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Palladium is a non-toxic platinum group metal indispensable for several industrial applications. It is among
the 44 endangered elements; hence, its recycling from secondary sources is crucial. Waste plated metal
wires from the fashion industry are an important waste stream for this precious metal. We propose
a sustainable route for Pd recovery where palladium peels off in its metallic state in a single-step, room-
temperature process. At the same time, readily oxidizable base metals are leached under very mild
conditions using a green oxidant, hydrogen peroxide, and lactic acid, a food chain byproduct. This
strategy is chemically rational, cost-effective, and environmentally friendly. The recovered Pd was
successfully recycled to fabricate source and drain electrodes in organic field-effect transistors. Waste
wires, recovered palladium flakes, and e-beam evaporated Pd electrodes were characterized by scanning
electron microscopy, energy dispersive spectroscopy, X-ray photoelectron spectroscopy, and atomic
force microscopy to examine their morphology and (surface) chemical composition.
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Sustainability spotlight

This manuscript reports on sustainable Pd recovery from waste fashion items by a chemical route where palladium peels off in its metallic state, while readily
oxidizable base metals are leached under very mild conditions using a mild oxidant, hydrogen peroxide, and lactic acid, a food chain byproduct. It contributes to
developing a circular vision in the broad range of industries using metals, e.g., aerospace, electronics, automotive and fashion. The route we propose is safe and
affordable. Its design is rational, since the route avoids the reduction step from the cationic to the metallic form that is required by routes already available in the
literature. Our research contributes to the achievement of the UN SDG, e.g., 11 (Sustainable Cities and Communities) and 12 (Responsible Consumption and
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Introduction

Pd is mainly used in catalysis, particularly in automotive
catalytic converters."™ The increasing demand for car engines
continues to deplete platinum group metal ores,>” placing Pd
among endangered elements.*® Finely divided Pd serves as
a catalyst in hydrogenation and dehydrogenation reactions,
while heated Pd facilitates hydrogen purification through
diffusion.” Pd-based galvanic coatings for jewellery and
fashion items are another important industrial use of this
precious metal.

Pd is commercially obtained as a by-product of nickel,
copper and zinc refining," through an energy-intensive, high
environmental impact refining process,"** such that the
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selective recovery of Pd from secondary sources becomes
crucial. There are waste streams that can provide a closed-loop
and sustainable source of Pd, such as spent catalytic converters
(SCCs) and electronic waste (e-waste). Here, the concentration
of Pd (2000 g per tonne in SCCs and 300 g per tonne in e-waste)
is higher than in natural ores (<10 g per tonne), such that urban
mining of these important secondary sources is environmen-
tally and economically viable.

Among others, pyrometallurgical or hydrometallurgical
processes are available for Pd recovery.'*"”

The pyrometallurgical route is energy-intensive with high
environmental impact, given the high melting point of Pd
(1550 °C). Hydrometallurgy makes use of an oxidant and
a lixiviant (usually aqua regia and cyanide) to dissolve metals.
The resulting leaching solution contains several metal ions.
Unfortunately, the strategies for Pd isolation are expensive
and labor-intensive.'® Hence, different physiochemical routes
have been explored to recover Pd from multi-metal leaching
solutions: solvent extraction,>'®' strong basic anionic resin,*®
molecular recognition,” solid and Pd(u)
photodeposition.

sorbents??*-2*
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In bio-hydrometallurgical routes, microorganisms are used to
leach Pd, e.g., using bacterial cyanogenesis for the in situ
production of cyanide.'” Microorganisms can also separate Pd()
by bio-reduction, bio-precipitation, chelation, extracellular
sequestration, biosorption and metal uptake.”® Plants' metabo-
lites, including phenols, saponins, alkaloids, organic acids,
proteins, etc., can reduce metal ions.*

Considering the state-of-the-art we just presented, we thought
about designing and demonstrating the proof of principle of
a more sustainable process for Pd recovery based on the leaching
under mild conditions (enabled by their high oxidizability) of
base metals present together with Pd in the Pd-including waste
while peeling off Pd in its metallic state.”” In this way, the
precious metal is recovered while avoiding the reduction step
transforming its cationic form to the metallic one, that is the
illogical core strategy shared by all other procedures.

In this work, we report on Pd peeling from waste metal wires
from the galvanic fashion industry by using a mild oxidizing
agent, H,0,, in an acidic environment obtained by using lactic
acid, a by-product of the food industry. The Pd-coated waste wires
were used to hold fashion items during their plating and
underwent the same plating process as the fashion items them-
selves. After removal from the wires' surface, Pd was obtained in
the metallic form, without any need for reduction. The peeled Pd
flakes were characterized by scanning electron microscopy (SEM),
energy dispersive spectroscopy (EDS), X-ray photoelectron spec-
troscopy (XPS), and atomic force microscopy (AFM) for their
morphology and (surface) chemical composition and bonding.
Furthermore, we successfully used the flakes to e-beam evaporate
source and drain electrodes in organic field-effect transistors. Our
approach to Pd recovery paves the way to safe, sustainable and
economically affordable Pd recovery and recycling.

Experimental
Waste metal wires

Waste Pd-plated metal wires were a gift from GPS Galvanica
(Montegiorgio, FM, Italy) and Settimi Galvanica (Macerata,
Italy). Those copper-based wires are used to hold fashion items
to be plated, such that they undergo the same process as the
fashion items. The plating process is described in the ESLf
Waste Pd-plated metal wires were used as received, without any
mechanical treatment.

Reagents

t-Lactic acid (2-hydroxy-propionic acid, 80% w/w, food, and
cosmetic grade, obtained from vegetable carbohydrate
fermentation, 1.19 ¢ ml™", 10.6 M; heavy metals <10 ppm,
mercury and arsenic <1 ppm, lead <0.5 ppm, and calcium and
sulfates <20 ppm) was obtained from Farmalabor (Canosa di
Puglia, BAT, Italy). Hydrogen peroxide 35% w/w (1.130 g ml ™,
11.6 M) was obtained from Italchimici Group. Ultrapure water
was produced via a Millipore Simplicity® UV system.

Commercial palladium was purchased from Kurt J. Lesker
company with a purity of 99.95%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Palladium peeling

Systematic experiments were carried out to optimize peeling
efficiency, reagents' concentrations, reaction time, and
temperature to avoid the Fenton reaction.

The optimal reaction mixture was obtained by adding 8 L of
a solution of lactic acid and hydrogen peroxide, respectively 2.11
M and 2.33 M in ultrapure water (1.6 L of lactic acid 80% w/w, 1.6
L of hydrogen peroxide 35% w/w and 4.8 L of ultrapure water) to
320 g of waste metal wires in a reaction vessel (made of High-
Density Poly Propylene (HDPP)), under a fume hood. The final
solution : waste metal wire ratio was 25 ml g~ . The mixture was
left at room temperature. Pd peeling was visually monitored.
After 6 h, the base metals’ leaching was complete, and the wires
were washed and removed. Thin and tiny Pd flakes stripped from
the metal wires were separated from the solution of base metal
ions via vacuum filtration, using a Gooch crucible, and washed
with 50 ml ultrapure water 6 times. They were dried overnight at
180 °C and weighed to calculate the yield of recovery.

Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS)

SEM was employed to examine wires, flakes, and e-beam evap-
orated electrodes obtained from the flakes (vide infra). The
experiments were conducted at an accelerating voltage of 5 kV,
utilizing both backscattered electron and secondary electron
imaging modes, with a JEOL FEG-SEM. We also analyzed the
chemical composition of the samples through an X-Max +
Energy Dispersive Spectrometer (EDS) from Oxford Instruments
equipped with an 80 mm? active area SDD.

X-ray photoelectron spectroscopy (XPS)

XPS analysis was carried out under vacuum (<10~ % Torr) using
Escalab 250Xi equipment (Thermo Fisher Scientific), equipped
with a monochromated Al K,, source at a power of 218.8 W (14.7
kv, 14.9 mA). The XPS full survey spectrum was acquired from
0 to 1350 eV, with a step size of 1 eV, dwell time of 100 ms and

Fig. 1 Pd peeling from waste wires. (a) Pd plated waste wire in the
open reaction vessel. (b) Reaction environment after 30 m at room
temperature. (c) Pristine and peeled wires after a 6 h-long process. (d)
Gooch vacuum filtration. (e) Dried and recovered Pd. (f) Pd peeled
flakes.
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Fig. 2 SEM images and corresponding EDS spectra of (a and b) waste wires; (c and d) peeled flakes from waste wires; (e and f) e-beam
evaporated electrodes from recycled Pd; (g and h) e-beam evaporated electrodes from commercial Pd.
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pass energy of 150 eV. Binding energies were referenced to the C
1s peak at 285.0 eV for aliphatic hydrocarbons.

Atomic force microscopy (AFM) and contact angle

The surface morphology of electrodes and PCBM films was
investigated by AFM. All images were taken in air at room
temperature on a Digital Instruments Dimension 3100, in
tapping mode, with Al-coated silicon cantilevers.

The contact angle was measured by using a contact angle
surface tensiometer.

Microfabrication of electrodes

Photolithography for metal electrode patterning was carried out
on 200 + 10 nm-thick SiO, on a 525 + 25 um-thick silicon wafer
purchased from WaferPro, San Jose, California. Interdigitated
circular Pd/Ti electrodes (40 nm/5 nm) had a width (W) of 2.5 cm
and an interelectrode distance (L) of 10 pm. The thickness of the
evaporated recycled Pd electrodes was 59 £ 1 nm, whereas that
of the electrodes deposited from commercial Pd was 48 + 1 nm.
For e-beam evaporation, Pd peeled flakes were compressed into
pellets using a laboratory Pellet Press PP25. The patterned
substrates were cleaned with a sequential ultrasonic bath in
isopropanol alcohol (IPA), acetone, and IPA, followed by UV
ozone exposure prior to the deposition of the semiconducting
thin films.

Semiconducting film fabrication and transistor
characterization

Thin films of phenyl-C61-butyric acid methyl ester (PCBM,
Solaris Chem) were spin-coated (1500 rpm, 100 s) on source and
drain pre-patterned SiO,/Si substrates from a 10 mg ml™*
solution in chlorobenzene, under a N, atmosphere (O, < 3 ppm
and H,O < 3 ppm). Prior to spin-coating, the solution was stirred
overnight. After spin coating, all devices were thermally treated
on a hotplate at 50 °C for 2 h. Transistor characterization was
performed by using a semiconductor parameter analyzer, Agi-
lent B1500A, on a home-made electrical probe station inside
a N, glove box, at room temperature.

Results and discussion
Sustainable approach to Pd peeling

A sustainable approach to peel Pd from waste metal wires is
based on a good oxidant that oxidizes the base metals without
oxidizing Pd in an acidic reaction environment. Hydrogen
peroxide is widely used in hydrometallurgical processes
because it is a safe, effective, powerful (standard potential 1.78 V
versus the standard hydrogen electrode), and versatile oxidant.?®
Base metals, e.g., copper and nickel, reduce hydrogen peroxide
according to the following reaction:

H,0, + 2H* + Cu — 2H,0 + Cu** (1)

The non-toxicity of the reduction product (water) is note-
worthy. In our case, for the acidic environment, we used lactic
acid, a biobased platform chemical® obtainable from the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS full survey spectra of waste metal wires (a), peeled flakes
(b), e-beam evaporated electrodes from recycled Pd (c) and
commercial Pd (d) on SiO,.

upcycling of a wide range of carbohydrate-containing food
waste via bacterial fermentation.*

Lactic acid is known to dissolve copper*-*> but also to
complex metal ions, thereby providing an extra driving force for
base metal leaching. If HL indicates lactic acid in the acidic pH
range, copper can be solubilized as Cu®>*, CuL", and, especially,
CulL, according to the following reactions:

2HL + Cu — Cul, + H, (2)
HL = H "+ L~ 3)
Cu’* +L = CuL* (4)
Cu®" +2L" = Cul, (5)

The acidic dissociation of lactic acid is characterized by
pK, = 3.81. The stability constants for reactions (4) and (5) are
2.45 and 4.08.%*

The presence of copper ions in an acidic environment can
trigger a Fenton-like reaction at room temperature and atmo-
spheric pressure. Cu**-catalyzed Fenton-like processes can be
described as follows:**%

Cu’" +H,0, = Cu' +HO; +H" (6)
HO, = O, +H* (7)
Cu*"+ 0, " =Cu"+0, (8)
Cu’" +HO; = Cu'+0,+H' (9)

Cu* + H,0, + H" - Cu*' + HO' + H,0 (10)

The hydroxyl radical is the main oxidant under acidic
conditions. It is expected to further contribute to base metal

RSC Sustainability, 2023, 1, 2350-2357 | 2353
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Fig. 4 Transfer (a and b) and output (c and d) characteristics of PCBM FETs based on Pd source and drain electrodes from recycled Pd (a and c)
and commercial Pd (b and d). Top of the figure: scheme of PCBM FETs, the molecular structure of PCBM and electrodes' configuration.

oxidation due to its strong oxidation capacity (standard poten-
tial 2.80 V versus the standard hydrogen electrode).*® Nickel(u)
has been reported to enable the Fenton reaction, too.**
Preliminary experiments indicated that the energy-intensive
heating of the mixture to achieve Pd peeling in a short time (1 h)
is not safe. Indeed, the decomposition of H,0, by base metal
ions is challenging to manage because base metal oxidation
catalyzes the Fenton chemistry according to reactions in eqn
(6)-(10). In turn, this produces the strongly oxidizing hydroxyl
radical. Furthermore, the oxygen evolution is vigorous, and the
process's exothermicity further accelerates the reaction.®”

2354 | RSC Sustainability, 2023, 1, 2350-2357

Hence, the initial heating of the mixture to shorten reaction
times to 1 h is not recommended in the scale-up of the process
for both safety and sustainability reasons.

Concerning the reactants’ amounts, we progressively
reduced the reagent concentrations to those indicated in the
Experimental section (lactic acid and hydrogen peroxide,
respectively, 2.11 M and 2.33 M) to obtain a safe and complete
peeling of Pd in 6 h at room temperature. 0.6155 g of Pd were
recovered from 320 g of raw metal wires with a yield of 0.19%.
Fig. 1 includes the optical images of the Pd peeling process.
When lactic and hydrogen peroxide concentrations were halved

© 2023 The Author(s). Published by the Royal Society of Chemistry
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to find the lowest amounts of reagents needed for a complete
peeling, the reaction time increased to 24 h.

The solution volume to waste metal wire weight ratio is
another important parameter; to avoid the Fenton reaction,
such a ratio must be at least 25 ml g "

SEM and EDS

Waste wires, peeled flakes, and e-beam evaporated electrodes
from recycled and commercial Pd were studied by SEM and EDS
(Fig. 2, S3 and Table S17). The EDS spectra of the wire cross-
section indicate the presence of Pd, Cu, Au, Ni, N, Zn, and O
(Fig. 2b). EDS spectra from Pd flakes show mainly the presence
of Pd (Fig. 2d), whereas those of the e-beam evaporated elec-
trodes from recycled and commercial Pd show mainly Si, O, Ni,
and Pd (Fig. 2f) and Si, Pd, O, and N (Fig. 2h).

X-ray photoelectron spectroscopy (XPS)

The surface chemical composition of the wires, flakes, and e-
beam evaporated electrodes from recycled and commercial Pd
were investigated by XPS. The full survey spectra are presented
in Fig. 3. Table S21 shows the atomic percentages and binding
energies obtained from the XPS analyses performed on waste
wires, peeled flakes, and e-beam evaporated electrodes from
commercial and recycled Pd.

The main chemical species detected on the wires are Pd, C,
and Cu. The detection of C is likely due to protective polymer
coatings on the surface of the wires. The high-resolution scan,
Fig. S2,1 shows metallic Pd, Cu and their oxidized compounds.
In the flakes, the elements Cu, Ni, Ag, Pd, C, and Cl were
detected. The high-resolution scan, Fig. S3,1 shows metallic Pd
without oxidized compounds.

In e-beam evaporated electrodes from recycled Pd, survey
scans showed the presence of Ni. High-resolution scans (Fig. S4t)
showed that Ni is present as a mixture of metallic Ni and NiO.

(@) (b)
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Palladium is found only as a metal. In e-beam evaporated elec-
trodes from commercial Pd, survey scans showed that Pd is the
only metal (S was detected in these last samples too; high-reso-
lution scans in Fig. S5t showed the S,, = peak located at ca. 162
eV, which corresponds to S bonding to palladium).®

Elements detected by EDS and XPS are included in Table S1.+

Transistor characterization

After the morphological and chemical characterization of the
peeled flakes, we fabricated field-effect transistors based on e-
beam evaporated source and drain electrodes, both from
commercial and recycled Pd. We used the n-type organic
semiconductor phenyl-C61-butyric acid methyl ester (PCBM,
a soluble fullerene derivative) for the transistor channel
material.***> The output (drain-source current, Iy, vs. drain-
source voltage, Vg, for increasing values of the gate-source
voltage, V) and transfer (Igs vs. Vs, for increasing values of Vy)
characteristics of the PCBM transistors were measured (Fig. 4).
The mobility for transistors making use of commercial Pd, as
deduced from the transfer characteristics at saturation, was
107 em® V' 57! whereas it was 4.0 x 10°* em® V' 57! for
transistors using recycled Pd. The threshold voltage was about
27 V for both types of transistors, and the ON/OFF ratio (Ion/Iorr
calculated from I3 measured between Vg = 50 Vand Vg =0V,
at Vg = 50 V) was ca. 10° and 3 x 10 for PCBM FETs based on
commercial and recycled Pd, respectively.

The better performance of devices based on electrodes from
recycled Pd than those based on commercial Pd could be due to
several factors. One factor could be that the Ni-Pd alloy has
a lower density (10-11.5 g cm?) than pure Pd (12 g cm ™ ?),%
leading to electrodes thicker than those grown from commer-
cial Pd under the same evaporation conditions. Another factor
would be that the Ni-Pd alloy work function is lower (ca. 5.04-
5.35 eV) than that of pure Pd (ca. 5.22-5.60 eV).** This would

@
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Fig. 5 Atomic force microscopy (AFM) images of (a and e) the recycled Pd electrode surface; (b and f) commercial Pd electrode surface; PCBM
thin films on Pd e-beam evaporated electrodes from (c and g) recycled Pd, (d and h) commercial Pd. 5 um x 5 pm-sized images (a—d), and 2 um

x 2 um-sized images (e—h).
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bring about a decrease in the Schottky barrier between the
metal and the lowest unoccupied molecular orbital (LUMO) of
PCBM, in turn associated with an easier electron injection in
the PCBM film, paralleled by higher mobility.***® The surface of
electrodes from commercial Pd is more hydrophobic (contact
angle of 90.4 + 3.5°, Fig. S6t) than that of the recycled Pd
counterparts (85.6 &+ 2.6°).

Surface morphology

From the AFM images (Fig. 5), we deduce that the root mean
square roughness (rms) is 0.82 + 0.13 nm for the surface of
electrodes obtained from commercial Pd and 0.61 + 0.09 nm for
electrodes from recycled Pd. The rms value of the PCBM thin
film deposited on commercial Pd electrodes is 0.54 & 0.22 nm.
PCBM films deposited on the recycled Pd electrodes have
a smoother surface, with a rms value of 0.46 £+ 0.03 nm. The
rougher surfaces of commercial Pd electrodes lead to a rougher
PCBM thin film, which is expected to induce more structural
disorder and defects into the organic thin film, resulting in
more charge carrier trapping and lower transport efficiency.
This is probably another factor contributing to the better
performance of devices based on recycled Pd electrodes
compared to commercial Pd ones.

Conclusions

In conclusion, we demonstrated a sustainable approach for the
recovery of Pd, one of the precious metal elements, by utilizing
an environmentally benign oxidant, hydrogen peroxide, and
a food waste byproduct, lactic acid. Pd was successfully recov-
ered in its metallic state (not cationic, which would require
a further reduction step). Recycled Pd (including Ni, after the
XPS results) was e-beam evaporated to form the source and
drain electrodes of organic field-effect transistors. Surprisingly,
recycled Pd-based device performance is better than those of
commercial Pd-based ones. Through the investigation of the
(surface) chemical composition of the electrodes and structure
of thin semiconducting films and electrodes, we explain this
result considering the difference in the thickness of the elec-
trodes (higher for recycled Pd electrodes), roughness (lower for
recycled Pd electrodes, favourable for a continuous coverage of
the electrode surface) and, following the literature, a lower
Schottky barrier at the electrode organic semiconducting film
interface for Ni-including Pd recycled electrodes.

Work is in progress to (i) extend our approach to other
precious metals, like ruthenium and platinum, and (ii) improve
the sampling protocols to increase the solidity of the results.
Furthermore, we plan to use our recycled Pd electrodes to
prepare PdHx protodes to measure proton conductivity in
hydrated biomolecular thin films.
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