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g concept for silver recovery from
photovoltaic cells in Ethaline deep eutectic
solvent†
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Ana Maria Martinez, b Anass Benayad a and Emmanuel Billy *a

Reducing the number of stages, energy costs and carbon footprint of recycling processes is essential to

overcome environmental challenges. The interest in replacing the acids used in traditional

hydrometallurgical methods with deep eutectic solvents (DES), which are less toxic and more

environmentally friendly, has been growing. The aim of this study is to estimate the potential use of this

class of solvents in an ionometallurgical process of leaching and electrodeposition to recover silver as

part of the recycling of solar panels, a major challenge of the years to come. In the present work,

a circular recycling concept based on an iron redox shuttle was studied to leach and recover silver via

electrodeposition. Different DESs were evaluated in combination with a hexahydrated iron(III) chloride

oxidizing agent. Ethaline DES has gained significant interest as it can attain a high silver leaching

efficiency of 99.9% on crystallized silicon cell scraps at 75 °C. The promising results led to

a comprehensive study of limits of this chemical system, focusing on the relation between the

concentration of species (iron and water), the interfacial potential of silver (electrochemical

measurements), and surface evolution (X-ray photoelectron spectroscopy analysis). Silver leaching was

determined as a mixed control mechanism involving chemical and species diffusion dependence. The

concentration of iron(III) chloride appeared crucial, determining the kinetic of formation of a poorly

soluble AgCl layer. Electrodeposition from leachate highlighted the need to use an oxygen-free

atmosphere to produce high-quality silver. Finally, leaching at 75 °C and electrodeposition at 50 °C of

silver from crystallized silicon cell scraps were demonstrated using Ethaline (1 : 2) + FeCl3$6H2O

(0.12 mol L−1) under an argon atmosphere.
Introduction

To face the environmental issues related to the use of carbon-
based systems, which generate enormous amounts of CO2,
photovoltaic (PV) production of electricity has steadily grown to
become an important source of renewable energy around the
world. In 2022, installed cumulative capacity overcame 1 TW
and is expected to reach 9 TW in 2050.1 The International
Renewable Energy Agency estimated that 78 Mt of end-of-life PV
modules will have to be managed by 2050, including almost 10
Mt in Europe, which are dominated by PV cells based on crys-
talline silicon (c-Si).2 Additionally, the global demand for silver
has been increasing and will continue to do so, as it is an
essential material in the fabrication of photovoltaic cells, while
the produced amount of silver remains relatively unchanged.3
00 Grenoble, France. E-mail: emmanuel.

tion (ESI) available. See DOI:

9183
Nowadays, most of the PV waste is landlled due to cost
consideration; however, this leads to environmental issues and
potential loss of thousands of tons of silver. The dismantling of
the rst generation of solar panels and the recovery of its
materials would be an important source of recycled silver for the
manufacturing of new panels in order to full the growing need
for green electricity in the future. PV waste is a potential
resource, which contains a large number of common materials
such as aluminium; glass; and high-value materials such as
copper, silver and silicon. Numerous chemical treatments have
been considered by various researchers to recover valuable
metals via hydrometallurgy. Harsh treatments to remove
metallic layers by reactive chemicals were demonstrated in
strong mineral acids, caustic solutions that are toxic and
require a large amount of wastes and post-treatment before
disposal.4–10 Alternative leaching reagents have been proposed
as environmentally friendly and non-toxic substitutes for acids,
such as halide leaching,11 or methane sulphonic acid (MSA)
combined with hydrogen peroxide.12 The deep eutectic solvents
(DESs) or assimilated solvents (CaCl2$6H2O : EG, ChCl : 2 EG,
ChCl : 4H2O) were also investigated as green alternatives for
© 2024 The Author(s). Published by the Royal Society of Chemistry
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leaching.13 The parametric optimization in ChCl : 4H2O
demonstrated the etching of silver from EoL c-Si PV cells at 65 °
C in 0.5 mol L−1 FeCl3.

In these approaches, the silver ions were selectively recov-
ered by AgCl precipitation. The selective AgCl precipitation is
a common approach, considering the convenience to add
chloride ions in the leachate. However, the precipitation by
chloride ions generates large amounts of wastes for reusing the
solution in another cycle of treatment. In chemical solutions
with sparingly silver chloride solubility (HNO3, H2SO4, MSA,
etc.), the contamination of the leachate by chloride ions
impedes another leaching step due to the low solubility that
would immediately form a passivating layer and prevent further
oxidation. In chemical solutions with a higher silver chloride
solubility (such as DESs or assimilated), AgCl precipitation
requires a strong dilution (10 fold dilution).13 Moreover, silver is
not in a higher value-added metal form. Thus, electrochemical
metal recovery has been investigated to convert silver chloride
under a metallic form via a wet chemical process, which then
underwent electrorening for purication to the 4 N level in
MSA.12 These approaches are conceptually limited to promote
a circular treatment. These conventional hydrometallurgical
owsheets or unit operations can be described as predomi-
nantly “linear,” in the sense that the reagents consumed are not
regenerated for subsequent reuse.14 To overcome the disad-
vantages of AgCl precipitation, electrochemical processes were
used for leaching silver by peroxydisulfate generated by sul-
phuric acid electrolysis (5 mol L−1). The silver dissolved could
be electrochemically recovered, but limited at 88% aer 24 h
and required a large consumption of acid by water electrolysis
and H2 formation.15

Thus, it is important to develop innovative, cost-effective,
and more eco-friendly methods to extract and recycle mate-
rials such as silver and silicon from end-of-life photovoltaic
cells. Our team is dening a circular recycling concept based on
ionometallurgy to recover metals.16,17 The general principle
associates a DES and a redox shuttle as an oxidizing agent for
silver leaching. Aer the leaching, the silver ions are electro-
chemically deposited to metallic silver, while the redox shuttle
is regenerated. The oxidizing agent regenerated during the
electrolytic deposition of silver can be reused in the next
leaching cycle. This alternative route is included within the
PHOTORAMA project (PHOtovoltaic waste management –

advanced Technologies of recOvery & recycling of secondary
RAw MAterials from end-of-life modules). The concept includes
principles of a novel and more sustainable approach promoting
the regeneration of reagents, closing solvent loops, preventing
waste, using benign chemicals and reducing chemical diversity.
A DES is the mixture of chemicals at their eutectic points, and
are composed of hydrogen bond acceptors (HBA) and donors
(HBD). One category of DESs oen consists of a quaternary
ammonium salt as the HDA and a carboxylic acid or an amide as
the HBD.18–20 The quaternary ammonium salt and the HBD
interact with each other, disturbing their crystallographic
structure.21,22 The use of DES to extract and rene metals is
challenging regarding an industrial approach.23 The circular
concept aims to benet from the DES advantages (low volatility,
© 2024 The Author(s). Published by the Royal Society of Chemistry
good chemical stability, etc.), while minimizing the economic
disadvantages regarding conventional acidic systems (prices,
post-treatment, and established process). A balance must be
found regarding the kinetics, the solubility and the diffusion of
reactive species to perform the leaching of silver effectively and
give acceptable electrochemical properties. As such, the
oxidizing agent has to diffuse easily in the medium and silver
must be easily complexed to promote the dissolution process.
Thus, low viscosity should be preferred to promote the diffusion
of the oxidizing redox shuttle.24,25 For eco-compatibility, low
toxicity, availability and economic reasons, only choline chlo-
ride (ChCl) was tested as the HBA.26–29 Moreover, a high chloride
concentration caused by ChCl would insure good solubility of
silver as complexes.30 The choice of HBD and its chemical
structure is hence essential and governs the DES properties at
least as much as the HBA. Its importance is well illustrated by
the widely different solubility of metal oxides with the same
hydrogen acceptor and should not be neglected in the choice of
a well-suited medium for silver recovery.31 The use of DESs as
alternatives to the conventional hydrometallurgy in metal pro-
cessing has previously been mentioned.32 Many studies have
highlighted the capability of different DESs based on ChCl,
especially when the latter is combined with urea or ethylene
glycol (EG), to highly solubilize and electrodeposit metals such
as iron, silver, gold, or cobalt.33–40 Recent articles investigated
the application of DESs for silver recovery from solar waste,13,41

and none in a complete process allowing to directly recover the
metallic form in a circular recycling concept. The leaching in
DESs is highlighted and oen optimized by a parametric
approach, while the efficiency is explained by the speciation
(ionic complexes under a chloride form such as [Ag(Cl)x]

1−),
without further information about the fundamental
limitations.13,42

This study aims to understand the silver leaching limitation
for dening an efficient recycling concept based on the circu-
larity of reagents through the leaching and electrodeposition of
silver. It combined a ChCl-based DES with an iron-based redox
shuttle. The suitable DES for silver leaching is evaluated
considering different HDBs. The promising results obtained
with Ethaline led to a comprehensive study of limits for this
chemical system, focusing on the relation between the
concentration of species (iron and water), the interfacial
potential of silver (electrochemical measurements), and the
surface evolution (X-ray photoelectron spectroscopy analysis).
The results revealed the importance to control the concentra-
tion in reactive species for an efficient silver dissolution. These
fundamentals insights were applied successfully to solar cell
scraps, demonstrating the efficient leaching and electrodepo-
sition of silver under a metallic form for a circular recycling
treatment.

Results and discussion
Choice of the DES

Several ChCl-based DESs detailed in Table 1 were pre-selected
as testing media, and the corresponding silver leaching rate is
represented in Fig. 1a. The results indicate that the Ethaline
RSC Adv., 2024, 14, 29174–29183 | 29175
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Table 1 List of tested DESs

DES HBA HBD
Molar ratio
HBA : HBD

Ethaline ChCl Ethylene glycol 1 : 2
Xylitoline Xylitol 1 : 1
Acetine Acetic acid 1 : 2
Oxaline Oxalic acid 1 : 1
Maline Malic acid 1 : 1
Reline Urea 1 : 2

Fig. 1 Effect of (a) DES, (b) ChCl/EG ratio at 60 °C, and (c) Ethaline 1 : 2
temperature on the pure Ag leaching rate. [FeCl3$6H2O] =

0.30 mol L−1.

Fig. 2 Leaching efficiency (circles) at 75 °C after 24 h and average
leaching rate (squares) depending on the Fe3+ concentration in
Ethaline 1 : 2.
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solution has the highest leaching rate of 3.4 mg h−1 cm−2 at 20 °
C (FeCl3$6H2O at 0.30 mol L−1). The corresponding chemical
reactions can be described by the formation of two silver chlo-
ride complexes, as expressed using eqn (1) and (2): 13,29
29176 | RSC Adv., 2024, 14, 29174–29183
Ag + FeCl3$6H2O 4 AgCl2
− + Fe2+ + Cl− + 6H2O (1)

Ag + FeCl3$6H2O 4 AgCl3
2− + Fe2+ + 6H2O (2)

In this work, the hexahydrated form of FeCl3 was chosen
because Xu et al.43 and Alfurayj et al.44 demonstrated that the
iron redox reversibility, charge transfer coefficient and reaction
rate constant were higher than those for the dry form, as well as
being cheaper. As shown in Fig. 1b, the variation in the molar
ratio between HBAs and HBDs in Ethaline indicated an
optimum for 1 : 2 composition, for which the highest leaching
rate of 18 mg h−1 cm−2 was obtained at 60 °C. Fig. 1c reports the
temperature effect on the leaching rate in Ethaline 1 : 2 + Fe3+

0.30 mol L−1. and reveals a strong increase in the leaching rate
with temperature from 20 °C to 100 °C, multiplying the kinetic
of leaching by 10 (3.5 to 38 mg h−1 cm−2). A recrystallization
temperature of 20 °C was observed for Ethaline 1 : 2, so it is the
lower limiting condition of operation. For examining the effect
of temperature on the leaching process, the Arrhenius equation
can be used to characterise the rate-controlling stage, described
using eqn (3):

k ¼ Ae
�Ea

RT (3)

where k is the leaching rate constant, A is the frequency factor,
Ea is the so-called activation energy and R is the universal gas
constant. Using the temperature data (Fig. 1c), the activation
energy of leaching was determined at 29.3 kJ mol−1. The acti-
vation energy of the chemically controlled reactions is usually
higher than 42 kJ mol−1; otherwise, the reaction is diffusion
controlled (4–13 kJ mol−1) or reveals a mixed mechanism (20–
35 kJ mol−1).45 Silver leaching is determined as a mixed control
mechanism, involving chemical and species diffusion depen-
dence. Thus, a higher temperature decreases viscosity and
increases simultaneously the species diffusion and the rate of
the chemical reactions (electronic steps, solubility limit, etc.) to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Voltammograms of a Pt wire at 20 mV s−1 and 75 °C in an
Ethaline 1 : 2 + Fe3+ 0.20 mol L−1 solution before and after 6 h of
leaching.

Fig. 4 (a) LSV curves of a Agwire at 0.2mV s−1 and 50 °C in Ethaline 1 :
2 with different amounts of water. (b) Tafel plots of the LSV curves.
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greatly accelerate the leaching step. However, the temperature
was limited to 75 °C, due to the modication of ChCl confor-
mation from a phase to b phase above 78 °C.46

Effect of FeCl3$6H2O concentration

In order to determine the effect of the redox shuttle concen-
tration on the leaching rate, Ag wires were leached at 75 °C with
different concentrations of FeCl3$6H2O. In Fig. 2, the leaching
efficiency and the average leaching rate over 24 h are reported,
as a function of the Fe3+ concentration. The leaching efficiency
h was calculated using eqn (4) as the ratio between the silver
mass loss ml and the theoretical mass loss corresponding to
a complete reaction (100% of Fe3+ reduced) with the volume V:

h ¼ ml�
Fe3þ

�
VMðFeCl3 $6H2OÞ (4)

The results indicate a minimum of 94% of leaching effi-
ciency when the concentration of FeCl3$6H2O is lower than
0.30 mol L−1. With 0.40 mol L−1, the leaching efficiency
decreases to 89%, dropping to 59% with 0.50 mol L−1 for
reaching 30 and 10% using 0.59 and 1.18 mol L−1 of FeCl3-
$6H2O respectively. In the last two cases, extending the leaching
reaction times up to 110 h showed that the percentage of mass
loss reached a plateau at 42% and 13% respectively. The
simultaneous evolution of the leaching efficiency and the
leaching rate reveals a chemical evolution around 0.40 mol L−1

in FeCl3$6H2O. At this critical concentration of FeCl3$6H2O, the
rate of leaching are suddenly reduced by a factor of ∼4. The
observation of a dark layer at the Ag wire surface suggests the
formation of an AgCl layer when using high FeCl3$6H2O
concentrations. Considering the solubilisation reaction of AgCl
(eqn (5)), the solubility product constant Ks can be expressed as
s2 (eqn (6)) with s equal to [Ag+] and being the solubility of AgCl.
This solubility s was estimated to be around 0.36 mol L−1,
corresponding to 51 g L−1, which is the highest value obtained
using eqn (7) for each Fe3+ concentration, as shown in Fig. 2:
© 2024 The Author(s). Published by the Royal Society of Chemistry
AgCl(s) = Ag+ + Cl− (5)

Ks = [Ag+][Cl−] = [Ag+]2 = s2 (6)

s = Ks = [Ag+] = [Fe3+] h (7)

The solubility of silver chloride in aqueousmedia is around 1
× 10−5 mol L−1 at 20 °C,47 whereas in a DES formed from
choline chloride and ethylene glycol, the solubility is
0.2 mol L−1.48 Considering kinetic and solubility limit of AgCl,
0.30 mol L−1 of FeCl3$6H2O appears to be the optimum
concentration for reaching more than 90% of theoretical Ag
dissolution with the fastest leaching rate (17.9 mg h−1 cm−2 at
75 °C). For a better understanding, the chemical system was
studied electrochemically. Fig. 3 displays the cyclic voltammetry
(CV) curves of a leaching solution at 75 °C before and aer 6 h of
silver wire leaching with 0.20 mol L−1 of FeCl3$6H2O. Before
leaching, the voltammogram shows only the Fe2+/Fe3+ couple
with the oxidation peak (A2) at 0.06 V and the reduction peak at
−0.06 V (C2) vs. Fe2+/Fe3+. Aer 6 h of Ag leaching, the vol-
tammogram indicates an additional reduction peak (C1) of Ag+

to Ag at −0.45 V vs. Fe2+/Fe3+ and the corresponding oxidation
peak (A1) of Ag to Ag+ at −0.30 V vs. Fe2+/Fe3+, conrming the
RSC Adv., 2024, 14, 29174–29183 | 29177
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Fig. 5 Recovered Ag wires after 16 h of leaching with (a) 0.03 mol L−1,
(b) 0.23 mol L−1, (c) 0.40 mol L−1 and (d) 0.60 mol L−1 of FeCl3$6H2O.

Fig. 6 XPS spectra focused on Ag and Cl of (a and b) Ag0.4 and (d an
percentage of (c) Ag0.4 and (f) Ag0.8.

29178 | RSC Adv., 2024, 14, 29174–29183
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silver leaching. In addition, silver wires were leached under the
same conditions using different FeCl3$6H2O concentrations:
0.03, 0.23, 0.40 and 0.60 mol L−1 (cf. Fig. S1†). The voltammo-
grams show the increase in Ag oxidation peak intensity in good
agreement with silver leached in solutions. The ratio iAg/iFe of
reduction peaks increases with the concentration in iron,
reecting the natural consumption in iron with the silver
dissolution. This ratio should be proportional with the
concentration introduced in oxidative agents, while it drops
from 0.40 mol L−1. It reveals a limitation in relation with the
FeCl3$6H2O concentration.
Relation between surface and leaching limitation

The linear sweep voltammetry (LSV) curves were recorded for
the silver material in Ethaline 1 : 2 at 50 °C with different
quantities of water in the solution. The resulting
d e) Ag0.8 wires during abrasion. Calculated atomic concentration in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Photographs, SEM images and EDX spectra of a c-Si cell piece
before (left column) and after (right column) 6 h of leaching with
0.10 mol L−1 of Fe3+.

Fig. 8 Photographs of PV cell scraps leachate (a) before filtration, and
after filtration (b) under an argon atmosphere and (c) opened to air
during leaching.
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voltammograms and the Tafel plots are displayed in Fig. 4 for
different molar ratios of Cl−/water. The higher molar ratio at
22.6 (no water added) indicates an oxidation peak of Ag around
−0.50 V vs. Fe2+/Fe3+ followed by a straight drop in current at
−0.34 V vs. Fe2+/Fe3+. The trend is conrmed with other water
contents. The sudden drop of current can be attributed to the
formation of a poorly soluble surface layer, such as AgCl. It is
visually conrmed by the blackening of the immerged part of
the wire.49 This surface layer is not protective, as demonstrated
by a signicant current at −0.20 V vs. Fe2+/Fe3+. However, the
reaction is limited either by the layer solubility or the mass
transport of active species in the layer. Voltammograms with
a higher water content indicate a similar prole for Ag oxida-
tion, with a slight positive shi in potential (Fig. 4b). The water
content shows a moderate effect if the Cl−/water ratio remains
below 1 (corresponding to 6.3 wt% of water). This content
corresponds to the proportion of water brought by the oxidative
salt FeCl3$6H2O at 0.72 mol L−1. These results are in line with
the study of Alfurayj et al.44 who explained that a moderate water
content has a low impact up to 10 wt%. Fig. 5 shows the pictures
of silver wires aer 16 h of leaching for different concentrations
in FeCl3$6H2O. For the lowest concentration of 0.03 mol L−1

(Fig. 5a), the wires did not signicantly change regarding the
size and the visual aspect. At 0.23 mol L−1 (Fig. 5b) and
0.40 mol L−1 (Fig. 5c), the size of the wires diminished, while
some silver pieces appeared darkened for the latter. The
phenomenon is amplied at 0.60 mol L−1 of FeCl3$6H2O
(Fig. 5d), while the silver wire almost retained the same size.
This colour change could be attributed to the formation of an
AgCl layer, which is favourable at higher FeCl3$6H2O concen-
trations. These observations are in agreement with the kinetic
results of leaching (cf. Fig. 2), and demonstrate a correlation
© 2024 The Author(s). Published by the Royal Society of Chemistry
between the surface evolutions with oxidant concentration,
which determines the kinetics of leaching. The precipitation
and the growth of AgCl on a silver substrate was studied in an
aqueous chloride solution, demonstrating a relation between
the silver surface and the kinetic of dissolution.49 Thus, the
surface evolution was further characterized by X-ray photo-
electron spectroscopy (XPS) for Ag wires leached at 0.40 mol L−1

and 0.80 mol L−1 of FeCl3$6H2O. The Ag 3d and Cl 2p core-level
spectra depth prole of samples Ag0.4 and Ag0.8 are displayed
in Fig. 6a, b, d and e, respectively. Ag 3d and Cl 2p orbital signal
pairs are located at 368.2–374.4 eV, and 198.0–199.8 eV,
respectively, conrming that the dark layer on the wires is AgCl.
The presence of satellite features in Ag 3d peak region at 372 eV
and 378 eV is the signature of metallic silver additionally to
AgCl.50 In the case of Ag0.4, the Cl signal of the last scan (t= 100
min) is almost invisible, corresponding to a depth of 350 ±

100 nm. However, even if the intensity of the Cl signal also
decreases for sample Ag0.8, it is still clearly visible at the same
depth. The atomic percentages of Ag and Cl were estimated, and
are plotted in Fig. 6c for Ag0.4 and 6f for Ag0.8. At t = 60 min,
the Cl atomic percentage of Ag0.4 is already very close to zero,
whereas the one of Ag0.8 is still equal to 13% at t= 100min. The
AgCl layer is 210 ± 60 nm thick for Ag0.4, and thicker than 350
± 100 nm for Ag0.8. It has been previously observed that with
a FeCl3$6H2O concentration of 0.40 mol L−1, the leaching effi-
ciency reaches 90% aer 24 h, with silver surface partly dark-
ened. On the contrary, at 0.80 mol L−1 of FeCl3$6H2O, the
leaching efficiency is around 20% aer 24 h, and silver
completely turned black. The AgCl layer thickness traduces
a lower permeability to the solution at high FeCl3$6H2O
concentrations. The thicker AgCl layer reduces the accessibility
of the oxidizing species, which is physically limited by the
layer's porosity.51 As the maximum leaching rate was found at
0.30 mol L−1 (Fig. 2), it means that the formation of undissolved
AgCl layer starts around this concentration. As a result, the
FeCl3$6H2O concentration in Ethaline 1 : 2 will have to be lower
to 0.30 mol L−1 to efficiently leach the PV cell scraps without
being kinetically limited by the formation of a thick AgCl layer.
Leaching of silver from c-Si cell scraps

The leaching of silver from crystalline silicon (c-Si) cell scraps was
performed in Ethaline 1 : 2 + 0.10 mol L−1 FeCl3$6H2O, in a glass
vessel either opened to air or under an argon atmosphere. For
RSC Adv., 2024, 14, 29174–29183 | 29179

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05135a


Fig. 9 (a) SEM image of Ag deposit obtained under an argon atmosphere. (b) SEM image used to do (c) Ag and (d) Fe element cartographies, and
(e) EDX spectrum of image (b).
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practical operation, the leaching step was performed three times
with the same recycled solution to consume all reactants and
concentrate the solution in Ag+ ions. Aer each leaching under
an air atmosphere, CVs were recorded and conrmed the
enrichment of silver ions (Fig. S2†), characterized by the evolu-
tion of the Ag oxidation and reduction peaks between each
leaching step. Scanning electron microscopic (SEM) images and
energy-dispersive X-ray (EDX) spectra realized before and aer
leaching conrm the complete dissolution (Fig. 7). Aer leach-
ing, SEM images indicate that Ag bars disappeared and the EDX
analysis spectra reveal only Si on the surface. The ICP-OES
analysis of the c-Si residue revealed that the Ag content was
reduced from 1.180 wt% to 0.001 wt% during leaching. The
chemical association of Ethaline 1 : 2 + FeCl3$6H2O enabled
a silver leaching efficiency of 99.92% from c-Si cells, regardless of
the atmosphere. However, a signicant colour difference was
observed depending on the leaching atmosphere. Before ltra-
tion, both leachates were opaque and greenish (Fig. 8a). Aer
ltration, the leachate obtained under argon (Fig. 8b) was yellow-
green and very light, whereas the one obtained under air (Fig. 8c)
looked orange and darker, indicating a different speciation of
iron. To evaluate the complete concept, the Ag electrodeposition
was investigated from the silver-enriched solutions.

Ag electrodeposition

To evaluate the complete concept, the electrodeposition was
studied using silver-enriched solutions (leachates obtained under
air and argon atmospheres). The electrodeposition was per-
formed by chronoamperometry at −0.47 V vs. Fe2+/Fe3+, 50 °C
under constant stirring. For both air and argon leachates, the
atmosphere was set tomaintain the same conditions. The deposit
obtained under air appeared heterogeneous, with an iron-like
color and a poor adhesion to the platinum substrate. SEM
29180 | RSC Adv., 2024, 14, 29174–29183
shows a ake-like morphology of the particles and a poor density
(Fig. S3†). On the contrary, the deposit obtained under the argon
atmosphere appeared homogeneous, with silver-like color and
good adhesion to the substrate. The argon atmosphere deposit
was characterized by microscopy. SEM images (Fig. 9a and b)
reveal some dense spherical particles of similar sizes. The images
(Fig. 9c and d) and the spectrum obtained from energy-dispersive
X-ray analysis (Fig. 9e) conrm a deposit composed of Ag con-
taining a few traces of iron and chloride, attributed to incomplete
washing. The mass fractions of elements determined by ICP-OES
are 98.8 wt% in silver and 1.2 wt% in iron. Thus, the electrode-
position of metallic silver is achievable in a hydrated Ethaline
solution, if keeping an air-free atmosphere. The air impact was
observed without being elucidated. Further electrochemical
investigations would be required to evaluate the secondary reac-
tions and their relations in solutions such as electrochemical
reduction of O2 in Ethaline media. Zante et al.13 mentioned the
destabilization of the leachate by the oxidation of Fe2+ by oxygen,
or the formation of insoluble oxy-hydroxide species.

Experimental
Materials

Choline chloride (ChCl) ($98%), ethylene glycol (EG) ($99%),
xylitol ($99%), oxalic acid (98%), FeCl3$6H2O ($99%) and
FeCl2$4H2O ($99%) were all purchased from Sigma Aldrich.
Acetic acid (99.9%) was purchased from Technic. Nitric acid
(69.5%) was purchased from Carlos Erba Reagents. Silver wires
of 2 mm diameter were purchased from Alfa Aesar.

DES preparation

ChCl and each HBD were mixed in a closed container at 40 °C
respecting desired molar ratio until it became fully liquid.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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FeCl3$6H2O was then weighed and added under stirring at the
same temperature until complete solvation.
Silver wire leaching

The comparison of leaching rates was performed by a gravi-
metric method to choose the adequate DES. Ag wires of
immerged known-area were weighed before leaching in DES
containing 0.30mol L−1 of FeCl3$6H2O, and weighed again aer
4 h in the solution under magnetic stirring (Fig. S4†), washed
with demineralized water and dried at 90 °C for 4 h. For each
experiment, the quantity of silver introduced corresponded to
the double of the stoichiometric quantity to not limit the reac-
tion by the metal supply.
XPS analysis

X-ray photoelectron spectroscopy (XPS) scans were recorded on
two Ag wires, one leached with 0.40 mol L−1 of FeCl3$6H2O
(noted Ag0.4) and the other one leached with 0.80 mol L−1 of
FeCl3$6H2O (noted Ag0.8). XPS analysis was performed using
Versa-Probe2 fromULVAC-PHI equipped with a localized focused
X-ray source consisting of monochromatic Al ka (1486.6 eV)
sources and an Ar-ion beam for ionic etching. The wires under-
went 2 min steps of ionic abrasion (Ar+, 2 keV) at a constant rate
of 7± 2 nmmin−1, separated by scans of 2min, corresponding to
depth intervals of 14 ± 4 nm. An X-ray beam spot size of 100 mm
diameter was used for both sources with a power equal to 25 W.
The take-off angle for photoelectron detection was 45°. All
experiments were performed with both electron and Ar-ion
charge neutralizations enabled under ultrahigh vacuum condi-
tions (p < 10−7 Pa). High-resolution spectra were recorded with
a pass energy of 23 eV for both energy sources, corresponding to
an energy resolution of about 0.6 eV.
Electrochemical characterizations and electrodeposition

Electrochemical measurements were carried out in a 50 mL
laboratory cell with a typical three-electrode arrangement
(Fig. S5†). Electrodes consisted of a Pt wire as the working
electrode (WE), a glassy carbon (GC) rod as the counter elec-
trode (CE), and a quasi-reference electrode (REF) made of a Pt
wire in a tube with a porous glass frit lled with a DES + Fe3+/
Fe2+ equimolar solution, from FeCl3$6H2O and FeCl2$4H2O
salts. In this way, all potentials reported are expressed in rela-
tion to the potential of Fe3+/Fe2+ xed at 0 V. Cyclic voltammetry
(CV) at 20 mV s−1, and open-circuit potential (OCP) measure-
ments were done using this conguration while leaching small
pieces of silver wires with an approximate length of 5 mm, in
over-stoichiometry compared to iron. Linear sweep voltammetry
(LSV) curves were recorded at 0.2 mV s−1 with an Ag wire WE in
Ethaline 1 : 2 containing different amounts of water. Ag depo-
sition using DESs aer leaching PV scraps was done at 50 °C in
the same cell by chronoamperometry (CA) on a 2 mm diameter
platinum disk, previously polished and washed.
© 2024 The Author(s). Published by the Royal Society of Chemistry
PV cell scrap leaching

Commercial monocrystalline silicon photovoltaic cells (c-Si, 15
× 15 cm) were used. The c-Si cells contain an anti-reective
coating, a silicon wafer, a rear passivation layer, silver wire
electrical contacts and aluminium backside contact. The cell
samples used in this work consisted of crushed pieces of size
between 1 and 10 mm, from which aluminium was chemically
removed following the process described by Palitzsch and
Loser.52 To prepare the leaching solution, FeCl3$6H2O was
added to an Ethaline 1 : 2 solution to obtain a concentration of
0.10 mol L−1 or 0.12 mol L−1. The theoretical amount of PV cells
that should be added to correspond to an equimolar ratio
between Fe3+ and Ag is too much compared to the volume of the
liquid and would make it impossible to stir the mix. The
leaching solution was consequently used multiple times to
leach different smaller fractions of PV until all Fe3+ ions have
reacted. Each leaching step was realized at 75 °C during 6 hours
under vigorous stirring (Fig S6 and S7†). At the end of each step,
as the solid settles fast, it was easy to recover the solution for
another leaching. Aer the last leaching step, the leachate was
ltered under vacuum on a 5–10 mm pore diameter paper lter.
The residue was washed three times with water then dried in an
oven at 90 °C for 24 h.

ICP-OES characterization of the PV cells and the Ag deposit

Samples of dealuminated crushed PV cell scraps were placed in
HNO3 4mol L−1 at 90 °C under reux during 4 hours to leach all
metals from the silicon. These solutions were diluted with 2%
HNO3 to adjust the concentration, and analysed by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES 725
Agilent Technologies) to quantify the mass content of silver in
the cell, before and aer leaching. The Ag deposit composition
was also investigated following the same preparation method.

SEM/EDX characterization

Pieces of c-Si cell scraps and Ag deposit were investigated using
a high-resolution LEO 1530 FEG-SEM Scanning Electron
Microscope (SEM) at an applied voltage of 3 kV. The surface of
the cells and the composition of the deposit were analysed by
Energy-Dispersive X-ray Spectroscopy.

Conclusions

A circular concept based on ionometallurgy has been studied to
leach and recover silver by electrodeposition. Different deep
eutectic solvents were evaluated in combination with a hexahy-
drated iron(III) chloride oxidizing agent. An Ethaline DES gained
great interest to replace the conventional strong acids used in
hydrometallurgical processes to treat solar cells. Its high chlo-
ride content is favourable for silver solubilisation with
a moderate activation energy determined at 29.3 kJ mol−1. In
this study, the difference of leaching in the chemical system was
not associated to the different speciation, as mentioned for the
system formed from a molar ratio of 1 choline chloride : 4 water
and 0.5 mol L−1 of FeCl3. Silver leaching was determined as
a mixed control mechanism, involving chemical and species
RSC Adv., 2024, 14, 29174–29183 | 29181
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diffusion dependence. The concentration of iron(III) chloride
appeared crucial to ensure proper silver dissolution kinetics.
The concentration in the oxidizing agent controlled the
formation of a poorly soluble AgCl layer, which required
maintaining a concentration below 0.40 mol L−1. It was found
that the appropriate condition for the silver leaching was
treatment with 0.20–0.30 mol L−1 FeCl3$6H2O at 75 °C. Under
appropriate conditions, the silver leaching efficiency from
photovoltaic cell scraps reached 99.9 wt%, with a kinetic around
20–30 mg h−1 cm−2. The silver electrodeposition was demon-
strated in an air-free atmosphere. The air impact was observed
without being elucidated. Further electrochemical investiga-
tions would be required to evaluate the secondary reactions and
their relations. This study demonstrated a complete chemical/
electrochemical recycling process of silver from photovoltaic
materials to valorise silver under a metallic form. The optimi-
zation of electrodeposition and the estimation of the regener-
ation rate of the iron(III) chloride will have to be studied in the
future, as well as the ageing solution aer a large number of
processing cycles.
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Chem. Soc. Rev., 2012, 41(21), 7108–7146.

30 N. Fu, R. Lv, Z. Guo, Y. Guo, X. You, B. Tang, D. Han, H. Yan
and K. H. Row, J. Chromatogr. A, 2017, 1492, 1–11.

31 A. P. Abbott, M. Azam, G. Frisch, J. Hartley, K. S. Ryder and
S. Saleem, Phys. Chem. Chem. Phys., 2013, 15(40), 17314–
17323.

32 A. P. Abbott, G. Frisch, S. J. Gurman, A. R. Hillman,
J. Hartley, F. Holyoak and K. S. Ryder, Chem. Commun.,
2011, 47(36), 10031–10033.

33 Y. Dai, G.-J. Witkamp, R. Verpoorte and Y. H. Choi, Food
Chem., 2015, 187, 14–19.

34 B. Villemejeanne, S. Legeai, E. Meux, S. Dourdain,
H. Mendil-Jakani and E. Billy, J. Environ. Chem. Eng., 2022,
10(3), 108004.

35 A. P. Abbott, R. C. Harris, F. Holyoak, G. Frisch, J. Hartley
and G. R. T. Jenkin, Green Chem., 2015, 17(4), 2172–2179.

36 A. P. Abbott, J. Griffith, S. Nandhra, C. O'Connor,
S. Postlethwaite, K. S. Ryder and E. L. Smith, Surf. Coat.
Technol., 2008, 202(10), 2033–2039.

37 A. P. Abbott, K. E. Ttaib, G. Frisch, K. S. Ryder and D.Weston,
Phys. Chem. Chem. Phys., 2012, 14(7), 2443–2449.

38 G. R. T. Jenkin, A. Z. M. Al-Bassam, R. C. Harris, A. P. Abbott,
D. J. Smith, D. A. Holwell, R. J. Chapman and C. J. Stanley,
Miner. Eng., 2016, 87, 18–24.
© 2024 The Author(s). Published by the Royal Society of Chemistry
39 Y. Fan, Y. Liu, L. Niu, W. Zhang and T. Zhang,
Hydrometallurgy, 2020, 197, 105454.

40 W. Sánchez-Ortiz, J. Aldana-González, T. Le Manh,
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