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Abstract

This work focused on the electrochemical behaviour of a silver (Ag) deposit, from a
mirror factory effluent, on the surface of an aluminium electrode. To carry out this study,
two samples were taken from the same location of the mirror factory, before and after
copper plating. Different applied potentials were selected based on results obtained from
linear sweep voltammetry (LSV) analysis (potential window). Based on
chronoamperometry (CA) measurements and electrochemical impedance spectroscopy
(EIS) results, it can be seen that applied potentials affected the Ag deposit’s
electrochemical behaviour, proving that it tended to be favoured by cathodic potential.

Keywords: Ag recovery; CA; electrochemical behaviour; electrodeposition; EIS; LSV;
SEM; EDS; XRD; XRF.

Introduction®

Silver (Ag) is a widely used metal with many applications in electronics,
photographic film, jewellery, coins and in glass silvering process used for mirror
manufacturing [1-4]. Mirror production process begins with polishing the glass, to
eliminate surface impurities. A prepared silver solution is applied, allowing Ag salts
to reduce and form a reflective metallic Ag layer. The glass is then rinsed with
demineralised water, producing a Ag-rich wastewater stream (referred to as SB.C,
1.e., silvering before copper plating). A thin layer of Cu is then applied to the surface,
to protect the deposited Ag layer, followed by a second rinse that generates another
wastewater stream (SA(C, i.e., silvering after copper plating) [5-7]. This waste
contains recoverable quantities of Ag, representing both an environmental challenge
and a valuable economic resource.

*The abbreviations list is in page 233.
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In recent years, global demand for Ag has grown at an annual rate of around 2%
[8]. On the other hand, stricter environmental regulations have highlighted the
urgency of adopting sustainable and cost-effective waste management strategies
[9-11]. Industrial waste management is not only an economic and environmental
challenge, but also an opportunity for resource recovery [12-15]. Faced with the
increasing lack of natural Ag reserves, the recovery of this metal from industrial
effluents has become a major challenge [16, 17].

Several techniques have been explored for Ag recovery, including chemical
precipitation, ion exchange, flocculation, cementation, coagulation, membrane
filtration and electrochemical methods [18-26]. However, electrochemical
techniques, particularly electrodeposition, have become highly attractive, due to
their high efficiency, selectivity and reduced chemical consumption. Recent
advances in electrode materials, such as nanostructured electrodes and
functionalized surfaces, have further improved deposition rates and purity.
Electrodeposition is becoming particularly attractive for industrial applications,
owing to its simplicity, scalability and consistency with circular economy
principles, as it reduces both chemical waste and treatment costs [27-29].
However, although electrochemical methods are promising, Ag recovery from
industrial effluents has been the subject of only limited study (“real” industry
effluents).

Therefore, the present study aimed to investigate the electrochemical behaviour of
Ag deposits in mirror manufacturing wastewater, which has not received much
attention in literature. This represents a feasible and cost-effective approach to
metal recovery in industrial applications. To achieve this, electrochemical analyses
were carried out using chronoamperometry (CA) and electrochemical impedance
spectroscopy (EIS), with an Al working electrode pre-treated prior to each
experiment. Linear scan voltammetry (LSV) was used to determine optimal
potential range for Ag deposition, while open circuit potential (OCP)
measurements ensured system stability. Results revealed a strong dependence of
Ag deposition on cathodic potential, confirming the feasibility of electrochemical
methods for its recovery from industrial wastewater. Electrochemical results were
correlated with the deposits’ morphology and composition, Scanning Electron
Microscope/Energy Dispersive Spectroscopy (SEM/EDS) and X-ray diffraction
(XRD) surface analyses. This study not only contributes to environmentally
friendly wastewater management, but also provides a cost-effective solution for
Ag recovery as a secondary resource.

Experimental and methods

Device preparation

Electrochemical experiments were performed at room temperature (approximately
25+ 2 °C), using a conventional three-electrode cell (150 cm? volume). The system
included saturated calomel (Hg/Hg.Cl.), graphite and Al alloy-based
(composition: 80% Al, 17.9% Zn, 2% Mg, trace elements [30], with 1 cm? exposed
surface area), as reference (WE), counter (CE) and working (WE) electrodes,
respectively.  All  electrodes were connected to a AUTOLAB
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potentiostat/galvanostat (model PGSTAT302N) controlled by Nova 2.1.7
software, to perform electrochemical measurements (Fig. 1).

Electrolyte solutions (SB.C and SA{C) were directly obtained from a mirror
manufacturing site. Concentration of primary dissolved Ag species was estimated
from X-ray fluorescence (XRF) analysis of the evaporated residue (Table 1). Prior
to each experiment, the WE surface was prepared by mechanical polishing
(Polisher machine Minitech 233) with 14 um silicon carbide (SiC 1200 grade)
abrasive paper, followed by rinsing with distilled water. Then, the electrode was
degreased by immersion in acetone, for 10 min, and finally rinsed thoroughly with
distilled water. It was not plainly dried, but immersed in the electrolyte
immediately after the final rinse, to minimise oxide formation and ensure surface
reproducibility [30].

of

AUTOLAB DC power source

Working Electrode (WE)

Counter Electrode (CE)

Electrolyte 178 i '“

Cuve

Reference Electrode (RE)

Figure 1: Representative diagram of electrochemical cell assembly.

Electrochemical measurements

Prior to electrochemical testing, the system was maintained at a stable OCP, for 1 h
(3600 s). Subsequently, LSV was performed by sweeping the potential from -1.5 V
to +1.0 V vs. SCE, at a sweep speed of 5 mV/s. This scan was used to identify the
potential region corresponding to Ag deposition and stripping, and also the
approximate potential window where the faradaic current was minimal.

Based on cathodic features observed in LSV, CA was subsequently performed
at selected applied potentials (E =-0.6, -0.7, -0.8, -0.9, -1.0, -1.1, -1.2, -1.3 and
-1.35 V vs. SCE) for 1 h (3600 s), to investigate deposition process over time.
Immediately after each CA experiment, EIS analysis was carried out at the same
applied potential. For EIS measurements, a 10 mV amplitude sinusoidal AC
perturbation was applied to DC potential. Frequency was swept from 100 kHz
to 10 mHz, with 50 data points collected per decade. 10 mV amplitude was
chosen as standard value, low enough to assume a pseudo-linear response of the
system, while frequency range was chosen to capture both fast charge transfer
processes (high frequency) and slower diffusion or layer formation phenomena
(low frequency).
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Surface analyses

Morphology and elemental composition of Ag deposits formed after 1 h at -0.8, -
1.1, and -1.3 V vs. SCE were characterized using a SEM (Thermo Scientific
Quattro ESEM) equipped with an EDS (EDS1). SEM imaging was performed at
accelerating voltages of 15 kV, with magnifications ranging from 2000 to 4000,
and working distances from 0.10 to 0.20 um. EDS analysis confirmed elemental
composition of Ag deposits on air dried samples. To evaluate the crystalline
structure, X-ray diffraction (XRD) analysis was performed using a Panalytical
Empyrean diffractometer with Cu Ko radiation (A = 1.5406 A), operating at 45 kV
and 40 mA. Data acquisition was performed at room temperature, over a 20 range
of 5°-80°, with a step size of 0.02° and a scan speed of 1°/min.

Results and discussion

Chemical composition of obtained residues after evaporation of SB.C and SA{C
solutions is shown in Table 1. Both solutions are rich in sodium (Na), probably
derived from process chemicals (e.g. sodium hydroxide or Na salts). Ag was
present in high concentrations (39.4% in SB.C and 36.9% in SA{C residue),
confirming its availability for recovery. Notably, SA{C solution shows a higher
concentration of chloride (Cl) and presence of Cu (0.063%), which is absent in
SB.C, reflecting post-Cu plating stage. Silicon (Si) is also present, probably from
interaction with the glass substrate, or from silicates in the process water. Presence
of Cu and increased ClI° in SAf{C solution could potentially influence
electrochemical behaviour, by introducing competing reduction reactions
(Cu**/Cu* reduction), or affecting Ag complexation and deposition kinetics,
compared to SBcC solution. Low relative Ag concentration in SA¢C residue may
also indicate some Ag loss or dilution during Cu plating/rinsing step.

Table 1: Chemical composition of solutions taken at SB.C and SA+C points.

Component Mass concentration (%) SB.C Mass concentration (%) SA:C
Na 56.500 58.180
Al 0.104 0.097
Si 1.340 1.340
S 1.340 0.041
Cl 0.0410 1.2400
K 0.795 1.22
Ca 1.200 0.520
Mg 0.259 0.040
Zn 0.0415 0.107
Pd 0.101 -

Ag 0.209 36.900
Fe 39.400 0.250

Open circuit potential

OCP experiment was repeated three times, under identical operating conditions, using
a waste solution from the mirror manufacturing site. Resulting curves are shown in
Figs. 2 and 3.
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Figure 2: OCP measurement curves realised on Al/silvering solution interface- a) SB.C
and b) SA(C Cu plating at room temperature.

Good reproducibility of results was observed over the three essays, demonstrating the
reliability and consistency of experimental procedure. In Fig. 2a, OCP shows a
progressive increase over time, reaching a relatively stable value after approximately
2000 s. This stabilisation indicates the establishment of a steady-state electrochemical
interface. This behaviour is typically associated with gradual nucleation and growth of
a Ag layer on the electrode surface, which increases its stability by reducing the number
of active sites and creating a more homogeneous conductive layer. In contrast, Fig. 2b
shows a slightly more fluctuating potential evolution, although stabilisation trends are
still evident. These fluctuations could be due to local heterogeneities in deposition, or
to slight perturbations in the solution composition or electrode surface. Overall,
observed trends confirm progressive Ag deposition during OCP conditions, supporting
the hypothesis of surface passivation and improved electrochemical stability over time.
Fig. 3 shows that OCP of SB.C solution moved towards less negative values over
time, while OCP of SA¢C solution remained relatively more negative.
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Figure 3: Evolution of average OCP measurement curves carried out at Al/Ag solution
interface- a) SB.C and b) SA(C Cu plating at room temperature.
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Thus, Ag deposition was more significant on SB.C compared to SAC material, as
a less negative potential is typically associated with greater metal accumulation on
the electrode surface. Table 2 shows average OCP measurements.

Table 2: Average OCP measurements (also known as free potential) taken as a function
of time for sampled solutions, tested under similar conditions.

Average potential (V vs. SCE) Average potential (V vs. SCE)

Time (s) before Cu plating after Cu plating
0 0.73106 -0.74140
1500 -0.57283 -0.68380
2000 -0.55750 -0.68650
3600 -0.53360 -0.68030

Linear scan voltammetry
LSV was carried in a potential range from -1.5 to 1 V vs. SCE, at a scan rate of 5 mV/s,
at room temperature, using two Ag solutions taken from the mirror site (Fig. 4).
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Figure 4: LSV recorded on Al/Ag solution interface - a) SB.C and b) SA{C Cu plating,
at a rate of 5 mV/s.

Reproducible LSV measurements revealed a clear electrochemical processes
associated with Ag deposition and removal. Cathodic reduction of Ag* species
occurred from -1.1 to -1.3 V vs. SCE, reaching a maximum current density near -
1.4 V, above which hydrogen evolution became significant. Anodic stripping
peaks were seen at 0.1 V for SB.C, and -0.3 V for SA(C, the latter indicating a
more unstable Ag deposition, possibly due to Cu co-deposition, which increased
Cl concentration, or to morphological differences. A zero current density (potential
window) was identified in the range from -1.35 to -0.6 V. Based on these results,
deposition potentials within this range were selected for subsequent CA and EIS
investigations of Al/Ag interface behaviour.

Chronoamperometry

CA measurements conducted at the Al/solution interfaces (Figs. 5 and 6) display
consistent current—time (I = f(t)) transients across various applied cathodic potentials.
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A characteristic decline in current over time was seen in all cases, primarily due to

gradual depletion of Ag' ions in the electrolyte, which were electrochemically
reduced to metallic Ag on the Al electrode surface.
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Figure 5: CA curves of measurements carried out at Al/solution SB.C interface for

different values of applied potential.
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Figure 6: CA curves of measurements carried out at Al/solution SA¢C interface for
different values of the applied potential.
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Notably, at —0.6 V vs. SCE, responses show significantly higher anodic currents and
elevated residual-to-initial current ratios (I/Io) of around 28.76 for SB.C and 3.96 for
SA(C (Figs. Sc—d and 6¢—d). These high residual current ratio values suggest that this
potential was less favourable for effective Ag electrodeposition, possibly due to
slower nucleation or parasitic processes such as side reactions or instability in deposit
formation.

The trend is further clarified in Fig. 7, where I/l 1s plotted as a function of applied
potential. As the potential became more negative, a marked decrease in I/Ip was
seen, indicating improved deposition efficiency and better adherence of Ag layer.
This behavior implies that cathodic potentials above —0.8 V vs. SCE provide more
suitable conditions for controlled Ag growth, with SA¢C solution showing a more
gradual transition, likely influenced by the presence of co-deposited Cu and
differing CI concentrations.
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Figure 7: Evolution of different reduced residual currents as a function of potential
applied to Al/solution interface- a) SB.C and b) SA{C Cu plating.

Electrochemical impedance spectroscopy
EIS results, illustrated as Nyquist (Fig. 8) and Bode (Fig. 10) plots, provide further
insights into the electrode/electrolyte interface during Ag deposition.
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Figure 8: Nyquist plots after one hour of Ag electrodeposition on Al / a) SB.C and b)
SA{C Cu plating solution interface at different electrolysis potentials applied.

Equivalent circuit model used for fitting data (Fig. 9) is commonly used for
systems involving charge transfer and layer formation. It consists of: solution
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resistance (Rs), a parallel combination representing the interface; charge transfer
resistance (R¢); polarization resistance (Rp); and a constant phase element (CPE)
which corresponds to non-ideal double-layer capacitance.

Nyquist plots (Fig. 8) typically show one or two depressed semicircles depending
on applied potential, characteristic of complex interfacial processes during Ag
deposition. High-frequency semicircle corresponds to Re: related to cathodic
reduction of Ag ions, while a second semicircle at lower frequencies is due to
formation and growth of a Ag layer on the electrode surface [30-34]. These
semicircles commonly appear flattened, a phenomenon attributed to different
scattered frequencies due to roughness and non-homogeneity of the electrode
surface [35].

As the applied potential became more negative, from -0.6 V to -1.2 V vs. SCE,
semicircle diameter increases, indicating increasing interfacial resistance,
probably due to Ag layer deposition or reduced active surface area. Above -1.2 V
vs. SCE, a significant decrease in semicircle diameter was seen, probably due to
onset of hydrogen evolution, which competes with Ag reduction, disturbing
deposition process. Depressed nature of loops also reveals non-ideal capacitive
behaviour related to electrode heterogeneity and mass transport effects. Equivalent
electrical circuit shown in Fig. 9, with fitted parameters summarized in Table 3,
effectively models these experimental impedance responses.

Rs CPE1
AA >
Rp

Figure 9: Equivalent circuit relative to Al / solution interface after one hour of
electrodeposition.

Table 3: Values of EIS parameters obtained by fitting data on Ag electrodeposition for
solution (SBcC) and (SA(C) at different applied potentials.

Sampling before Cu plating (SBeC) Sampling After Cu plating (SAfC)
E R Ry CPE N Rs Ry CPE N

(V vs. SCE) Q) Q) (uF s (n-1)) Q@ @ (uF s (n-1))

-0.6 479.70 4465 11.21 092 233.10 5152 25.16 0.74
-0.7 387.50 12881 15.60 0.77 277.90 8508 15.01 0.82
-0.8 352.50 71175 28.90 0.80 235.60 28184 42.24 0.70
-0.9 376.80 55194 36.59 0.80 246.70 42217 96.20 0.56
-1 405.30 30682 39.78 0.79 265.50 32916 36.73 0.7
-1.1 403.30 41693 64.73 0.77 282.20 35197 47.22 0.69
-1.2 409.80 50041 68.73 0.76 174.50 158200 109.17  0.56
-1.3 34390 12637 98.48 0.77 188.30 7202 90.12 0.64
-1.35 352.30 5809 137.50 0.79 256.60 5066 89.63 0.55

Bode plots shown in Fig. 10 are consistent with impedance behaviour previously
observed in Nyquist plots. For SB.C sample (Fig. 10a, c), spectra clearly show two
distinct time constants at low and high frequencies, indicating charge transfer processes
and Ag deposition formation, respectively. In contrast, SA{C sample (Fig. 10b, d) shows
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two distinct regimes. At potentials of -0.6, -0.7, -0.8, and -1.3 V vs. SCE, two time
constants were seen, respectively, with high-frequency response related to interfacial
charge transfer and low-frequency response related to deposition layer formation.
However, a third time constant appeared at very low frequencies for intermediate
potentials (-0.9 to -1.2 V and -1.35 V vs. SCE), probably due to increased porosity
within the deposition, which allowed for small currents to penetrate the electrode
surface. Furthermore, as the applied potential became more cathodic, phase angle
increased and curves shifted towards lower frequencies, which indicates enhanced

capacitive behaviour.
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Figure 10: Bode plots after one hour of Ag electrodeposition on Al/solution interface (a,
¢) SB.C and (b, d) SAC at different electrolysis potentials applied.

The trend is confirmed in Fig. 11, where CPE for SB.C sample increased with more
negative potentials, reflecting greater charge accumulation. For SA{C, CPE exhibits two
distinct regimes - one from -0.6 to -0.9 V and another from -0.9 to -1.35 V vs. SCE -
confirming transitions observed in Bode response.
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Surface analyses

EDS-SEM micrographs in Fig. 12 (a-f) illustrate morphology and elemental
composition of Ag grains electrodeposited at selected potentials (-0.8, -1.1, and -1.3

V vs. SCE), both before (Fig. 12a-c) and after (Fig. 12d-f) Cu plating.
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Figure 12: SEM image and EDS analysis of Ag deposit before (a, b, ¢) and after (d, e, f)

Cu plating at following potentials -0.8, -1.1 and -1.3 V vs. SCE.
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Corresponding EDS spectra confirm the deposits’ mass distribution and composition.
Clearly, Ag was deposited as aggregates on the Al cathode surface, with both
deposits’ amount and morphology being strongly influenced by experimental
parameters such as applied potential and solution composition [5, 36, 37]. In
particular, more abundant and highly formed Ag deposits were seen in samples before
Cu plating, probably due to greater availability of free Ag ions in the. In contrast, the
samples after Cu plating showed significantly reduced deposition, consistent with ion
loss or competitive interactions induced by Cu presence. Among all studied
conditions, potential of -1.1 V vs. SCE consistently led to the highest amount of
deposited Ag, supporting previous electrochemical findings.

XRD images in Fig. 13 show the presence of crystalline Ag in both SB.C (Fig.
12a) and SA(C (Fig. 12b) samples, with characteristic peaks at 20 = 38.1°, 44.3°,
64.4° and 77.4°, corresponding to (111), (200), (220) and (311) planes of face-
centered cubic Ag (JCPDS file No. 04-0783) [38]. Variations in peak intensity
across potentials (-0.8, -1.1 and -1.3 V) reflect changes in deposition amount and
crystallite structure, with stronger peaks at -1.1 V supporting SEM observations of
enhanced Ag deposition. Wide peaks reflect smaller crystallites or lattice
distortion, particularly in SA{C. These results confirm the structural identity and
quality of the deposited Ag layers observed by SEM and electrochemical analyses.
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Figure 13: XRD patterns of Ag film deposit on the Al electrode surface at different
potentials for two samples- a) SB.C and b) SA:C Cu plating.

Conclusion

In this study, two samples taken from a mirror manufacturing process, before and
after Cu plating step, were analysed to evaluate electrochemical behaviour of Ag
deposition on an Al electrode. The influence of applied cathodic potentials on Ag
recovery was investigated using CA, followed by EIS. Based on LSV analysis, a
range of potentials (-0.6 to -1.35 V vs. SCE) was selected to study the kinetics and
interfacial behaviour of Ag deposition. The results show a clear dependence of the
deposition behavior on the applied potential, such that cathodic reduction of Ag*
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was significantly enhanced at more negative potentials. These findings were
further supported by EIS-derived parameters, and complementary SEM-EDS and
XRD analyses, which confirm both morphological and structural presence of Ag
in the recovered deposits.
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