Corrosion of palladium in organic ligands as a gateway for sustainable recovery
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Palladium is a precious metal known for its exceptional physical and chemical properties and for its vital role in
various industrial applications. One of its mostimportant functionsis in vehicle emission control systems, where
it acts as a catalyst to convert harmful gases, such as carbon monoxide and nitrogen oxides, into less toxic
emissions. This process is vitalfor adhering to strict environmentalregulationsand reducing air pollution in urban
areas.

As the global focus shifts toward a circular economy, exploring secondary sources of palladium has become
increasingly important. This involves utilising urban mines, which primarily consist of electronic waste, spent
automotive catalysts, and otherdiscarded items containingthis valuable metal. Urban mining not only providesa
sustainable source of palladium but also lessens the environmental impact of traditional mining methods. By
recovering palladium from these secondary sources, we can promote resource efficiency, reduce waste, and
support the transition to greener technologies.

Currently, the main technologies used for palladium recovery are often characterised by high energy
consumption, resulting in high operational costs. Moreover, these methods often have negative environmental
impacts, including greenhouse gas emissions and hazardouswaste generation. Therefore, there is an urgent need
to develop more sustainable and efficient recovery technologies thatsignificantly lower energy consumption and
environmental impact while simultaneously increasing the overall yield of palladium extraction from secondary
sources. This shift is essential for economic viability, maintaining ecological balance, and promoting long-term
responsible resource management.

One of these technologies is electrochemical metal recycling. Chemical leaching of scrap is a key
environmentally sustainable method for metal recycling. In fact, leaching is an enforced corrosion process thatis
controlled by the electrochemical properties of the leaching metal. Various approaches are used to achieve eco-
friendly leaching of Pd, e.g., recovering palladium from spent catalystsvia a combination of mild acidic leaching
and photodeposition onto ZnO nanoparticles or carbon-based electrodes.

Electrochemical methods, such aslinear polarization, potentiodynamic polarization, which were developed in
the last century, are used to characterize the passivation of metals and the kinetics of chemical reactions, but it is
important to emphasize that these methods, which are applied by transmitting a direct electric current in order to
disturb the equilibrium between the metaland the contactboundary of the electrolyte solution, are partially limited.
The electrolyte solution under study and the wires connecting the electrodes of the electrochemical cell have a
resistance, called the uncompensated resistance, which causes an ochmic drop. This distorts the polarization curves,
misestimates the corrosion process rate, and misrepresents the kinetic model depicted by the potentiodynamic
curves.

Considering the shortcomings of the aforementioned studies, a non-destructive method can be used to study
the corrosion process: electrochemical impedance spectroscopy (EIS), which uses a small-amplitude alternating
electric current within a specified frequency range to characterize the corrosion of a material. Electrochemical
impedance is the ratio between the potential energy difference and the electron flow generated by a wave signal
transmitted in an electrolyte medium.

The driving force for recording an EIS signal is the application of an alternatingelectric current to an electrode,
thereby eliciting a characteristic response from the system. Typically, EIS data are interpreted using equivalent
electrical circuits (hereinafter referred to as EEG), whose elements have defined physical meanings.
Electrochemical processes can be described by three connected passive elements: a resistor (which resists current
flow), a capacitor (which accumulates electric charge),and an inductor (a coil of metalwire thatinduces a magnetic
field when an electric current flows). The components of the equivalent circuit, connected in a specific order,
represent the electrochemical processes occurring in the system under study, e.g., charge transfer, diffusion, ion
adsorption, and masstransferkinetics.

Moreover, the properties of the electric double layer (EDL) can be measured using the EEG model, which
assumesthe EDL is a perfect capacitorand thatthe current resistance corresponds to the resistance to ion flow at
the metal surface, accordingto Ohm's law. The application of EIS enables us to distinguish the contributions of
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different components to the alternating-current response by measuring charge-transfer resistance, double-layer
capacitance, electrolyte resistance, inductance, and other parameters, even when several electrochemical processes
occur atdifferent rates.

Our research is focused on the corrosion behaviourof palladium in eco-friendly solutions containing organic
ligands. The objective of this study is to elucidate the corrosion characteristics of palladium in 1 M aqueous
solutions of various ligands that promote complex formation by measuring essential electrochemical parameters,
including corrosion potential, corrosion current density, and polarization resistance.

Using electrochemical impedance spectroscopy allows us to study the process Kinetics, thereby improving
control over palladium leaching from spent catalysts. Through this investigation, we aim to develop a deeper
understandingof the interactions between organic ligands and palladium, ultimately advancing more sustainable
practices in catalyst management.

To compare and extend the understanding of Pd recovery, this study aims to elucidate the corrosion beha viour
of palladium by measuring key electrochemical corrosion parameters, including corrosion potential, corrosion
current density, and polarization resistance, in 1 M aqueoussolutions of various chemicals known to facilitate the
formation of Pd(l1) complex compounds. The solutions tested include KCI, KSCN, citric acid, glycolic acid, and
glycine. Using linear sweep voltammetry and electrochemical impedance spectroscopy, experiments were
conducted at20°C and 60 °C (Fig. 1).

E
200 -
0 0EBY  mO6BY %
£
0,5V 04V &4
N
150 b | eosv 2
£
o
o 2 4 [ 8
o o
£ E Z', 0cm?
g S
c o 100 -
N N
» L)
2
1 M‘
.-’../
0 50 100 150 200 250 300 0 50 100 150 200
Z', 0 cm? Z', 0 em?
(a) (b)

Figure 1. Electrochemical impedance spectra of palladium in 1 M KCI solution at20°C (a) and 60°C (b). Insets:
0.0 V (20°C) and 0.5V (60°C). Dots — experimentaldata, solid lines — fitting curve to models.

The resulting impedance data were analyzed and fitted to distinct equivalent electrical circuits to accurately
represent the observed electrochemical processes. Notably, the highest corrosion current densities were recorded
in glycolic acid solutions, which can inform the design of new palladium recycling technologies. Conversely,
palladium exhibited the slowest corrosion rate in solutions of KCI, KSCN, and glycine, suggesting that these
compoundsstabilize the metal's integrity.

An increase in solution temperature resulted in a notable shift of the corrosion potential of palladium towards
more negative values, except for KSCN and citric acid solutions. This trend coincided with elevated corrosion
current densities, underscoring the significant influence of temperature on palladium’s electrochemical behavior.
Furthermore, the formation of Pd(I1) complexes appeared to be favored under more positive applied potentials,
indicating a complex interplay between potentialconditions and the stability of palladium in these solutions. This
comprehensive analysis enhances our understanding of palladium's corrosion behavior across different chemical
environments.
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