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Abstract

Waste printed circuit boards (WPCBs) are a highly concentrated secondary source of copper.
However, their complex and heterogeneous composition significantly complicates the
selective extraction of metals. This study examined the feasibility of direct electrochemi-
cal leaching of copper from used PCB fragments in a sulfate–glycine alkaline electrolyte.
The PCB fragments were used directly as a composite working electrode, without prior
separation of the components or special surface preparation. It has been demonstrated
that the electrochemical response of the composite PCB anode is similar to that of a pure
copper electrode, which indicates the predominant role of the anodic dissolution of copper.
A distinct potential window of 0.30 to 0.40 V relative to the Ag/AgCl electrode has been
established, within which copper dissolves efficiently, while the dissolution of the associ-
ated metals (Sn, Pb, Ni, Fe) remains strongly inhibited. The maximum selectivity is reached
at a potential of approximately 0.35 V. This is due to the formation of soluble and stable
copper–glycine complexes, while the other metals remain in an alkaline medium in the form
of poorly soluble phases. At more positive potentials (≥0.40–0.50 V), the co-dissolution of
the associated metals begins, resulting in a sharp decrease in the selectivity of the process.
Real-time potentiostatic experiments have shown that the selective leaching mode at 0.35 V
is stable over long periods of operation and is characterized by continuous dissolution of
copper with minimal release of other metals in solution.

Keywords: waste printed circuit boards; electronic waste recycling; copper leaching;
electrochemical leaching; glycine; alkaline electrolyte; selectivity; anodic dissolution

1. Introduction
The continually increasing generation of electronic waste is a significant challenge to

resource management and sustainable material recovery. Among the different electronic
waste streams, waste printed circuit boards (WPCBs) are a particularly attractive secondary
resource due to their high Cu content, which commonly ranges from 15 to 30 wt.% and
significantly exceeds the grade of many primary Cu sources [1–3]. In addition to Cu, PCBs
contain other metals, including Sn, Pb, Ni, Fe, and precious metals, part of a complex matrix
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of polymers, glass fibers, and ceramic fillers. This makes PCBs a valuable resource and a
technically challenging raw material for the recovery of target metals.

Currently, industrial processing of PCBs is carried out mainly by pyrometallurgical
or combined pyrohydrometallurgical technological schemes. Although pyrometallurgical
treatment provides high productivity and allows efficient extraction of Cu, it is associated
with significant energy consumption and the formation of secondary waste, including slags
and exhaust gases containing potentially hazardous components [4–7]. Hydrometallurgical
methods, on the contrary, require lower energy consumption and greater process flexibility,
but are usually based on the use of aggressive leaching agents such as concentrated sulfuric,
nitric or hydrochloric acids, often in combination with oxidizing agents [8–11]. In such
systems, as a rule, several metals are dissolved simultaneously, which leads to the formation
of complex solutions for leaching, requiring lengthy subsequent stages of separation and
purification. In addition, the use of chlorine-containing electrolytes leads to corrosion
problems and complicates waste disposal [12,13]. In this context, more and more attention
has recently been paid to alternative leaching strategies based on the use of mild and
environmentally friendly reagents.

Alkaline leaching systems used in combination with complexing agents have become
a promising option for selective Cu extraction [14–16]. Among the various ligands, glycine
is of particular interest due to its low toxicity, biodegradability, buffering capacity, and
strong complexation with Cu ions in an alkaline environment [17–20]. The formation of
stable copper–glycine complexes makes it possible to dissolve Cu at relatively low anode
potentials while maintaining favorable operating conditions.

Electrochemically stimulated leaching represents a further improvement of this ap-
proach. Unlike purely chemical leaching, electrochemical methods allow direct control of
the driving force of metal dissolution by means of an applied potential [21–23]. This makes
it possible to selectively activate anodic dissolution reactions and suppress the dissolution
of less noble or passivated metals.

A number of studies have shown that Cu can be selectively dissolved from metal
substrates in alkaline sulfate–glycine electrolytes under anodic polarization. Aksu et al.
developed an electrochemical description of the Cu behavior in alkaline, glycine-containing
electrolytes [24]. The work shows that anodic polarization leads to efficient Cu dissolution
through the formation of stable Cu–glycinate complexes, while surface passivation due
to Cu2O/CuO formation only occurs at more positive potentials. O’Connor et al. fur-
ther investigated the anodic behavior of Cu in alkaline glycine systems and confirmed
that the Cu dissolution predominantly proceeds via Cu (I)/Cu (II) glycinate species [25].
Skrypnikova et al. investigated the anodic oxidation of Cu in alkaline electrolytes with
amino acids and showed that glycine significantly enhances the anodic dissolution of Cu
by destabilizing passive oxide layers [26]. The role of sulfate as a conducting electrolyte in
glycine-based systems was described specifically by Mikulskis et al., who compared sulfate-
and perchlorate-containing alkaline Cu–glycine electrolytes [27]. Recently, Survila et al.
analyzed equilibrium processes at the Cu/solution interface in alkaline Cu–glycine systems
and showed that anodic Cu dissolution over a wide potential range is determined by the
formation of soluble Cu (I)–glycinate complexes [28]. However, most of these studies were
conducted using pure Cu electrodes or simplified model materials with a well-defined
surface area and uniform composition.

The direct application of electrochemical leaching to real PCBs brings additional com-
plexity. Fragmented WPCBs consist of metallic phases, some of which are embedded in
non-conductive polymer and ceramic matrices. This leads to irregular geometry, heteroge-
neous electrical conductivity and a poorly defined electrochemically active surface of the
WPCBs. The mentioned factors complicate the interpretation of electrochemical measure-
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ments and raise questions regarding the feasibility of a controlled anodic Cu dissolution
under practical conditions. In particular, it is unclear whether this dissolution can be
achieved directly from fragmented WPCBs without prior mechanical separation or surface
preparation and whether this selectivity is maintained over longer leaching times.

Another crucial aspect concerns the selectivity of the dissolution of Cu with respect
to the other metals frequently present in printed circuits. Metals such as Sn [29], Pb [30],
Ni [31] and Fe [32] exhibit different electrochemical and chemical behaviors in an alkaline
medium and can form passive oxide or hydroxide layers which hinder their dissolution.
The interaction between anodic polarization, ligand complexation and metal passivation
should therefore play a decisive role in defining the potential window within which Cu can
be selectively leached. A systematic experimental identification and a mechanistic interpre-
tation of this window are essential to evaluate the practical relevance of electrochemical
leaching for the recycling of WPCBs.

The aim of this paper is to study the electrochemical behavior and selectivity of the
dissolution of copper from WPCBs under potentiostatically controlled conditions in al-
kaline sulfate–glycine electrolytes. The study aims to identify a potential window for
selective Cu activation, while suppressing the dissolution of the accompanying metals.
The novelty of this work lies in the combined application of glycine complexation and
controlled electrochemical polarization for the selective dissolution of Cu from heteroge-
neous WPCBs without prior sorting or complex processing. Special attention was paid
to electrochemical selectivity as a function of the applied potential, which was confirmed
by extraction data based on mass balance. To achieve this goal, fragments of WPCBs are
used directly as a composite working electrode to study the anodic dissolution behavior of
Cu in a sulfate–glycine electrolyte at alkaline pH. Linear scanning voltammetry is used to
characterize the anodic response of the heterogeneous electrode of printed circuits and to
identify the potential range associated with the dissolution of Cu. Potentiostatic leaching
experiments are then carried out to quantify the dissolution of the metal and evaluate the
selectivity of the Cu as a function of the applied potential. The chemical composition of the
leachates is analyzed in order to determine the contribution of the associated metals and to
define a selectivity coefficient for Cu.

2. Materials and Methods
2.1. Materials

Waste printed circuit boards (WPCBs, Figure 1) were mechanically fragmented to
obtain irregular pieces. The material was used as a composite working electrode material
without further separation or surface treatment.

 

Figure 1. Photograph of the fragmented PCB material used as the working electrode.
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The electrolyte consisted of 0.5 M Na2SO4 with 0.10 or 0.2 M glycine, and the pH was
adjusted to 9.2 using a borate buffer. All solutions were prepared using distilled water.

2.2. Electrochemical Setup

The electrochemical leaching was carried out in a laboratory glass cell with a concentric
electrode arrangement. Ten grams of fragments of irregularly shaped PCBs with a size
of 5 to 20 mm were placed in a cylindrical stainless steel basket, which served both as a
mechanical holder and as a current collector. The PCB fragments electrically connected by
the grid formed the composite anode. The cathode consisted of a stainless steel cylinder
arranged concentrically around the anode chamber. The anode and cathode spaces were
separated by an anion exchange membrane, which was intended to prevent the transfer of
Cu ions into the cathode space and cathodic Cu deposition. A photograph illustrating the
anodic compartment configuration is shown in Figure 2.

 

Figure 2. Photograph illustrating the configuration of the anodic basket and membrane used in the
electrochemical leaching experiments.

The electrolyte volume in the anode compartment was 800 mL. The composition and
pH of the electrolyte corresponded to the conditions described above. The experiments
were carried out at room temperature. Liquid samples for chemical analysis were taken
from the anode compartment.

A pure Cu electrode was used for comparative electrochemical measurements. The
electrode was prepared from high-purity copper (≥99.9%), mechanically polished, and
rinsed with distilled water.

Stainless steel was selected as the counter electrode due to its mechanical stability,
high conductivity, and negligible dissolution under the applied experimental condition.
An Ag/AgCl electrode was used as the reference electrode. All potentials reported in this
work are given with respect to the Ag/AgCl reference electrode.

2.3. Electrochemical Measurements

Linear sweep voltammetry was performed at scan rates of 2, 5 and 10 mV s−1. Poten-
tiostatic leaching experiments were conducted at selected potentials for 30 min to evaluate
metal dissolution and selectivity.

2.4. Chemical Analysis

After potentiostatic leaching, electrolyte samples were collected and analyzed for Cu,
Sn, Pb, Ni, and Fe concentrations using ICP-OES (PerkinElmer Optima 8000, PerkinElmer,
Waltham, MA, USA).
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2.5. Calculation of the Degree of Metal Extraction

The initial elemental composition of the printed circuit boards was not directly de-
termined, as WPCB waste mixed with a heterogeneous composition was used. The metal
content in the feedstock was estimated by calculation based on the material balance for
each experiment; the values obtained are presented and discussed in the Section 3.

The recovery of Cu and associated metals was calculated using a mass balance for
each potentiostatic experiment. After electrochemical leaching, the solution was separated
from the solid residue. The solid residue was washed with distilled water, dried to constant
weight, and subjected to complete acid digestion. The metal content in the solution and
solid residue was determined using ICP-OES. The initial amount of metal i in the sample
(m(i,0)) was calculated as the sum of the mass of metal released into solution (m(i,solution))
and the mass of metal remaining in the solid residue (m(i,residue)), according to Equation (1):

m(i,0) = m(i,solution) + m(i,residue) (1)

The degree of extraction (E(i)) of metal i was calculated using Equation (2):

E(i), % = m(i,solution)/(m(i,solution) + m(i,residue)) × 100 (2)

The mass of the PCB feed used in each potentiostatic experiment was recorded. The
metal content in the feed for each individual experiment was calculated by normalizing the
initial amount of each metal, determined by mass balance, to the corresponding feed mass.
The average metal content of the mixed PCB feed was calculated over all experiments.

2.6. Calculation of Copper Selectivity

Copper selectivity (SCu) was evaluated based on metal concentrations in the leachate.
The selectivity coefficient was calculated as the ratio of the Cu concentration to the total
concentration of accompanying metals in solution (Equation (3)):

SCu = CCu/(CSn + CPb + CNi + CFe) (3)

where CCu, CSn, CPb, CNi, and CFe are the concentrations of corresponding metals in
the leachate.

3. Results and Discussion
3.1. Electrochemical Behavior and Selective Dissolution of Copper

Figure 3 shows the voltammetric response of a composite PCB anode in a sulfate–glycine
electrolyte (0.5 M Na2SO4, pH 9.2, scan rate 5 mV s−1) compared with a pure Cu electrode.

At potentials below about 0.10 V vs. Ag/AgCl, the current remains low and is
dominated by capacitive and surface processes. A weak anodic pre-wave is observed
between 0.10 and 0.20 V, its intensity increasing with the glycine concentration, which
indicates an facilitated surface activation and initial copper–ligand interactions.

An increase in the anode current occurs above about 0.25–0.30 V, forming the main
anode wave between 0.30 and 0.45 V. The shape and position of this wave for the PCB
anode are very similar to those observed for pure Cu, which indicates that the anodic
response of the composite electrode is governed by the same electrochemical process [24].
The lower amplitude of the current of the PCB anode reflects its heterogeneity and its
partial isolation, rather than a change in the reaction mechanism.

No other anodic waves or distinct characteristics are detected in the studied potential
range that could be associated with the independent dissolution of other metallic con-
stituents (Sn, Pb, Fe). This suggests that their contribution to the measured anode current
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is negligible electrochemically under the conditions applied. The increase in the glycine
concentration from 0.10 to 0.20 M induces a higher anode current without a significant shift
in the potential of the main anode wave, which indicates an acceleration of the kinetics of
dissolution of Cu by the ligand, while preserving the same anode mechanism [25].

Figure 3. Voltammetric response of the composite PCB anode in sulfate–glycine electrolyte (0.5 M
Na2SO4, pH 9.2, scan rate 5 mV s−1).

Figure 4 shows the linear scanning voltammograms of the PCB anode recorded at
scanning speeds of 2, 5 and 10 mV s−1 in a solution of 0.5 M Na2SO4 + 0.10 M glycine
(pH 9.2).

Figure 4. Effect of scan rate on the linear sweep voltammetric response of the PCB anode (0.5 M
Na2SO4 + 0.10 M glycine, pH 9.2).

It can be seen that as the potential sweep rate increases, the current also increases, and
the anodic wave broadens. This is apparently due to an increase in the capacitive current,
as the system does not have time to fully relax. At the same time, the wave position remains
within the same range, between 0.30 and 0.45 V. It should be noted that the anodic wave
position does not change with the anode type (PCBs and pure Cu), indicating that the same
electrochemical process—the anodic dissolution of Cu—is occurring.

Figure 5a presents chronoamperometric responses of the PCB anode recorded at fixed
potentials of 0.20, 0.35, and 0.50 V in 0.5 M Na2SO4 + 0.10 M glycine.
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Figure 5. Potentiostatic current response (a) and metal dissolution (b) at selected potentials.

At a potential of 0.2 V, the current remains at a very low steady-state level. At 0.35 V,
after a short transient period with a current drop (approximately 5 min), a stable anodic
current is established, which is maintained throughout the entire electrode polarization.
The potential of 0.35 V coincides with the region of the main anodic wave on the current-
voltage curves (Figures 3 and 4). Increasing the polarization potential to 0.5 V does not
change the shape of the potentiostatic curve; however, the initial and steady-state current
values are significantly higher than at 0.35 V.

Analysis of the solution composition (Figure 5b) shows that anodic dissolution of
Cu occurs at all three established anode potentials. The Cu content in the solution is
proportional to the observed steady-state current. At 0.2 V, only Cu ions are detected in the
solution; At 0.35 V, traces of Sn were detected, and increasing the anode potential to 0.5 V
resulted in the appearance of 1–2 mg L−1 Pb and Sn.

These combined results confirm that the anodic process dominating the PCBs electrode
response in the sulfate–glycine system is Cu dissolution and define a practical potential
window in which Cu can be selectively leached while minimizing the dissolution of other
metallic constituents.

3.2. Potential Window and Selectivity of Copper Leaching

Figure 6 shows the concentrations of metals in the solution after 30 min of potentio-
static leaching as a function of the applied potential in 0.5 M Na2SO4 + 0.10 M glycine.

Figure 5 shows the dependence of the metal concentrations in solution on the applied
potential after 30 min of potentiostatic leaching.

The sharp increase in Cu concentration when reaching the range of 0.30–0.35 V marks
the lower limit of the effective Cu resolution. In the next range (about 0.35–0.40 V), the Cu
concentration continues to increase, while the total concentration of the associated metals
(ΣMe) remains almost unchanged. This indicates a selectivity plateau in which increased
anodic polarization leads to an increase in the Cu dissolution rate without the significant
involvement of Sn, Pb, Ni and Fe.

At more positive potentials (≥0.40–0.50 V), a significant increase in ΣMe begins, which
defines the upper limit of the selective range. A further increase in the potential no longer
improves the Cu selectivity; instead, there is a simultaneous dissolution of other metals and
a loss of selectivity. Figure 6 thus defines the working potential window for the selective
electrochemical leaching of Cu in a sulfate–glycine electrolyte. It is limited, on the one
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hand, by the activation of Cu dissolution, and on the other, by the onset of simultaneous
dissolution of associated metals.

Figure 6. Potential-dependent concentrations of Cu and accompanying metals after potentio-
static leaching.

Figure 7 demonstrates the dependence of the Cu selectivity coefficient on the ap-
plied potential, calculated as the ratio of Cu concentration to the total concentration of
accompanying metals.

Figure 7. Dependence of the Cu selectivity coefficient on the applied potential.

At low anodic potentials (≤0.30 V), the Cu selectivity coefficient (SCu) remains low,
since Cu is practically insoluble. In other words, the process has not yet been activated,
and only a negligible amount of Cu enters solution.

With an increasing potential in the range of 0.30–0.35 V, a sharp increase in the SCu is
observed, which reaches a maximum at about 0.35 V. This corresponds to the beginning
of the effective anodic Cu dissolution, in which accompanying metals (Sn, Pb, Ni, Fe, etc.)
are still present in the solid phase or dissolve only in negligible amounts. Therefore, the
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highest process selectivity is achieved at about 0.35 V. This potential can be considered as
the center of the operating window for selective Cu leaching.

With a further increase in the potential (≥0.40–0.50 V), the selectivity coefficient
decreases, although the Cu concentration in the solution continues to increase. The reason
for this is that the associated metals are increasingly entering the solution. Co-dissolution
processes occur, which lead to a deterioration in selectivity and effectively establish the
upper limit of the permissible potential for the selective mode.

In general, a concept diagram of the potential-dependent leaching modes was created
based on the electrochemical and analytical data obtained in Sections 3.1–3.3 (Figure 8). It
shows the transition from an inactive state to selective Cu dissolution, and then to a range
of non-selective metal co-dissolution.

Figure 8. Conceptual diagram illustrating the potential window for selective Cu leaching from PCBs
material in sulfate–glycine electrolyte.

At potentials below 0.30 V relative to the Ag/AgCl reference electrode, practically no
anodic dissolution takes place. The electrochemical reaction in this area is based primarily
on capacitive processes in connection with the charge of the electric double layer, and not
on redox reactions.

In the medium potential range of 0.30–0.40 V, the Cu dissolution is kinetically favored,
while the dissolution of the accompanying metals remains strongly inhibited. This leads to
the formation of a pronounced maximum of Cu selectivity. The experimentally determined
optimum operating potential of 0.35 V is in the middle of this selective leaching window.

With more positive potentials, the joint dissolution of Sn, Pb, Ni and Fe begins. As a
result, Cu selectivity gradually decreases, although Cu itself continues to actively dissolve.

The selectivity of Cu dissolution observed in Figure 7 is determined by the combined
effect of the anodic oxidation of metallic Cu and its stabilization in solution by complexation
with glycine, while associated metals remain thermodynamically passivated at alkaline
pH (≈9.2).

The anodic oxidation of metallic Cu proceeds according to the following reaction
(Equation (4)) [33,34]:

Cu0 → Cu+ + e− (4)

The Cu ions are subsequently stabilized in solution by the formation of complexes
with glycine (Equations (5) and (6)) [35,36]:

Cu+ + Gly− = Cu(Gly) (5)
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Cu2+ + 2 Gly− = Cu(Gly)2 (6)

The formation of soluble Cu–glycinate complexes shifts the equilibrium towards
Cu dissolution and effectively reduces the potential required to maintain anodic oxida-
tion. As a result, the range of 0.30–0.40 V favors Cu dissolution both thermodynamically
and kinetically.

In an alkaline medium, associated metals such as tin (Sn), lead (Pb), iron (Fe) and
nickel (Ni) have a thermodynamic tendency to form hardly soluble hydroxide or oxide
phases. This leads to their passivation and limits the transition of these metals into solution.
The corresponding reactions can be represented as follows (Equations (7)–(10)):

Sn2+ + 2 OH− → Sn(OH)2 ↓ (7)

Pb2+ + 2 OH− → Pb(OH)2 ↓ (8)

Fe3+ + 3 OH− → Fe(OH)3 ↓ (9)

Ni2+ + 2 OH− → Ni(OH)2 ↓ (10)

Glycine does not form sufficiently stable, soluble complexes with these metals under
the studied conditions. Therefore, their anodic dissolution requires more positive potentials
than that of Cu. Within the experimentally determined selective potential window, these
metals remain passivated, and their contribution to the total content of dissolved metals
is minimal. With a further increase in potential (≥0.40–0.50 V vs. Ag/AgCl), the stability
of the passive hydroxide or oxide layers gradually deteriorates. This leads to the joint
dissolution of the associated metals, an increase in their total concentration in the solution
and, consequently, a decrease in the Cu selectivity coefficient.

The selective dissolution of Cu under potentiostatic control cannot be interpreted
solely on the basis of the thermodynamic nobility of the metals involved. In the applied
potential range, Cu dissolution is kinetically favored due to its electrochemical activation
and stabilization in solution by glycine complexation, while Sn, Ni, and Fe remain in a
passive or kinetically inhibited state. Although copper is present in the form of alloys or
composite phases, selective anodic dissolution can occur by preferential dissolution of
copper-rich surface domains without simultaneous dissolution of the alloying elements.
In addition, Cu cementation on more reactive metals is suppressed under conditions of
anodic polarization and stabilization of copper in a complex form in alkaline electrolytes.

Table 1 shows the concentrations of metals, Cu selectivity, and metal recovery
in the solution after 30 min of potentiostatic leaching at different potentials in a
sulfate–glycine electrolyte.

Table 1. Concentrations of metals, Cu selectivity, and metal recovery at different potentials (potentio-
static leaching, 30 min).

Potential (V vs. Ag/AgCl) 0.2 0.3 0.35 0.4 0.5

Cu (mg L−1) 1 45 120 150 210

Sn (mg L−1) 0.1 0.3 0.6 1.2 2.5

Pb (mg L−1) 0.1 0.2 0.4 0.9 1.8

Ni (mg L−1) 0.06 0.11 0.15 0.29 0.57

Fe (mg L−1) 0.05 0.09 0.21 0.42 0.84

ΣMe (mg L−1) 0.31 0.70 1.36 2.81 5.71

SCu 3.23 64.29 88.24 53.38 36.77
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Table 1. Cont.

Cu recovery, % 0.04 1.83 5.22 5.97 8.70

Sn recovery, % 0.03 0.11 0.18 0.38 0.71

Pb recovery, % 0.07 0.08 0.19 0.55 0.72

Ni recovery, % 0.05 0.11 0.13 0.23 0.57

Fe recovery, % 0.02 0.02 0.06 0.15 0.23

At a low potential of 0.20 V, the concentrations of all metals in the solution remain
low, which indicates the almost complete absence of anodic dissolution. With an increase
in potential to 0.30–0.35 V, a sharp increase in Cu concentration is observed, while the
concentrations of Sn, Pb, Ni and Fe remain in the trace range. This indicates a selective
activation of Cu dissolution, while the associated metals remain passive. In this poten-
tial range, the total concentration of the associated metals is minimal, which leads to a
pronounced maximum of the Cu selectivity coefficient SCu. The maximum SCu value is
reached at a potential of 0.35 V. With a further increase in potential (≥0.40 V), the total
concentration of the associated metals increases sharply due to the onset of their common
dissolution. Consequently, the selectivity coefficient SCu gradually decreases, despite the
continuous increase in Cu concentration.

While Cu selectivity was defined in this study on the basis of the metal concentrations
in solution in order to reflect the electrochemical activation under potentiostatic control, the
metal extraction values calculated by means of mass balance were additionally analyzed in
order to evaluate the influence of the composition of the starting material. In the selective
potential range of 0.30–0.35 V, Cu extraction reaches several percent, while the extraction of
Sn, Pb, Ni and Fe remains below 0.2%. The same trend is manifested in the concentration
data, which confirms that the selective dissolution of copper is not an artifact of the initial
composition of the feedstock.

The calculated elemental composition of the WPCB feed for each applied potential, as
well as the average feed composition, is summarized in Table 2.

Table 2. Composition of WPCBs calculated for each potentiostatic experiment based on mass balance.

Metals
Potential (V vs. Ag/AgCl)

Average Feed
0.2 0.3 0.35 0.4 0.5

Cu, wt % 18.0 19.7 18.4 20.1 19.3 19.1

Sn, wt % 2.9 2.1 2.7 2.5 2.8 2.6

Pb, wt % 1.1 2.0 1.7 1.3 2.0 1.6

Ni, wt % 0.9 0.8 0.9 1.0 0.8 0.9

Fe, wt % 2.4 3.3 2.7 2.3 2.9 2.7

Despite the heterogeneity of the PCB waste material, the calculated compositions of
the starting solutions have only slight deviations between the individual potentiostatic
experiments. This internal consistency suggests that the mass balance-based approach
provides a stable estimate of the effective composition of the initial solution for each
experiment. The validity of this approach is also supported by the consistent correlation
between the calculated composition of the starting solution (Table 2), the concentration
profiles in solution and the corresponding metal recovery values (Table 1). The observed
selectivity trends remain unchanged, regardless of whether the evaluation is based on
concentration-based key figures or recovery values.
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3.3. Time-Dependent Cu Leaching Under Potentiostatic Conditions

To assess the temporal stability of the selective leaching mode, potentiostatic exper-
iments were performed at a fixed potential of 0.35 V. This potential corresponds to the
maximum Cu selectivity determined in Section 3.2.

Figure 9 shows the time dependence of the Cu concentration, the total concentration
of the associated metals (ΣMe), and the associated selectivity coefficient SCu. The Cu
concentration increases monotonically with time, which indicates a stable and continuous
anodic Cu dissolution under potentiostatically controlled conditions.

Figure 9. Time dependence of Cu concentration, ΣMe, and selectivity at 0.35 V vs. Ag/AgCl.

At the same time, the total concentration of the associated metals remains low through-
out the experiment and increases only slightly even with longer leaching times. This shows
that the selectivity of the process is preserved over time and is not limited to the initial
phase of polarization.

The Cu selectivity coefficient remains high over the entire period studied. This con-
firms that the selective Cu resolution is not limited to the initial phase of anodic polarization,
but is also preserved in long-term operation. The absence of a sharp increase in the total
concentration of the associated metals indicates that the simultaneous dissolution of Sn, Pb,
Ni and Fe is effectively suppressed at the selected potential.

The results show that a potential of 0.35 V is not only optimal in terms of instantaneous
selectivity (as shown in Section 3.2), but also represents a stable operating point for long-
term selective Cu leaching. This is of fundamental importance for the practical application
of the proposed electrochemical method.

4. Conclusions
The study showed that fragmented WPCBs can be used directly as an anode in an

electrochemical cell and prior separation of the components or special surface preparation
is not required. Despite the complex and heterogeneous composition of PCBs, their electro-
chemical behavior during anodic polarization in the sulfate–glycine solution is primarily
determined by Cu. This is confirmed by the fact that the voltammetric and potentiostatic
properties of the WPCBs are almost identical to those of a pure Cu electrode.

Experiments revealed a narrow potential range (about 0.30–0.40 V vs. Ag/AgCl), in
which Cu actively dissolves, while other metals present in the WPCBs (Sn, Pb, Fe, Ni)
remain almost unchanged. Within this range, a potential of about 0.35 V proved to be
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optimal, since the best balance between the speed of Cu dissolution and the suppression of
the dissolution of the accompanying elements is achieved here.

The reason for this selectivity lies in the fact that during anodic polarization, Cu is
stabilized by the formation of complexes with glycine in solution, and as a result it becomes
easily soluble. Other metals form dense, sparingly soluble hydroxide or oxide layers in an
alkaline medium, which impede their dissolution. With further increasing potential, these
protective layers disintegrate, and the bound metals also dissolve, as a result of which the
selectivity of the process decreases.

Further time-lapse tests showed that this range remains stable at a potential of 0.35 V.
Cu continues to dissolve uniformly, and the amount of other metals in the solution remains
negligibly low even in long-term operation. This means that the selected potential is suitable
not only for short-term tests, but also for practical, long-term selective Cu extraction.

The results of this investigation show that potentiostatically controlled electrochem-
ical dissolution in sulfate–glycine media can be applied to selectively recover Cu from
heterogeneous WPCBs. In this context, further development of the proposed approach
may involve assessment of current efficiency and energy consumption under optimized
operating conditions, as well as evaluation of process stability at increased solid loadings.
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