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In view of selectively recovering precious contents in electronic waste by combined electrochemical leaching
and deposition step in the same cell, this study presents electrochemical investigations of the two reactions
conducted in green deep eutectic solvents (DESs) for the case of silver. In addition to ethaline 1:2 formed
from choline chloride and ethylene glycol, propeline 1:3 with less nocive propylene glycol was tested.
Determination of the density, viscosity and conductivity of the two DES depending on temperature and their
water content could lead to ionicity values from 0.70 to 0.90, with a negative effect of these operating
parameters. Pure silver can be leached at 1 mA cm™2 with faradaic yield near 100% from the two DES,
provided sufficient temperature and water content below 5 wt%. Electrodeposition was thoroughly examined

by cyclic voltammetry and amperometry at transient or steady state at a rotating electrode, leading to Ag()
Received 8th February 2024 diffusivity values in the two DES. Kinet ters of the electrodepositi t delled
Accepted 22nd April 2024 iffusivity values in the two . Kinetic parameters of the electrodeposition reaction, modelled as

irreversible, were also estimated from cyclic voltammograms. Thick silver deposits were produced in 24

DOI: 10.1039/d4va00042k h-long tests at 60 °C and 0.25 mA cm™2 in a dry atmosphere with nearly 100% current efficiency. The
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deposits were formed by little coalesced regular grains of size 15-20 um and exhibiting fair adherence.

Due to the rapid development of technological objects, electronic waste (e-waste) represent an increasingly abundant and rich source of critical and precious

metals. Electrometallurgy in “deep eutectic solvents” (DESs) can be considered as green alternative to conventional hazardous treatments for the recovery of
precious metals. In this work, we consider the potentiality of propeline, a DES with a lower toxic nature than frequently used ethaline, for the electrometallurgy

of silver. This study could serve as a reference for the electrometallurgy of other precious metals in propeline, such as gold and palladium. This work aligns with

goal 9 “industry, innovation and infrastructure”, goal 12 “responsible consumption and production” and goal 13 “climate action” of UN SDGs.

Introduction

The excessive development of new technological tools has led to
the overconsumption of resources. This trend not only corre-
sponds to the use of critical, rare, and precious metals but is
also the cause of a massive amount of waste. In this area, due to
their appreciable contents in precious metals, wastes from
electrical and electronic equipment (WEEE) represent an
important secondary resource of these metals."> However, the
recovery of these noble metals in conventional processes
involves numerous steps with the use of powerful agents, e.g.,
cyanides or aqua regia, that are harmful to human health and
environment. In this area, within a project funded by the French
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National Agency of Research (ANR), the authoring teams are
working with other partners in the development of a greener
process for the recovery of silver, palladium, and gold from the
printed-circuit boards of cell phones. The recovery is to be
conducted after the necessary stages for the removal of non-
metallic materials and the beneficiation of less precious
metals, e.g., copper, carried out by Terra Nova Development
(TND), industrial partner of the project. This process consists of
coupling in a single cell, electro-leaching (EL) of the metal
concentrate produced by TND and electro-deposition (ED).?
Besides, for the sake of its green character, the process has to
rely on green solvents. “Deep eutectic solvents” (DESs) formed
by a hydrogen bond acceptor (HBA), e.g., quaternary salts or
hydrated metal chlorides and a hydrogen bond donor (HBD),
exhibit attractive properties for the recycling of precious metals,
having a low reactivity and volatility, making them far less
noxious to the environment than corrosive liquors employed in
conventional processes. Their identified stoichiometry (HBA-
HBD) corresponds to a well-defined minimum in their
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melting point. In “Type III” DES,* the HBD is an organic
molecule. As an HBA, choline chloride (ChCl, or Ch" CI7) is
often employed with amines as in reline, a ChCl-urea mixture,
or alcohols such as ethaline (ChCl-ethylene glycol mixture). The
so-called ET1:2 and ET1:3 with 2 and 3 molecules of ethylene
glycol (EG) per choline chloride are the most well-known etha-
lines. As a matter of fact, as explained by Agieienko and Buch-
ner,” ET1:2 cannot be exactly considered as a DES since its
stoichiometry does not correspond to a eutectic, as shown in its
solid-liquid phase diagram. However, in this work, “DES” is
used to name the ChCl-based phase investigated. Because of
their acceptable viscosity in the range 10-100 mPa s depending
on temperature, ethalines have been selected for metal depo-
sition for higher mass transfer rates allowed. Besides, in the
present project, the presence of substantial CI~ concentration
in the ChCl-based DES allows the nearly complete complexation
of Ag, Au and Pd dissolved species by Cl ™, which facilitates their
anodic leaching and prevents the undesired formation of
insoluble AgCl, as in aqueous solutions. EG is nevertheless
known to be harmful to humans and animals in case of
repeated exposure or inhalation periods. In spite of the high
boiling point of EG (197 °C), less toxic alcohols can be preferred
as HBD, e.g., propylene glycol, which is used in particular in
pharmaceutical and cosmetic industry. The corresponding
stoichiometric blends with ChCl are called propelines, e.g.,
PROP1:2 and PROP1:3, with two and three propylene glycols per
ChCl, respectively. Propelines with costs comparable to those of
ethalines have been very recently used in electrochemistry for
Ni-Mo coating® and the anodic polishing of Ni and Co surfaces.”

This paper is related to the recovery of silver from the above
metal concentrate by (anodic) electroleaching, followed by Ag
electrodeposition on the cell cathode, using ethaline or propeline
as the electrolyte. For this purpose, first, the physical properties of
the DES were thoroughly determined, and the silver electro-
leaching and electrodeposition steps of the process under devel-
opment were then investigated. In view of designing a pilot plant
electroleaching-electrodeposition cell, accurate values for trans-
port properties and diffusion coefficient of Ag(1) species involved in
the limiting current density are required. Moreover, the main
features of the two electrode reactions, e.g., current efficiency,
kinetic parameters, and morphology of thick deposits, as in a plant
for silver beneficiation, have to be accurately determined.

The electrodeposition of silver in ethaline has been the topic of
numerous investigations, from the pioneering works of Abbott
et al.® In contrast, silver leaching has been seldom investigated,
except by Abbott et al.’® who studied the anodic leaching of nine
metals in an IL and Et1:2 and evidenced significant passivation for
some of them. Dissolved monovalent silver is often considered to
be in the form of AgCl, ," as reported in the literature. For elec-
trodeposition in ethaline, the diffusion coefficient D of Ag(i)
species has been determined by cyclic voltammetry (CV) using
Randles-Sevcik equation™® or by chronoamperometry (CA) at
a potential corresponding to mass transfer control and use of
Cottrell's law.**3**> Besides, the examination of the current varia-
tion in CA experiments in the first seconds for the study of the
nucleation-growth mechanism using Scharifker's model*® could
also lead to D estimates.""*'* With the temperature varying from
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20 to 70 °C in the various above quoted papers, Ag(1) diffusivity
varied from 2.75 x 1077 to 1.4 x 107® cm® s in ET1:2 for the
various methods mentioned above. The fairly broad range might
be due to the different electrode surface states and the interpre-
tation method, which is not detailed in some papers. Besides,
most silver deposits have been produced in tests shorter than one
hour,>**3%5 for which their thickness was lower than one
micrometer.

The present paper thus first presents the variations of
transport (bulk) properties with temperature in ET1:2 and
PROP1:3. This composition of propeline has been selected
because it is a homogeneous liquid at ambient temperature
contrary to PROP1:2, which remains partly solid at this
temperature. Vast data are already available for ET1:2 in the
literature, which is not the case for PROP 1:3 as it has been
scarcely studied to date. The bulk physical properties of the
solvent phase considered are electrical conductivity and
viscosity, depending on temperature and the water content. As
a matter of fact, the DES selected exhibit an appreciable affinity
to water so that they can absorb more than 10% water within
one or two weeks in contact with ambient air;*”** the conse-
quences of this absorption will be discussed in the manuscript.
Secondly, the electrochemical leaching of silver is discussed in
terms of current efficiency and electrode potentials in prepar-
ative dissolution runs at a fixed current density. Then, the
investigation of the electrochemical deposition of silver is pre-
sented; studies have consisted of either steady state techniques
under forced convection or transient methods such as CV or CA
for the determination of Ag(i) diffusivity and estimation of its
kinetic parameters. Finally, long-term deposition runs at fixed
current were carried out for the observation of the deposit
morphology and adherence on the substrate.

Experimental section and methodology
Preparation and characterization of DES

DES was prepared by mixing choline chloride (C5H;,CINO, 98%,
Fischer Scientific) and propylene glycol (CsHgO,, 99.5%, VWR) or
ethylene glycol (C,H¢O,, 98%, VWR) in a ratio of 1:2 (ChCl: EG)
and 1: 3 (ChCl: PG). The mixture was heated up to 60 °C in a closed
flask until a homogeneous liquid phase was obtained. No atmo-
sphere control system was used for the preparation of the DES.

The water content of the DES was regularly measured by
Karl-Fischer coulometric titration (KF831 coulometer Met-
rohm). The conductivity of the various solutions was deter-
mined by electrochemical impedance spectroscopy (EIS) by
analysing the response to the sinusoidal perturbation of the
potential (PEIS) in the 1 MHz-10 Hz range around the rest
potential. The cell employed (Radiometer) consisted of two
platinum electrodes, whose cell constant was found at
1.00 cm™ " by calibration with KCI solution in the range of 1.4-
13.1 mS cm™ . The accuracy of the determination was estimated
to be near 2%. The viscosity measurements were carried out
using a falling ball viscometer (Anton Paar AMVn). Finally, the
density of the solutions was determined using the oscillating U-
tube technique (Rudolph DDM 2911).

© 2024 The Author(s). Published by the Royal Society of Chemistry



Paper

Electrochemical experiments

All electrochemical experiments (conductivity, electroleaching
and electrochemical investigations) were carried out using
a Biologic VSP300 potentiostat controlled by EC Lab software.

In all experiments except for long term deposition tests,
a three-electrode electrochemical cell connected to a thermo-
stated bath was used in ambient air. The reference electrode
(RE) was a freshly polished silver wire (¢ = 1 mm, 11.5 cm long,
99.9% Ag Thermoscientific) insulated in a salt bridge (AL120,
Radiometer Analytical) filled with a 10 mM AgCl DES solution
(99.997% VWR). Ag(1) solutions were prepared either by weigh-
ing a given amount of AgCl (£0.1 mg) or by the electrochemical
leaching of an immersed Ag wire, followed by ICP-OES
(AVIO200, PerkinElmer) analysis. RE was calibrated every day
against the ferrocenium/ferrocene system (Fc'/Fc) in 1-butyl-3-
methylimidazolium Dbis(trifluoromethyl sulfonyl)imide ionic
liquid (BMIM NTf,, Iolitec) containing 10 mmol L™ Fe.

In electroleaching tests, the working electrode (WE) and the
anode was a 1 mm silver wire with an active area in the range of
1-2 cm? immersed in a volume of DES up to 20 cm®. The counter
electrode (CE, here the cathode) was a glassy carbon rod (diam-
eter at 3 mm, Thermoscientific) separated from the anode
chamber with an AL 120 salt bridge containing 5 cm® of the DES
considered; the undesired electrodeposition of the silver leached
at the anode could thus be avoided. The Ag(1) content in DES
solutions was determined by ICP-OES analysis after two dilution
stages with first 2 mol L™ HCI, then 1 mol L' HCI solutions.

For the electrochemical deposition of silver, the RE was similar
to the above-described reference electrode, whereas the counter
electrode was a glassy carbon half disk (10.61 cm?) and the working
electrode was a 2 mm Pt disk imbedded in a 11 mm PTFE shaft: the
WE was kept either motionless or rotated depending on the tech-
nique used. The silver DES solutions were prepared beforehand by
Ag electroleaching to observe the electrochemical behaviour at the
cathode of the anode-produced species, in view of emulating the
operation of the combined -electrochemical-electrodeposition
steps. In all the cases, voltammetric curves were corrected for the
residual current with Ag-free electrolytic solutions as well as for the
ohmic drop in the solution, using the resistance value estimated by
impedance spectroscopy at the open circuit potential.

Long term deposition runs were carried out in a small rect-
angular cell machined out of polyamide by 3-D printing. The
cathode and anode were two flat parallel silver plates (30 x 30
mm?) fixed at two facing inner sides with a 30 mm gap. Insu-
lating tape (Kapton®) limited the active area to 30 x 10 mm?”. A
thin silver slab pinched on the cell wall acted as the pseudo-
reference electrode. All electrodes were carefully degreased
and polished up 600 mesh emery paper before deposition runs.
This cell was inserted in a 400 mL double walled pyrex reactor
provided with a tight lid to allow runs at temperature over the
ambient level. A nitrogen stream (20 sccm) was continuously
injected to avoid water uptake by the DES phase from ambient
air. Both the anode and cathode were weighed before the run.
An electrolytic bath was prepared beforehand by dissolving
silver chloride in the DES at 60 °C and had a Ag(i) content near
58 mmol L™ ". The volume of the bath solution introduced of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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order of 20 cm® was determined by weighing and its Ag content
was determined by ICP-OES before and after the deposition run.
For the sake of more regular deposits, the temperature was fixed
at 60 £ 1 °C; the extent of evaporation of the glycol in the run
was checked to be below 0.2 cm® and was thereafter neglected.

After the run was conducted at 0.25 mA cm ™2 for 24 + 1 hour,
the electrodes were carefully rinsed with absolute ethanol, softly
dried by sweeping paper and then dried at 40 °C before
weighing. The water content in the DES solutions was found to
be below 1 wt% in all the cases. The morphology of the silver
deposit was characterised by SEM (VEGA3 SB, Tescan).

Methodology

Composition and transport properties of the DES used. In
this section, the solvent phase did not contain silver salt. In the
presence of water, the solvent phase can be considered as being
formed of ngpo moles of choline chloride, ngy moles of the
alcohol considered, and ny,o moles of water. ncnc is equal to 1,
and noy value is 2 or 3 for ET1:2 and PROP1:3, respectively. The
stoichiometric number 7y, can be calculated from the weight
content of water, wy,o, determined by Karl Fischer titration, and
the molecular weight of water, My,o. The molecular weight of
the solvent phase, My, can thus be calculated as

Mmix - ZniMi (1)

where subscript i is equal to ChCl, OH and H,0.

The molar conductivity Ay (in S cm* mol ') can be calcu-
lated from the ionic conductivity kmy (in S em™) and the
density pmix by the following relation.

M, ix
Amix = Kmix : (2)

Prmix

The molar conductivity and the solvent viscosity are related
physical parameters according to Walden's law

AmixMmix = constant (3)

where the 7, is the solvent viscosity. This law is derived from
Stokes-Einstein's law
D- M mix

= constant 4
7 ()

where D is the diffusivity of the electroactive species. The val-
idity of Walden's law for the solvents of interest can be exam-
ined by plotting the variation of log(/A i) versus log(1/nmi) for
a given DES at a specified T; diagonal variation in the plot
expresses the ideal case of fully dissociate electrolyte, whereas
vertical deviation from the diagonal represents the dissociation
degree of the electrolyte, i.e., its ionicity, as explained by Wu
et al. and Wang et al. for ionic liquids.**°

Determination of diffusivity and kinetic parameters by
electrochemical methods. The diffusivity of Ag(1) species was
estimated using several electrochemical techniques.

Two transient techniques have been employed in motionless
conditions.

Environ. Sci.: Adv., 2024, 3, 875-884 | 877
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With cyclic voltammetry (CV), diffusivity and kinetic parameters
were estimated by fitting experimental voltammograms to theo-
retical variations calculated using an in-house Matlab model. This
model consists of solving transient (second) Fick's law for the
concentration of Ag(1) depending on time ¢ and coordinate x from
the electrode surface, considering the linear variation of potential £
with time and the kinetic equation considered (reversible or irre-
versible kinetic model) with first estimates for the model parame-
ters.”** The solution methods consisted first of the part integration
of the equation yielded from the three starting relations (as sug-
gested by Oldham)* and then numerical integration. For an irre-
versible process, the yielded parameters were, in addition to D, the
charge transfer rate constant k, and the charge coefficient « for Ag
deposition with E scanning toward negative potentials.

Cottrell's law (5) was used to interpret the transient current /
(equal to S x i, where S is the geometrical area of the electrode)
over time in chronopotentiometric runs conducted at a poten-
tial corresponding to mass control conditions, namely, 200 mV
more negative from the deposition peak. Cp is the bulk
concentration of Ag() and n. is the number of electrons
involved (n, = 1). The plot of the current density versus ¢ /> led
to a linear variation in the range time 0.5-15 s, after the tran-
sient in nucleation and growth of silver for ¢ <2 s, and before het
occurrence of side-convection phenomena caused by undesired
vibrations in the room environment.

D
i = n,FCy\| — 5
J=nFCo\| — (5)

Besides, at steady state, Levich's law was used when the work
disk electrode rotated at an angular velocity w and at a potential
corresponding to mass transport control

Jiim = 0.621-n.FCow'2D?3y~ 116 ©

where jji, is the limiting current density and » is the kinematic
viscosity, ratio of viscosity nmix over density ppmix.

Results and discussion
Physical (bulk) properties of the DES

Density, viscosity and ionic conductivity of the two DES were
measured depending on temperature and water content. The

Paper

lowest water content of the DES phases used was 0.51 wt% for
ET1:2 and 0.06 wt% for PROP1:3.

The density of ET1:2 decreases regularly with temperature,
corresponding to a thermal expansion coefficient near 6 x 10 *
per °C, whereas the rate of decrease was slightly smaller for
PROP1:3 (Fig. 1(a)). Moreover, density is slightly decreased in
the presence of water owing to its lower density: this reduction
is of the order of 0.005 g cm 2 for ET1:2 at 6 wt% but only near
0.003 g cm * for PROP1:3 with comparable water contents
(Fig. 1(a)). The density values of the driest DES used were
compared to reported the data for these DES with a water
content below 0.1 wt%. The density of ET1:2 was measured at
1.116 and 1.108 g cm ™ at 25 and 40 °C, respectively, in excellent
agreement within 0.2% with the data reported by Ferreira et al.
and Gajardo-Parra et al***® Comparable agreement was also
observed for “dry” PROP1:3 densities found at 1.062 and
1.051 g em ™ at 40 and 60 °C respectively.

The viscosity of the driest ET1:2 was measured at 26.6 and
14.2 mPa s at 40 and 60 °C, respectively, in good agreement with
the corresponding data reported in Gajardo Parra et al.>® near 27
and 15.5 mPa s. The viscosity of PROP1:3 is larger than that of
ET1:2, but this relative difference decreases from 36% at 40 °C
to 20% at 60 °C (Fig. 1(b)), in accordance with Gajardo-Parra's
measurements. Both DES were found to exhibit comparable
decrease with the water content, being on average near 30 wt%
and 5 wt% water (Fig. 1(b)).

Finally, the conductivity of the two DES regularly increases
with temperature and the water content but with a significant
difference between their respective variations; the conductivity
of ET1:2 at 25 and 40 °C exhibits very similar variations with the
water content than those of PROP1:3 at 40 and 60 °C, respec-
tively (Fig. 1(c)).

The validity of Walden's law was investigated by plotting the
variation of log(/mix) versus 1log(1/mmix), both being in CGS unit
system, and comparing it to the diagonal (log(/Amix) = log(1/
Nmix))- For this comparison, the viscosity has to be expressed in
Poise, with the following conversion: 1 mPa s = 0.01 Poise.
Some viscosity data plotted in Fig. 1 have been used in the
preparation of this figure. In spite of the qualitative agreement
observed for the two DES (Fig. 2), the negative deviations indi-
cate only the partial ionicity of the solvent phases, in particular
for ET1:2.

(a) 60 (b) 2 (c)
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110 o ] ® ° B PROP1:3-60°C S 14 LY ]
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£ — o o (2] ] LY o
°109— © ET1:2-20°C ] € -8 E12-the® e 4
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Fig.1 Experimental transport properties of the two DES depending on temperature and their water content; (a) density of ET1:2 and PROP13; (b)
viscosity of ET1:2 and PROP1:3; (c) ionic conductivity of ET1:2 and PROP1:3.
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Fig. 2 Walden's plot of the two DES for various temperatures and
water contents: comparison of experimental data to the diagonal
(log(Amix) = log(l/mmix)); (@) ET1:2, (b) PROPL:3.

Moreover, the ionicity slightly decreased with temperature,
passing from 0.87 to 0.70 for ET1:2 at 25 and 40 °C, respectively,
and found at 0.84, 0.80 and 0.73 for PROP1:3 at 20, 40 and 60 °C,
respectively. Such an influence from temperature was also re-
ported by Pandey and Pandey for ethaline.*® This reduction
could be attributed to the fragilization of hydrogen bond
network in the solvent phase at higher temperature, reducing
the significance of Grotthuss-type charge transfer and thus the
overall conductivity. Moreover, for ET1:2, the ionicity of the
medium is visibly reduced by higher water contents, which is
due to the H bonds between the DES alcohol and water, as
explained in.*®

To conclude on this aspect, ET1:2 and PROP1:3 fairly obey
phenomenologic Walden's law, with likely incomplete dissoci-
ation of the choline ions. However, care has to be taken as the
above analysis is conducted only on the basis of macroscopic
measurements, in particular because of the complex nature of
the solvent phases.””

Electrochemical stability of the two DES

Firstly, the electrochemical stability of the two DES was studied
with a close water content (near 1.5 wt%) by linear voltammetry
(10 mv s ).

Fig. 3 shows the voltammogram from the rest potential first
to the cathodic potentials and then back to the anodic poten-
tials. The electrochemical window of ET1:2 and PROP1:3 was to
be found very comparable, being approx. 2 V broad, in good
agreement with the data published by Costa et al.*® in the case of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical windows of the two DES revealed by linear
sweep voltammograms on a Pt surface at 40 °C, 10 mV s~ tin the range
—0.75/1.3 V SHE™ (solid lines). Besides, linear sweep voltammograms
on an Ag surface at 10 mV s~tin the two DES are also given: ET1:2 at
40 °C (a) and in PROP1:3 at 40 °C () and at 60 °C (A).

ET1:2 and PROP1:2. The oxidation of chloride ions was
observed to start from 1.27 V SHE*,*° whereas the reduction of
choline occurs from 0.80 V SHE 1.3

Electrochemical leaching of silver

The leaching of silver was first studied regardless of Ag elec-
trodeposition in the two DES.

For this purpose, the electrochemical window of pure ET1:2
and PROP1:3 has been first explored through an LSV study on
a motionless Pt disk at 10 mV s~ at 40 °C (Fig. 3, solid lines); in
both DES, no visible current was observed in the range of —0.7/
+1.25 V SHE . Then, the anodic oxidation of a silver disk has
been evidenced in both DES by the same electrochemical
technique; this oxidation occurs near +0.1 V, very far from the
domain for side-chloride oxidation (Fig. 3, triangles). Moreover,
the voltammetric curves j~E in ET1:2 at 40 °C and in PROP1:3 at
60 °C are very close to each other whereas that for PROP1:3 at
40 °C is shifted to more anodic potentials. At 1 mA cm 2, the
potential in PROP1:3 at 40 °C is nearly 50 mV larger than that in
this DES at 60 °C; the anodic leaching of silver appears to be
facilitated by higher temperatures.

Leaching was carried out applying a current or an electrode
potential so as to obtain a current density of the order of 1 mA
cm 2. Leaching tests were conducted in hour-long tests to
prepare Ag(1) solutions with a concentration up to 25 mmol L.
To avoid the undesired passivation of the anode by AgCl
formation, observed in preliminary tests by water excess; its
content was below 3 wt% in the runs presented here. The area/
volume ratio was in the range 0.1-0.25 cm® cm 3. With ET1:2,
the temperature was fixed at 40 °C, whereas tests were first
carried out at 60 °C with PROP1:3 because of its high viscosity at
40 °C. The potential of the working electrode was generally
observed to vary by less than 10 mV during the electro-leaching
of the silver wire (Fig. SI-11). The slight potential drift observed
is likely caused by the absence of stirring in the lab cell. Chro-
nopotentiometric tests could thus be considered nearly chro-
noamperometric and vice versa.
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Table 1 Results of electro-leaching tests in ET1:2 at 40 °C and PROP1:3 (40 °C and 60 °C). Water content was kept below 3 wt%. CP is for

chronopotentiometry, CA for chronoamperometry

Electrolyte Method Charge (A s) T (°C) Eaverage (V SHE™) Javerage (MA cm ™ ?) @ (%) gravimetry @ (%) ICP-OES
ET1:2 CP 43.37 40 0.191 1 100.26 £+ 0.04 102 + 4
ET1:2 CA 43.29 40 0.188 1.01 100.46 + 0.02 97 + 8
ET1:2 CA 12.06 40 0.215 0.975 102.21 £+ 0.02 104 £ 4
ET1:2 CA 26.07 40 0.194 1.00 99.89 £+ 0.04 104 £1
ET1:2 CA 52.82 40 0.187 1.02 96.64 + 0.02 103 + 1
PROP1:3 CA 45.3 60 0.226 1.01 100.53 + 0.03 101 £ 7
PROP1:3 CP 45.76 60 0.235 1 90.1 £ 0.01 91.52 £ 0.02
PROP1:3 CA 11.29 40 0.558 0.925 36.24 £+ 0.08 50 +1

As shown by the current yields presented in Table 1, the
leaching step under these operating conditions can be carried
out with optimum efficiency, with the quantitative oxidation of
silver and visibly in the absence of a secondary reaction, what-
ever the surface/volume ratio.

Another leaching test was carried out in PROP1:3 at 40 °C
and at controlled potential; the current density was found to
decrease rapidly so that the potential had to be increased by
steps until 0.56 V SHE™" or so, allowing the current density to
remain fairly stable at 0.925 mA cm 2 (Table 1). The current
efficiency () determined by ICP-OES was then equal to 59%
(Table 1); both facts indicate the occurrence of a side reaction.
The above hypothesis of the temperature effect with PROP1:3
was confirmed by observations of the anode surface after
leaching by SEM. At 60 °C, the surface of the wire was rough and
uneven with the formation of cavities induced by the leaching
(Fig. SI-2bt). The comparable aspect of the anode surface was
observed after leaching tests with ET1:2 at 40 °C (data not
shown). On the contrary, with PROP1:3 at 40 °C, the formation
of a solid deposit can be observed (Fig. SI-2at). In addition, the
qualitative results obtained by EDX show the significant pres-
ence of silver chloride on the surface of the Ag wire at 40 °C
(Fig. SI-2ct), in contrast with the observations after the leaching
test at 60 °C (Fig. SI-2d+t). The formation of this AgCl passivating
film explains the low leaching yield and the difference between
ICP and gravimetric yield values.

Electrochemical deposition of silver: kinetics and diffusion
coefficient

The electrochemical behaviour of Ag in PROP1:3 and ET1:2
leachates, with emphasis on the diffusion coefficient of the
silver complex, was investigated at 40 °C by three techniques,
namely, cyclic voltammetry, chronoamperometry at a fixed
potential corresponding to diffusion-controlled Ag deposition,
and the Levich's method using a rotating disk electrode. The
water content in the DES was not larger than 4.0 wt% to avoid
a very large change in the viscosity, as discussed above.

Cyclic voltammetry

Potential cycling was conducted in all tests by sweeping first toward
cathodic potentials. To compare the two solvents, the solutions had
the same Ag(1) concentration at 25 mmol L' and the same water
content (3.5 wt%). Tests were carried out at 20 mV s~ " and 40 °C.
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First CV tests revealed that successive cycles were not
reproducible, with an increasing trend in the oxidation and
reduction peak amplitudes, as exemplified for ET1:2 at 40 °C in
Fig. 4(a). Sebastian et al.** reported similar observations with
reline 1:2.

A preparation method of the electrode surface relying on
successive CV scan and 20 min OCV periods was developed for
the sake of repeatable and reproducible voltammograms to be
obtained; as a matter of fact, the OCV phases allowed in the
protocol permit replenishment in Ag(1) species in the electrode
vicinity before the next CV.

The electrochemical behaviour of the Ag species present was
found to be very similar for the two solvents (Fig. 5). The reduc-
tion of Ag(1) appears as a peak (I.) at 0.12 and 0.093 V SHE " with
ET1:2 and PROP1:3; on the reverse scan, the I, peak at 0.188 and
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Fig. 4 Cyclic voltammetry of the Ag/Ag(l) system in ET1:2 at 40 °C
without (a) and with (b) the developed method consisting of (CV-
20 min OCV) cycles.
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Fig.5 Cyclic voltammetry at 20 mV s~* of the electro leachate of silver

(25 mM) in PROP1:3 (in black) and in ET1:2 (in red) with 3.5 wt% of water
content.

0.22 V SHE ! correspond to the oxidation of silver in ET1:2 and
PROP1:3, respectively. In spite of the same Ag(i) content, the peak
heights were not identical; this may be due to the higher viscosity
of PROP1:3, hindering mass transfer phenomena.

For the further interpretation of the CV curves, the model of
electrode kinetics—reversible or irreversible—had to be
selected. For this purpose, CV tests have been carried out at
various scan rates for 5 to 100 mV s ' with the two DES. As
shown in Fig. SI-3a,} the height of the reduction peak increases
regularly with the square root of the scan rate, indicating
diffusional mass transfer control of the deposition, whereas the
anodic peak varied very little with this rate, corresponding more
to the kinetic control of dissolution.

The potential of the reduction peak varies with the scan rate
(Fig. SI-3b¥); thus, the Ag-Ag(1) system cannot be considered as
(Nernstian) reversible, rendering Randles-Sevcik's relation not
applicable here.

An irreversible formalism for the electrodeposition kinetics
was then considered

. nF anF
J= ﬁkocb exp( — ﬁ (E — Eo)) (7)

involving reaction rate constant k, at OCV and cathodic charge
transfer coefficient a. E, is the potential at open circuit. This
formalism was used in the above Matlab program.

The cathodic charge transfer coefficient o was also deter-
mined for comparison purpose using the relationship between
variation the peak potential and the natural logarithm of the
scan rate, E = f{lnv) (Fig. SI-3bt), according to eqn (8).*

D'/2 anFv\ '
. In{ — 1
0.78 + n( 7 ) + n(RT)

Because D and k, are lumped parameters in eqn (8), this
relation has only been used for the estimation of charge transfer
a from the slope of the best fitting line. « was found to be near
1.5 for the two solvents investigated.

(8)

RT
Epeuc = B — —
peak onk
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Moreover, the treatment of the cathodic part of cyclic vol-
tammograms by the Matlab programme led to more precise
estimates for D, k, and «.

The values for the above parameters obtained are reported in
Table SI-17 for all the CV tests carried out.

In all the CV data, the very steep profile of the reduction peak
directly led to such high « values. The values for this coefficient
larger than 0.5 for Ag deposition were formerly reported in the
literature, as by Abbott et al.™ in DES, but also other authors
from aqueous complexing solutions.*"** As in the above quoted
papers, high « values might be attributable to the existence of
both decomplexation of dissolved Ag(i) species to “bare” Ag',
followed by the charge transfer, leading to metal silver. In case
the decomplexation is rate-controlling in the overall reduction,
high « values could be expected, as for the case of hydrogen
oxidation on platinum, whose rate is governed by the adsorp-
tion of the molecule prior to very fast charge transfer.** Besides,
the presence of a very high electrical field in the double layer
area may cause the deformation of the electronic cloud in the
complex Ag species: the (de)complexation free enthalpy would
then consist of the free enthalpy difference together with an
electrical term.** In such cases, the actual charge transfer
coefficient would contain an electrical contribution in addition
to the regular charge transfer coefficient. The two DES employed
here, with ionic strength of the order of 5 mol kg™ *, are to allow
very thin double layer thickness and thus high electrical fields,
in which the electrical contribution be visible.

In the present study, in spite of the preliminary « estimates over
unity, it has been preferred to fix « to unity in the Matlab program,
although the diffusion coefficient and the charge transfer coeffi-
cient were revealed dependent on each other. More precisely, D
varies with the reciprocal of alpha. This is in accordance with the
expression of the peak current density in irreversible reactions.”

Jpeak = 2.99 x 10° Cpa' 2 DV/2y1/2 9)

The treatment of the set of voltammograms showed that the
diffusivity of the Ag(1) complex was larger in less viscous ET1:2 than
in PROP1:3, D being on average near 6.0 x 10~ and 4.0 x 10’
cm® s, respectively. The charge transfer rate constant k, was
found to be larger for PROP1:3 than with ET1:2, at 2.2 + 0.3 x 10>
and 1.3 + 0.2 x 107> cm s, respectively. The corresponding
exchange current density was near 0.05 and 0.03 mA cm > for
PROP1:3 and ET1:2, respectively, which, in addition to the « values
close to unity, indicate that the reduction of the Ag(1) complex to
metal Ag is a fast electrochemical process, considering the
moderate concentration (25 mmol L") of the electroactive species.

Chronoamperometry under mass transfer control

The potential selected, as explained previously, was at —0.098 V
SHE ' for ET1:2 and —0.133 V SHE ' for PROP1:3. The elec-
trode surface was allowed to stabilise for 20 min at OCV before
the transient measurement in order to obtain reproducible
results. For the calculation of the diffusion coefficient from the
current transient after Cottrell's law, the time considered was
restricted to 0.5-16 s, as shown by the grey-colored area in Fig. 6.
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Fig. 6 Chronoamperometric test under mass control for Ag() at
25 mM in ET1:2 at 40 °C: transient of the current density recorded.
Inset, variation of the current density with time to the power % after
Cottrell's law. The grey-colored area indicates the time considered in
D determination.

The diffusion coefficient measured in the three replicate
experiments for each DES with water contents near 3.0 wt% was
found to be 4.0 x 10" cm®s ' in ET1:2 and 2.8 x 10" cm*s ™"
in PROP1:3 owing to the higher viscosity of PROP1:3 (Table SI-
11). Sousa et al. reported the diffusion coefficient estimated by

this method of about 3.8 x 10~7 em? s~ in ET1:2 at 45 °C."*

Measurement of the limiting current at a rotating disk
electrode

The third method was carried out at steady state using
a rotating platinum disk electrode at a potential corresponding
to mass transfer control, this potential selected from LSV curves
at 2 mV s~ ' was equal to —0.07 V SHE™' for PROP1:3 and
—0.10 V SHE ™" for ET1:2. The current was monitored at various
rotation rates for 5-10 min, but only the 2 last minutes period
was considered in the estimation of D using Levich's law.

In this time, the current measured was shown to be a linear
function of the square root of the angular velocity, as exemplified
in Fig. 7. The slope of the variation led to the estimation for the
diffusion coefficient of Ag(r) complex, found to be near 4.2 x 10’
em?®s ' in ET1:2and 2.9 x 107 em® s~ " in PROP1:3 (Table SI-17).

Discussion on the values for Ag(r) diffusion coefficient in the
two DES

Because of the significant variation of the viscosity of the two DES
with the water content, for possible comparison and discussion, it
has been preferred to consider the (Dn/T) group suggested by
Nernst-Einstein's relationship. For each DES investigated, the data
obtained using the same technique were averaged. The results
shown in Fig. 8 indicate a fair accordance between the two solvents,
indicating that the electroactive species diffusing to the cathode
has the same nature, presumably being the complex AgCl,".

To conclude on this sub-section, the nature of the technique
investigated was found to affect to some extent the diffusivity
value, but this fact, as formerly reported by Cussler,* is often
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Fig. 7 Variations of the current density of the rotating disk electrode
under mass transfer control with the square root of the angular
velocity w. The solid line corresponds to Levich's law (6).
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Fig. 8 Values for (Dn/T) group in Sl units obtained in the two DES at
40 °C depending on the electrochemical technique (data averaged per
electrochemical technique).

caused by the assumptions considered in the models developed
for the estimation of this property.

In particular, steady state and transient electrochemical
techniques may lead to somewhat different estimations. The
values for Ag(1) diffusivity in ET1:2 at 40 °C ranging from 2.8 to 6
x 1077 em? s~* are consistent to formerly published data at
comparable temperature levels."****

Coupling electrochemical leaching and electrodeposition of
silver

Galvanostatic deposition runs were conducted at 60 °C under
stirring in the polyamide cell described above, with two facing
silver plates as the working and counter electrode; silver
dissolution at the anode compensated its deposition at the
cathode to maintain a constant Ag(i) concentration in the bath
during the 24 hours-run.

In the tests presented here, the current density was at 0.25
mA c¢cm 2, corresponding to an overall current at 0.75 mA.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 9 SEM view of Ag deposits formed at —0.25 mA cm™2 at 60 °C
from Ag() solutions of ET1:2 (photo (a) and its zoom (b)), and PROP1:3
(photo (c) and its zoom (d)); Ag(l) concentration equal to 57 + 2 mmol
L% charge passed near 22 A's cm™2.

Taking into account the current applied and the operation time,
the theoretical thickness of the Ag deposit was estimated at 22
pum, assuming 100% compactness. During the runs, the cathode
potential was of the order of —20 mV vs. Ag reference, whereas
that of the anode remained between 15 and 25 mV. The surface
of the anode, although displaying no visible change, was care-
fully polished with 1000 mesh emery paper between each run.

No solid particles were observed in the cell bottom after the
run, indicating sufficient adherence of the Ag deposit. The loss
in the anode weight during the run was first shown to be
equivalent to the weight increase of the cathode. Moreover, it
corresponded within 3% to the theoretical weight amount after
Faraday's law. Besides, the mole number of dissolved silver
species in the cell, analysed by ICP-OES, was shown to vary by
less than 2%, which further demonstrated that both Ag elec-
troleaching and electrodeposition were carried out with
a current efficiency ranging from 96 to 100%.

The cathode aspect, although not shiny, was very bright. As
shown in Fig. 9, the metal deposited from ET1:2 and PROP1:3
consists of a compact sublayer composed of facetted metal
grains, with approx. 15-20 um and larger particles laying on the
top. With the two DES tested, the silver grains were of a regular
shape and homogeneous size (Fig. 9(b) and (d)). The
morphology of the deposits is consistent with those presented
in former works: the smaller grains size of the order of 5 um in
these works may be because of the very moderate deposition
thickness.”'"**'> The XRD spectra of the cathode reported in the
ESI (Fig. SI-4)t indicate that the solid consists of pure silver.

Conclusion

The electrochemistry of silver electroleaching and electrode-
position has been investigated in conventional ET1:2 and in
greener PROP1:3. On the basis of the physicochemical
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properties of the two DES considered, depending on tempera-
ture and water uptake, both electrochemical steps have been
studied. Silver electroleaching, a little diffusion-controlled
process, can be carried out with current yields very close to
100%, provided a water content restricted to a few percent and
a sufficient temperature with more viscous PROP1:3. Moreover,
the use of various electrochemical techniques allowed the
diffusion coefficient of the complex silver chloride to be deter-
mined, together with estimates for the kinetic parameters of the
fast but irreversible electrodeposition. The preliminary deposi-
tion tests carried out at 60 °C and 0.25 mA cm ™~ with the control
of the atmosphere humidity showed the possible formation of
20 um-thick deposits exhibiting a regular morphology. To
conclude, the set of results reported here clearly shows that the
greener PROP1:3 could successfully replace ET1:2, at least for
the case of silver electrochemical reactions.

More effort is being currently put on the production of thicker
deposits with the optimisation of the operating conditions for the
sake of regular and compact deposits to be produced with higher
rates. Besides, the case of Ag electrowinning from precious metal
blends (Ag, Au, Pd), as in the targeted project, will soon be
investigated in the two DES in dedicated electrochemical cells for
the selective recovery of the various metals contained.
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