + 0.30 V 0.08 14.30 191
−0.70 V → + 0.35 V 44.2 5.5 0.1

aIn EDRR experiments, the solution had 60 g/L Zn, 100 ppm Ag, and
10 g/L H2SO4. Pt and its’ impurities (substrate) are excluded from the
results.
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higher Ag stripping peaks were observed but also an increased
level of H2 evolution. H2 evolution was shown to decrease the
surface uniformity due to H2 formation, as highlighted by the
light color spots evident in Figure 5. H2 evolution is also not

favored during the process as it reduces the overall energy
efficiency. Furthermore, all deposition times higher than 10 s
were shown to compromise the purity of the deposit as more
zinc remained under the redox replaced silver layer, as shown in
Table 2. Therefore, optimum deposition time (t1) was
determined as 10 s.
Figure 6A shows the typical behavior of the electrode

potential during the process, and Figure 6B shows the average
current density used per cycle during EDRR measurements (E1
= −0.7 V vs SCE, t1 = 10 s, cutoff E2 = 0.3 V vs SCE, n = 10
cycles). The current density varies as more silver layers are
formed on the surface of the electrode, as the formation of each
new layer of zincon top of the previous silver rich layer
requires less energy than the previous one.

The results showed that the time required for each redox
replacement step decreased with an increased number of steps
as more silver was deposited on the surface. When a few silver
atoms are deposited on the surface of the electrode, silver will
more easily nucleate there due to the spontaneous RR effect,
observed previously for other EDRR or surface-limited redox
replacement measurements.37 On the other hand, the diffusion
of silver ions to the surface at some point starts to control the
rate of replacement, and it is these two phenomena that usually
determine the total length of EDRR measurements. The issue
of diffusion limitation can be ameliorated by enhancing mass
transfer in the setup, for example, by either continuous solution
stirring. or pumping.

Recovery of Minor Concentrations of Ag. In order to
investigate more realistic industrial-type solutions, the effect of
Ag concentration on the levels of deposited silver was
investigated over a wide Ag concentration range (1 ppb−250
ppm).

[Ag] = 1 − 1000 ppb. In accordance with the previously
optimized EDRR parameters outlined above, the experimental
limits were kept at t1 = 10 s, E1 = −0.70 V, and E2 = +0.30 V vs
SCE and 10 EDRR cycles (n) in order to investigate the effect
of silver concentration. Figure 7 presents the EDRR measure-
ment data for solutions with 1 000, 500, 50, and 1 ppb of Ag.
From these results, it can be seen that with decreasing Ag
concentration the RR time increases, a fact that is also
highlighted in Figure 8.
With minute Ag concentrations (1−1000 ppb), the electro-

chemical analysis (CV) did not give a clear Ag stripping peak at
the anodic side; therefore, the platinum electrodes were
investigated by SEM-EDS (Table 3). According to SEM-EDS
analysis, the amount of silver enrichment was significant (Ag to
Zn ratios in the deposit were determined to vary from 2 to
nearly 30 once the background impurities present in the Pt
electrode were excluded from the raw data) even at very low Ag
(1 ppb) content in the solution. This is an exceptionally good
recovery and shows that the EDRR method presented can truly
be utilized in solutions previously considered to be uneconomic
when it comes to the recovery of Ag and other more noble
metals.

[Ag] = 5 − 250 ppm. Figure 9 presents the current
densities obtained at the silver stripping peak when the
concentration of Ag was varied from 5 to 250 ppm. As
expected, the Ag stripping peak height increases with an
increase in Ag concentration up to 100 ppm. At 250 ppm, a
slight change in the peak shape can be observed, with the peak
area being of the same magnitude as that recorded for 100 ppm.
The electrodes employed were also investigated by SEM-EDS,
and the results are displayed in Table 4. It was found that
although the amount of zinc deposited on the electrode

Figure 4. Ag peak height of the first CV + (0.3 V→ + 1.3 V→ −0.3 V
→ + 0.3 V vs SCE) of t1 deposition time optimization (EDRR
parameters 10 cycles, E1 = −0.70 V and E2 = +0.30 V vs SCE) in a
solution containing 60 g/L Zn, 100 ppm Ag, and 10 g/L H2SO4.

Figure 5. SEM micrograph of the effect of hydrogen evolution (round
lighter color spots) on the surface morphology. EDRR parameters t1 =
20s, n = 10 cycles, and E1 = −0.70 V and E2 = +0.30 V vs SCE. The
electrode was employed during longer deposition (t1 ≥ 20s) times.

Table 2. Weight Percentages of Zn and Ag Present on
Electrode Surface after t1 Optimization Based on SEM-EDS
Analysis (average of 10−20 point analysis)a

Deposition time (t1) (s) Zn (wt %) Ag (wt %) Ag/Zn

2 0.26 4.49 17
6 0.23 7.96 34
10 0.08 14.30 190
20 0.30 25.15 85
40 0.26 26 100

aThe solution had 60 g/L Zn, 100 ppm Ag, and 10 g/L H2SO4. Pt is
excluded from the results.
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surfaces did not show much variation the content of silver in
the surface deposit was enhanced with increased Ag solution

concentration, resulting in higher Ag/Zn ratios, which is also
demonstrated in Figure 10.

Figure 6. (A) Typical electrode potential behavior and (B) average current density as a function of EDRR cycles (n) in a solution with 60 g/L Zn,
100 ppm Ag, and 10 g/L H2SO4. EDRR parameters used were E1 = −0.70 V and E2 = +0.30 V vs SCE, t1 = 10 s, and n = 10.

Figure 7. Potential profile of WE during EDRR measurements in 60 g/L Zn and 10 g/L H2SO4 solution containing (A) 1 ppb Ag, (B) 50 ppb Ag,
(C) 500 ppb Ag, and (D) 1000 ppb Ag, respectively. EDRR parameters were E1 = −0.70 V and E2 = +0.30 V vs SCE, t1 = 10 s, and n = 10.
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Product Quality as a Function of Time. The effect of
EDRR cycles (n) were investigated in a solution containing 60
g/L Zn, 100 ppm Ag, and 10 g/L H2SO4. The studied range of
the cycles varied between 10 to 160. In Figure 11 is presented
the obtained EDRR measurement data when n = 160 was
conducted. As can be seen, in the absence of constant solution
changing or stirring, the available Ag ions are consumed after n
= 160, presenting a threshold value for Ag recovery in the
investigated environment by batch operation.

The amount of Ag deposited on the surface of the electrode
by n = 25−160 was investigated by SEM-EDS, and the results
are shown in Table 5. It can be observed that with increased
process time in the form of cycling (n) the content of deposited
Ag also increased exponentially to become the dominating
element of the electrode, while conversely, the amount of
deposited Zn decreased exponentially as a function of cycles
conducted. This result confirms that the investigated novel
approach for Ag recovery by EDRR can result in a high quality
Ag product even with longer cycling times.

Deposition Mechanism and Surface Morphology. The
deposition of silver was found to occur in small clusters on the
surface of the platinum electrode (Figure 12A) due to the

Figure 8. Time needed to complete EDRR measurements (E1 = −0.70
V and E2 = +0.30 V vs SCE, t1 = 10 s, and n = 10) in solutions
containing 60 g/L Zn, 10 g/L H2SO4, and 1000, 500, 50, and 1 ppb
Ag.

Table 3. Weight Percentages of Zn and Ag Present on
Electrode Surface Based on SEM-EDS Analysis (average of
10−20 point analysisa

Product analysis (SEM-EDS)

Ag content in the solution (ppb) Zn (wt %) Ag (wt %) Ag/Zn

1 0.03 0.18 6
50 0.04 1.10 28
500 0.03 0.33 11
1000 0.13 0.33 2.5

aThe solution had 60 g/L Zn, 10 g/L H2SO4, and varied Ag
concentration from 1 to 1 000 ppm. Pt is excluded from the results.

Figure 9. Silver stripping peaks after the EDRR experiments in
solutions (60 g/L Zn and 10 g/L H2SO4) with varying silver content
(5−250 ppm), E1 = −0.70 V and E2 = +0.30 V vs SCE, t1 = 10 s, and n
= 10.

Table 4. Weight Percentages of Zn and Ag Present on
Electrode Surface Based on SEM-EDS Analysis (average of
10−20 point analysis). The solution had 60 g/L Zn, 10 g/L
H2SO4, and varied Ag concentration from 5 to 250 ppma

Ag content in the solution (ppm) Zn (wt %) Ag (wt %) Ag/Zn

5 0.20 0.84 4.0
10 0.07 4.94 71
100 0.08 14.30 180
250 0.06 38.67 640

aN.B. Effect of the Pt electrode is excluded from the results.

Figure 10. Amount of deposited silver as a function of original Ag
content in the solution containing 60 g/L Zn and 10 g/L H2SO4.
EDRR parameters used were E1 = −0.70 V and E2 = +0.30 V vs SCE,
t1 = 10 s, and n = 10.

Figure 11. EDRR measurement data obtained when 160 EDRR cycles
were employed in a solution containing 60 g/L Zn, 100 ppm Ag, and
10 g/L H2SO4. E1 = −0.70 V and E2 = +0.30 V vs SCE and t1 = 10 s.
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nucleation of zinc which begins at inhomogeneities on the
platinum electrode surface where a higher surface energy
exists.37,38 As silver enrichment takes place via a redox
replacement reaction of zinc, it follows that this enrichment
will show similar profiles to that of zinc. In Figure 12B, the
interface at the platinum electrode and deposited silver can be
observed. Here, a continuous silver layer has been deposited on
the edge of the electrode. The deposition of silver was found to
follow the same process regardless of the concentration of silver
used. The formed electrodeposited layer contained a relatively
low amount of zinc compared to the silver (Tables 1−5), and
the whole layer was observed to be porous in nature regardless
of the silver contents utilized.
Comparison of EDRR and EW. As demonstrated by both

the SEM-EDS and CV measurements, EDRR was proven to be
a powerful method for enriching silver from solutions in which
Ag is present at low concentrations, even below the solution
analysis limit (1 ppb). Figure 13 compares the advantage of
EDRR over electrowinning (EW) in a solution containing 60 g/
L Zn, 100 ppm Ag, and 10 g/L H2SO4. The parameters used
were such that the applied electrodeposition time was double
the duration in EW comparefd to that used in EDRR: the
parameters for EDRR were E1 = −0.70 V and E2 = +0.30 V vs
SCE, t1 = 10 s, and n = 10, and for EW were t = 200s, E = +0.3
V vs SCE, and n = 1. The Ag stripping peak height obtained
with EDRR was shown to be significantly larger when
compared to the Ag stripping peak obtained after the EW
experiment (Figure 13), even though the energy used for EW
was double that used for EDRR (200 s vs 10 times 10 s),
showing the great potential of EDRR in silver enrichment. The
SEM-EDS analysis indicated that approximately a 20 times
higher product quality (Ag/Zn ratio 230 vs 11) was achieved
when using EDRR compared to EW (Table 6).

■ CONCLUSIONS
In this study, an electrodeposition−redox replacement (EDRR)
method was used for the successful Ag enrichment from
solutions with high zinc content (60 g/L) and extremely low
silver content (even as low as 1 ppb) in sulfate media. Such
concentrations are typical for hydrometallurgical zinc process
solutionsnot considered generally to be a source of valuable
metalsand as such, this paper outlines a novel approach for
using these solutions as raw materials for silver recovery. EDRR
was conducted over a wide range of silver concentrations (1
ppb−250 ppm) in order to draw comprehensive conclusions
about the functionality of spontaneous redox replacement for
Ag recovery. The optimized parameters for Zn and Ag EDRR
were found to be E1 = −0.70 and E2 = +0.30 V vs SCE and t1 =
10 s.
The results suggest that Ag concentrations as low as 1 ppb

can be recovered from concentrated Zn sulfate solutions by
EDRR. Furthermore, SEM-EDS confirmed the enrichment of
silver on the surface of a platinum electrode at all silver
concentrations investigated. The time required to complete the

Table 5. Weight Percentages of Zn and Ag Present on
Electrode Surface Based on SEM-EDS Analysis (average of
10−20 point analysis)a

Amount of cycles (n) Zn (wt-%) Ag (wt-%) Ag/Zn

25 2.69 21.43 8.0
50 1.72 21.36 12
100 0.25 21.79 86
160 0.05 69.13 1500

aThe solution had 60 g/L Zn, 100 ppm Ag, and 10 g/L H2SO4. N.B.
Effect of the Pt electrode is excluded from the results.

Figure 12. Secondary electron A (SE) and back scattered electron B (BSE) micrographs of silver deposition on the platinum electrode (A) at the
center and (B) at the edge (60 g/L Zn, 250 ppm Ag, 10 g/L H2SO4, E1 = −0.70 V and E2 = +0.30 V vs SCE, t1 = 10 s, and n = 10).

Figure 13. Comparison between EDRR and EW in a solution
containing 60 g/L Zn, 100 ppm Ag, and 10 g/L H2SO4. EDRR
parameters were E1 = −0.70 V and E2 = +0.30 V vs SCE, t1 = 10 s, and
n = 10, and EW parameters were t = 200s, E = +0.30 V, and n = 1.

Table 6. Weight Percentages of Zn and Ag Present on
Electrode Surface Based on SEM-EDS Analysis (average of
10−20 point analysis)a

Method Zn (wt %) Ag (wt %) Ag/Zn

EDRR 0.10 23.35 230
EW 0.08 0.87 11

aThe solution had 60 g/L Zn, 100 ppm A,g and 10 g/L H2SO4. Pt is
excluded from the results.
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EDRR cycle was shown to decrease when the content of Ag in
the solution was increased. The resultant Ag layer deposited
was also found to be porous but still rich in Ag.
Moreover, EDRR was shown to be more energy efficient

when compared to conventional silver electrowinning (EW),
especially at lower Ag concentrations. The results indicated that
the energy required for EW is significantly higher when
compared to that needed for EDRR, while conversely the
quality of the product (Ag/Zn ratio) was shown to be 20 times
higher compared to EW. Furthermore, the energy efficiency
and feasibility of EDRR make it an extremely competitive
method for silver recovery from side streams of hydro-
metallurgical processes, and thus, it can have a remarkable
impact in the field of circular economy.
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