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The increase of digitization, alongside the growth in consumer electronics and shortened life cycles, has led
to a significant global increase in the volume of electronic waste (e-waste). Printed circuit boards (PCBs) are
the most valuable components within e-waste due to the higher content of valuable (critical) metals
compared to ores. Although some of these metals can be recycled by traditional methodologies, e.g.,
pyro- and hydrometallurgy, the utilisation of deep eutectic solvents (DESs) offers the opportunity to
recover metals from e-waste with higher selectivity and lower toxicity. Yet, DESs are often characterised
by very high viscosity, which slows dissolution kinetics. This study investigates the effect of ultrasound on
the catalytic dissolution of metals, in the deep eutectic solvent formed from calcium chloride
hexahydrated and ethylene glycol. Copper(i) chloride was considered as an oxidising agent, which has
high solubility and reversibility in this solvent. High ultrasonic power prevented passivation leading to an
enhancement of copper dissolution at a rate 10 000-times faster than without ultrasound. Thus, leaching
rates determined with an optical profiler showed that metals can be extracted from a PCB much faster (7
um min~Y) with high power ultrasound rather than in silent conditions (0.6 um min™3), and this is
discussed in terms of chemical oxidation, passivation and cavitation activity.

The transition towards a low-carbon society will require significant material resources, and will generate substantial amounts of new types of waste. At present,
current flows and stocks of electronic residues, such as printed circuit boards can provide major amounts of critical metals and materials, but this is expected to
rapidly increase with the development of renewable energy technologies. Although e-waste can be recycled by traditional methodologies, e.g., pyro- and

hydrometallurgy, the utilisation of deep eutectic solvents (DESs) offers the opportunity to recover metals from e-waste with higher selectivity and lower toxicity.

This work emphasizes the importance of the following UN sustainable development goals: industry, innovation, and infrastructure (SDG 9), responsible
consumption and production (SDG 12) and climate action (SDG 13).

1 Introduction

waste collection and recycling (ca. 43%). The UK is one of the
highest producers of e-waste per capita (ca. 25 kg per capita). In

The significant global increase in the volume of electronic waste
(e-waste) is a function of increased digitization with a growth in
consumer electronics and shortened life cycles.® It has been
reported that less than 20% of the 55 Mt of annual worldwide e-
waste produced is properly collected and processed.>® Further-
more, at a production rate of 2.5 Mt per year, it is estimated that
by 2030 the volume of electronic waste will increase up to 75 Mt.
Europe is the largest producer of e-waste with ca. 17 kg per
capita, but is also the continent with the highest documented e-
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2019, it produced a total of 1.6 Mt of e-waste, containing ca. 380
000 kg of critical raw materials worth £148 M (ca. USD $170 M)
a year.* However, at present, most of the critical raw materials
contained within the e-waste generated in the UK are lost, due
to the lack of recycling infrastructure, the depletion of waste in
pre-processing recycling operations, and losses in high
temperature processes.’

Printed circuit boards (PCBs) contain significant concentra-
tions of different critical/technological metals, such as copper,
tin, lead, cadmium, chromium, zinc, nickel and manganese,
which can be as high as 30-40 wt%.® The content of precious
metals, such as silver, gold, platinum, and rare-earth elements,
on the other hand, can be more than 10 times the concentration
found in enriched mineral ores.” Although some valuable
metals, such as iron, copper and gold, are frequently recycled,
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processing plants do release materials, which represent
a serious threat to the environment and human health.**°
Traditional pyro- and/or hydrometallurgical processing routes
are commonly used for recovering metals from e-waste,"*"** but
ionometallurgy has been proposed as a more energy-efficient
approach for recovering metals,* and this has recently been
applied to e-waste."*>'® Ionometallurgy uses non-aqueous
solvents of high ionic strength, such as deep eutectic solvents
(DESs), which are mixtures of hydrogen bond acceptors (e.g.,
choline chloride, inorganic salts), with hydrogen bond donor
(e.g., ethylene, glycol, urea, glycerol).’” Overall, ionic fluids (e.g.,
ionic liquids, DESs) tend to have a larger electrochemical
potential window than traditional aqueous systems.' This
methodology, uses ambient temperatures, avoids toxic reagents
and has reduced water consumption.” However, the method
has relatively slow dissolution kinetics. The use of redox catalyst
can help to overcome these issues.” For instance, through the
selection of a particular DES with a redox catalyst, e.g., Cu"",
Fe"" jodine/iodide, it is possible to selectively separate the
different metals from a substrate such as PCBs or solar photo-
voltaic cells.”*”** Although the process enables a high selectivity
for the separation of metals - contrary to traditional method-
ologies - the process is mass transfer limited due to the high
viscosity of the solvent (ca. 40 mPa s).>* In fact, ionic solvents are
often characterised by very high viscosities, which is detri-
mental for the diffusion of metals ions and conductivity.

New ways to achieve efficient mass transfer between solid
and liquid phases have been developed recently for process
intensification, such as by using ultrasound reactors. High
power ultrasound can lead to both chemical and physical
effects, such as fast mass-transport, removal of passivating
surface layers and the exposure of new reaction surfaces, as well
as radical formation.”*?® Researchers have reported the use of
ultrasound-assisted leaching to recover metals from ores in the
presence of strong/corrosive mineral acids and bases.****
Alternatively, the use of ultrasound on the extraction/recovery of
copper in the presence of a DES formed with choline chloride
and ethylene glycol has also been reported.*»** Likewise, the
utilisation of high-powered ultrasound was reported to aid in
the delamination of active materials from both the cathode and
anode of spent lithium-ion batteries.** Similarly, it was reported
that, in the presence of a DES formed with choline chloride and
sulfosalicylic acid, ultrasonic erosion increases the total surface
area of the material, diminished the thickness of boundary
layers, and enhance the dissolution kinetics of metal oxides,
such as CoO, Ni,03, and Mn,0;.**

Here, we report the effect of high-powered ultrasound irra-
diation on the extraction of metals from a PCB sample in the
CaCl,-6H,0:EG eutectic solvent. Initially, the effect of ultra-
sound on metal oxidation/passivation was investigated in the
eutectic solvent, which was compared with etching experiments
performed in silent conditions. CuCl, was used as an oxidising
agent due to its electrochemical reversibility and efficiency to
solubilise copper. Leaching experiments were performed on
pure copper and nickel wires in silent and sonicated conditions,
and compared with the etching kinetic of a PCB sample con-
taining copper, nickel and gold. Etching rates were determined
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by optical profilometry before and after etching. The motion of
cavitation bubbles was also investigated in the eutectic solvent,
which was compared with the cavitation activity in an aqueous
system.

2 Material and methods

The DES was prepared from 1 mol eq. of calcium chloride
hexahydrate (CaCl,-6H,0, Fluka, >97%) and 1 mol eq. of
ethylene glycol (EG). The solvent was prepared by stirring the
components at 60 °C until a colourless homogeneous liquid was
formed. The solvent was removed from the heat and stored at
room temperature.

Ultrasound-assisted etching of pure copper and nickel was
performed by considering pure metal wires of 1.25 and 0.25 mm
diameter, respectively. The wires were embedded into epoxy
resin and polished with SiC abrasive paper down to 1200 grit
size, followed by polishing with diamond paste (6, 3, and 1 pm).
Anhydrous copper(u) chloride (CuCl,, Acros Organics, 99%) was
used as the oxidising agent. Etching was carried out by intro-
ducing the block in the DES with a nominal CuCl, concentra-
tion of 1 mol dm™® when working in silent conditions (but
slightly agitated), and 0.1 mol dm ™ when using the ultrasound.
A commercial ultrasonic system (Branson Sonics, 1.25DCXa20-
V) was used for this study. The system had a cylinder sonotrode
of 20 mm diameter, operating at 20 kHz, with a power variable
up to 1250 W (maximum power intensity of 398 W cm™?). The
ultrasonic horn was placed at a distance of 1 cm above the resin
block. The sample was etched step-wise in 40 mL of eutectic
solvent. Experiments in silent conditions lasted 60 min and
were performed at 50 °C. In the experiments with ultrasound,
four sonication pulses of 30 s were applied per experiment, and
the temperature of the solution was kept below 60 °C by using
a thermostatic bath (Julabo DYNEO DD-300 F). After each
ultrasonic pulse, the sample was removed from the solvent,
rinsed with acetone and dried in air to be analysed in an elec-
tronic optical microscope. 2D and 3D optical images of the
sample were captured by using a Zeta Instruments Zeta 2000
optical profiler using the inbuilt Zeta3D software version 1.8.5.
Images were constructed by determining the features of an
image that are in focus at different heights. These were then
analysed to produce a reconstructed 3D topography of the
surface of the resin block sample containing the metal wires.
Line profiles were measured across the surface, where the
dissolution rate was measured using a flat surface of an insol-
uble phase, that in this case corresponded to the substrate
holding the wires, to provide a reference height. After the cor-
responding images were obtained, the sample was returned to
the solvent to be sonicated.

The electrochemical measurements were conducted using
a three-electrode system, a platinum flag counter electrode, Ag/
AgCl saturated in 3 M KClI solution as a reference electrode, and
copper and nickel disc (of 1.25 and 0.25 mm diameter, respec-
tively) as working electrodes. The experimental setup used for
electrochemical measurement is described in Fig. S3 in the
ESL{ Linear sweep voltammetry (LSV) experiments were per-
formed in silent and sonicated conditions (using the same

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ultrasonic device), using an IVIUMnSTAT potentiostat/
galvanostat with the corresponding software. The LSV scan
rates were recorded between 10 and 100 mV s~ '. Before each
experiment, the working electrode was polished with 0.3 and
0.05 um alumina slurry, rinsed with acetone, and air dried.

The cavitation activity and mass transport/streaming effects
induced within the DES by the power ultrasound was assessed via
high-speed imaging (Fastcam SA-Z 2100 K, Photron, Bucks UK) of
the tip of a 500 W, 20 kHz ultrasonic horn (Sonics, Newton,
Connecticut, USA), during 15 s sonication at 30% input power. A
Perspex disk positioned ca. 4 mm below the tip of the horn,
provided a surface to mimic the influence of a PCB sample on the
cavitation development during the etch-rate measurements. To
capture cavitation structure and flow effects throughout the
duration of each sonication, imaging was undertaken at 5 x 10°
frames per second (kfps), via a macro-lens (Milvus 100 mm /2 M,
Zeiss, Oberkochen, Germany) and a 36 mm extension tube,
achieving a spatial resolution of 35 pum per pixel. Illumination was
provided via synchronous (to frame capture) 10 ns laser pulses at
640 nm (CAVILUX Smart, Cavitar, Tampere, Finland), coupled to
a liquid light guide and a collimating lens. This configuration
facilitates shadowgraphic imaging, whereby refractive index vari-
ations introduced through density or pressure fluctuations (above
threshold values) during the sonication, are also apparent. Whilst
the spatial and temporal resolution of the imaging are insufficient
to fully resolve the cavitation dynamics of any individual bubble,
they do allow the multi-phase flow and bubble structure evolution
within the DES around the tip to be assessed, throughout the 15 s
sonication. Moreover, bubble collapse shock waves (impulsive
pressure transients generated on bubble implosion) - reported as
influential for material exfoliation and delamination®® - may also
be imaged directly. For comparative purposes, equivalent obser-
vations were also undertaken with the tip of the ultrasonic horn
immersed in demineralised water as a host medium for which the
cavitation generated by power ultrasound were better understood
and characterised.

The ultrasound-assisted extraction of metals from a printed
circuit board (PCB) was studied by considering a gold-coated
PCB with block terminals of different geometries (kindly
provided by Atotech UK Ltd, Fig. 1). The sample did not have
any additional components, e.g., RAM, chips, and/or integrated
circuits soldered to the substrate. The rectangular block
terminals were separated from the PCB and used as individual
samples for experimentation. These experiments were carried
out by introducing the PCB in the DES with a nominal CuCl,
concentration of 1 mol dm™>, and sonicated with 50% power
intensity during three cycles of 30 s each (accumulative time of
90 s). 2D and 3D optical images of the sample were captured by
the same optical profiler.

3 Results and discussion

3.1 Metal dissolution from a PCB in silent condition - brief
review

It was previously reported the catalytic dissolution of metals
from PCBs in the CaCl,-6H,0:EG eutectic solvent as a potential
autocatalytic methodology for selective metal recovery from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Gold-coated printed circuit board with block terminals of

different geometries.

PCBs. This particular solvent has higher conductivity, lower
viscosity and lower glass transition temperature compared to
traditional DESs based on quaternary ammonium salts.
Although, the CaCl,-6H,0 : EG eutectic systems with ratios 1:2
and 2:1 have already been reported in the literature, the 1:1
ratio system is the optimal system in terms of viscosity (ca. 40
mPa s) and conductivity (ca. 19 mS em™ "), which is comparable
to that observed in ChCl:2EG (viscosity of 37 mPa s and
conductivity of 7.6 mS cm ). Further properties of calcium
chloride-based systems have been reported by Hartley et al.
(2022).>* In addition, CacCl, is the major dissolved component in
distillation wastewater generated in the Solvay process for the
production of sodium carbonate.’” On the other hand, EG is
already produced in large quantities as it is commonly used in
a wide range of applications, such as coolant and heat transfer
agent, and/or anti-freezing agent.

Two oxidising agents were reported as redox catalysts in this
medium, FeCl; and CuCl,, as both of them demonstrate high
solubility and fast electron transfer. In terms of metal solubi-
lisation, it was demonstrated that due to gold's positive redox
potential (about 0.4 V) did not dissolve, whereas nickel also
resulted less reactive presumably due to the formation of
a passivating film, as consequence of the relatively high-water
content in this particular DES (21.3 mol kg™ '). Thus, the cata-
lysts selectively solubilise copper, allowing gold and nickel to be
recovered by simple filtration. Leaching rates determined with
an optical profiler showed that CuCl, enabled faster leaching
kinetics (0.6 pum min~") and was thus a more effective oxidising
agent compared to FeCl; (0.1 um min ). Still, the average metal
extraction rate was about 0.35 pm min~*, which was limited by
the relatively high viscosity of the solvent (40.1 mPa s). Further
details on the catalytic dissolution of copper, nickel and gold
from a PCB sample in this particular DES have been published
elsewhere.”

3.2 Effect of ultrasound on metal oxidation/passivation

Fig. 2 describes the etch depth of pure copper and nickel wires
during 1 hour of experiment (silent condition) in CaCl,-6H,0:EG
with 1 mol dm ™2 of CuCl, as oxidising agent. The maximum etch
depth registered by both two metals was observed in the first

RSC Sustainability, 2024, 2, 403-415 | 405
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Fig. 2 Etch depth of (a) copper and (b) nickel (in mmol) over time in CaCl,-6H,0:EG with 1 mol dm~> of CuCl, as oxidising agent in silent
condition at 50 °C. Error bars represent the standard deviation from parallel experiments.

10 min of etching, which significantly decreased afterward.
During the solubilisation of metallic copper, the majority pass
into the solution as Cu' species according to eqn (1), i.e. [CuCl,]~
and [CuCl;]*~,*** which tend to accumulate at the interface
between the metal and the liquid. Over time, some of the Cu' ions
may be re-oxidised into Cu" ions by reacting with oxygen present
either in the surrounding air and/or the oxygen present in the
solvent, as described by eqn (2).

Cu" + Ccu’ - 2¢u! (1)
cu' B e (2)

However, as the oxidising agent was deliberately added in
excess, Cu" species such as [CuCl,]*~ and [CuCl;]” were also
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expected to be present. Cu' species tend to have lower solubility
than Cu" species in the presence of water molecules,*** and for
the same reason Cu' species tend to precipitate as crystalline
CuCl particles on the surface, hindering the dissolution of
metallic copper. The slightly increase in the etch depth of
copper after 20 min could be caused by the mechanical removal
of CuCl particles as the solution was slightly agitated. On the
other hand, it is known that nickel tends to form complexes
either with the anion or with an oxygen donor (usually in the
form of H,O) of the DESs depending on its concentration and
temperature, which affect its solubilisation. For instance, nickel
can form complexes with EG, i.e. [Ni(EG),]**,* whereas trichloro
complexes with two or three hydrated water molecules can also
be formed in the presence of water (water content above
5 wt%).>

(b)
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Fig. 3 Anodic linear sweep voltammetry (from top left) of (a) copper and (b) nickel in CaCl,-6H,0O:EG in silent condition at different scanning

rates.
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Fig. 4 Effect of ultrasound on the anodic linear sweep voltammetry of (a) copper and (b) nickel in CaCl,-6H,O:EG compared to the silent
condition (80 W cm™2 of ultrasound power intensity and 30 mV s~ of scan rate).

Fig. 3 shows the LSV for the anodic process of copper and
nickel disk electrodes in CaCl,-6H,0:EG in silent condition at
different scanning rates. These results confirm that both two
metals can be electrochemically oxidised in this medium.
However, the sudden decrease in current following the corre-
sponding peaks is characteristic of a passivation process,***°
which appears at more positive potentials when increasing the
scanning rate. Part of the passive layer tends to remain attached
to the electrode surface, as it was observed by the current
slightly increase after reaching the maximum peak, particularly
in copper (Fig. 3a). These results confirm that both two metals
tend to passivate by which their solubilisation rate can be
significantly reduced, as it was observed in Fig. 2.

Fig. 4 shows that ultrasound significantly increases the
current density by overcoming the passivation process, which
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’—g‘ 64 © 300 W cm?2
€
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°
x4
e
[
=
[e)
2 2
a
0 T T T T T T 1
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was independent of the scanning rate. Notice that Fig. 4
describes the anodic LSV of copper and nickel at a scanning rate
of 30 mV s, other scanning rates can be seen in Fig. S1 and S2
in the ESL.T In the case of copper (Fig. 4a), the initial rising part

Table 1 Etching rate (in mmol cm™2 min~) of copper and nickel in
silent and sonicated condition

Condition Copper Nickel

Silent 7.4 x1077¢ 2.2 x 107%
Ultrasound with 80 W ecm ™2 2.1 x 1072 1.6 x 10°
Ultrasound with 200 W cm ™2 1.1 x 102 5.4 x 1077
Ultrasound with 300 W cm ™2 1.9 x 1072 3.2 x 1077

“ Considering the period of time between 20 and 60 min (Fig. 2a).
b Considering the average etch depth (1.1 x 10~° mmol min~?, Fig. 2b).

(b)
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Fig. 5 Etch depth (in mmol) of (a) copper and (b) nickel under the effect of different ultrasound power intensities. Etching was carried out in
CaCl,-6H,0:EG with 0.1 mol dm * CuCl, as oxidising agent. Trend lines are also shown. Error bars represent the standard deviation from parallel

experiments.
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Fig. 6 Etch depth of copper in (a) silent (60 min) and (b) after 120 s of sonication (power intensity of 300 W cm™2) with 0.1 mol dm~> of CuCl in
CaCly-6H,0:EG. In the left-hand side, the 3D reflected light images (with line profiles) are described, whereas the topographic line profiles are

shown in the right-hand side of the corresponding 3D image.

of the linear sweep is most likely due to the formation of
[CuCl,]” or [CuCl;]*~ species, whereas nickel (Fig. 4b) could
have been coordinated either with EG molecules by forming
[Ni(EG);]*" species or with chloride to form tetrahedral [NiCl,]>~
species.”** As the layer of the ionic medium at the electrode
surface becomes enriched in less soluble ionic species, the high
activity of cavitation bubbles around the electrode (see Fig. 6)
allows preventing the layer of crystalline material to precipitate
onto the electrode surface, resulting in a significant increase in
current density.

Fig. 5 shows the etch depth of copper and nickel wires over
time under the effect of different ultrasonic power in CacCl,-
-6H,0:EG with CuCl, as oxidising agent. As it is shown, the
amount of copper and nickel that passes into the solution
increases when increasing the power intensity. Table 1
describes the etching rates of copper and nickel in silent and
sonicated conditions. Ultrasound enables a significant
improvement in the dissolution rate of copper (Fig. 5a), as with
a relatively low concentration of CuCl,, the dissolution rate was
more than 10 000-times faster with ultrasound compare to the
etching rate in silent condition (Fig. 2). It must be noticed that
contrary to the experiments performed in silent conditions with
1 mol dm™> of CuCl,, experiments under the effect of ultra-
sound were performed with 10-time less oxidising agent, i.e.
only 0.1 mol dm~* of CuCl,. The etching rate of nickel (Fig. 5b),
on the other hand, was slightly enhanced with the use of

408 | RSC Sustainability, 2024, 2, 403-415

ultrasound. Although, nickel speciation under the effect of
ultrasound has not been reported in the literature, it is known
that cationic complexes are formed at room temperature,
whereas chloride anionic species tend to prevail when the
temperature is high (e.g., above 50 °C).** In addition, nickel has
more susceptibility to water molecules than copper, as oxygen
becomes incorporated into the first coordination shell. As it was
observed, under the effect of ultrasound a small amount of
nickel was also solubilised.

Fig. 6 and 7 describe the etching depth of copper and nickel,
respectively, in silent (60 min) and sonicated conditions (120 s,
300 W cm ™ Y). In the case of copper, the 3D images confirmed
that it was etched in both two cases. Although the average depth
obtained in silent condition (14 £ 0.9 pm) was higher than with
ultrasound (4.4 £+ 0.6 pm), the dissolution rate of copper was
significantly enhanced by the effect of cavitation bubbles, which
was approximately 10 folds faster (2.2 pm min~ ') than in silent
condition (0.23 pum min~"). Nickel, on the other hand, did not
show signs of etching in silent condition (Fig. 7a), but about 2.9
+ 0.3 pm were extracted under the effect of a relatively high
ultrasonic power intensity at a rate of 1.5 um min " (Fig. 7b).
Interestingly, nickel showed a different texture morphology
under the effect of cavitation bubbles relative to the experiment
performed without ultrasound. Whilst in silent condition, less
soluble nickel product could have precipitated on the metallic
surface - hindering its dissolution and passivating it - the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Etch depth of nickel in (a) silent (60 min) and (b) after 120 s of sonication (power intensity of 300 W cm™2) with 0.1 mol dm™ of CuCl, in
CaCl,-6H,0O:EG. In the left-hand side, the 3D reflected light images (with line profiles) are described, whereas the topographic line profiles are
shown in the right-hand side of the corresponding 3D image.

motion of cavitation bubbles at the interface (Fig. 9) could have 3.3 Cavitation activity
prevent the formation of such passivating layers, allowing the

) High-speed imaging was used to assess the cavitation-bubble
metal to dissolve.

activity and mass transfer effects, induced during sonication.

Oms I +3 lms‘ +55ms
m
-

{

+205ms i +648ms

Fig. 8 Cavitation activity in demineralised water. Representative frames from a high-speed shadowgraphic sequence captured at 5 kfps during
a 15 s sonication at 30% power in water over (a) first ~50 ms and (b) up to ~1 s, which also represents the activity throughout the remainder of the
sonication. Red arrows indicate bubble-collapse shockwaves. The schematic represents the flow that can be observed from the imaging data in
movie format available as ESI.{ Scale is provided by the 6.4 mm diameter tip of the ultrasonic horn.
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Fig.9 Cavitation activity in CaCl,-6H,O:EG. Representative frames from a high-speed shadowgraphic sequence captured at 5 kfps, duringa 15 s
sonication at 30% power, in proximity to the surface of a Perspex disk. (a) Initial ~ 50 ms, (b) upto 1s, (c) ~1-1.3 s, and (d) 12-13 s. Red arrows
indicate bubble-collapse shockwaves. A schematic representing the flow observed during each regime is presented alongside the selected
frames from the sequence (apparent from imaging data in movie format available as ESI). Scale is provided by the 6.4 mm diameter tip of the

ultrasonic horn.

We present observations in both deionised water (Fig. 8) and
the CaCl,-6H,0:EG eutectic system (Fig. 9), for identical soni-
cation parameters. Ultrasonic horn sonications in water are well
studied,”* in comparison to sonications in more viscous
liquids generally, and ionic liquids/deep eutectic solvents, in
particular.

In water, the primary cavitation zone beneath the tip is often
characterised by development of a cone-like bubble struc-
ture,**** such as that captured at 205 ms (Fig. 8b). Fig. 8a depicts
the development of the conical bubble structure from the start
of the sonication, with other frames in Fig. 8b capturing oscil-
lations of the cavitation structure, including bubble collapse
shock waves (arrowed red, throughout). The sonication also
induces a downward flow in the region below the tip (also
known as acoustic streaming), which circulates through the

410 | RSC Sustainability, 2024, 2, 403-415

bulk liquid in counter-propagating swirls to each side of the
probe.*>*¢ Bubbles forming during the sonication, or particles
added to the liquid, can be used to trace this flow, as per the
schematic representations included within Fig. 8 and better
appreciated from the data in movie format (available as ESIt).

For a sonication in DES, the high viscosity may be expected
to influence the better-known effects in water. Fig. 9 demon-
strates that a downward stream of bubbles develops into an
‘inverted mushroom’ morphology, which is attributable to the
higher viscosity (ca. 40 mPa s in this particular DES). Once the
stream impacts the Perspex surface, a densely packed bubbly
vortex forms, spreading to approximately twice the width of the
tip-diameter, and is sustained for several milliseconds. For the
rest of the first second of the sonication (Fig. 9b), the vortex
evolves into a bulbous bubble structure extruding from the edge

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(b)
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(a) Cross section of a gold-coated block terminal of the PCB sample describing the distribution of gold (~0.7 um), nickel (~7 um) and

copper (~47 um). (b) 3D reflected light image of the cross section of the same sample.

of the tip, notably different to the conical structure formed at an
equivalent stage of the sonication in water, and reminiscent of
the structure reported as forming during sonication of glyc-
erine.”” From around 1.2 s into the sonication of DES (Fig. 9¢c),
the cavitation activity bears a closer resemblance to that
generated in water; with the appearance of a primary cluster in
contact with the horn tip, oscillating to generate bubble
collapse shockwaves,*® as highlighted by the red arrows. Then,
the most notable difference between the two liquids is the fine

bubble-mist sustained by the higher viscosity of the DES, which
extends through much of the field-of-view by the end of the
sonication period (Fig. 9d), which allows the acoustic streaming
flow to be qualitatively assessed, as represented schematically
within Fig. 9 (data in movie format is available as ESIf).

These observations suggest that the comparatively well
studied counter-swirling flow profiles induced by an ultrasonic
horn sonication in water, are also induced within DES, but are
confined to within smaller volumes at higher viscosities. We
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Fig.11 3D reflected light image of the cross section of a block terminal after chemical etching (a) in silent condition (1 mol dm~ of CuCl, for 2 h
at 50 °C) and (b) under the effect of ultrasound (0.1 mol dm~* of CuCl, and 80 W cm ™2, three cycles of 10 min each).
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Nickel

(a) Initial sample of a gold-coated printed circuit board (section located at the top right in Fig. 1). (b) The same sample after 90 s of

ultrasonic (200 W cm™2) etching with 1 mol dm™ CuCl, in ChCl:2EG. (c) Reflected light image of the delimited area (red square) described in (b).

also expect that friction effects within initially viscous liquids
may cause significant temperature variations, which will then
alter the viscosity, which could at least in part account for the
more complex cavitating environment seen during the sonica-
tion of the DES. Nonetheless, improved mass transfer under
sonication is evident in each liquid.

3.4 Ultrasound-assisted metal extraction from a gold-coated
printed circuit board

The PCB sample hereby investigated corresponded to the same
sample investigated by Rivera et al (2022),* and it was
composed of three metal layers. A first layer of copper was
located in direct contact with the substrate, and was thick
enough (~47 pm) to enable the transmission of electrical
signals. A thin layer of nickel (~7 um) and a fine layer of gold
(~1.0 pum) were located on top of the copper layer, as described
in Fig. 10. All the block terminals within the PCB sample shown
in Fig. 1 had the same metal distribution.

412 | RSC Sustainability, 2024, 2, 403-415

As it was described in section 3.1, the utilisation of CuCl, as
oxidising agent in CaCl,-6H,O:EG enables a high selectivity for
the separation of metals from a PCB, but the methodology is
limited by the relatively high viscosity of the medium and the
limited solubility of less reactive metals, such as gold and nickel.
However, it is believed that metals can be effectively extracted
from the substrate by enhancing the dissolution of copper located
underneath. This was confirmed by analysing the 3D reflected
light images of the cross section of a block terminal after etching
in silent (Fig. 11a) and under the effect of ultrasound (Fig. 11b). As
it is observed, copper resulted preferentially etched over nickel
and gold, particularly under the effect of ultrasound. Considering
the cross section of a PCB block terminal, the dissolution rate of
copper was about 3 pm min~ ', whereas in silent condition the
process was just 0.3 pum min .

Fig. 12 shows the effect of ultrasound on the extraction of the
metal deposit from a PCB block terminal. The sample was under
sonication for an accumulative time of 90 s (three cycles of 30 s).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Single square-shape piece of a gold-coated printed circuit board. (b) The same sample after 90 s of ultrasonic (50% power) etching

with 1 mol dm™ CuCl, in ChCL:2EG. (c) Reflected light image of the delimited area (red square) described in (b).

Part of the metallic deposit was partially separated from the
substrate during the etching process (the distance between the
sonotrode and the sample was 4 mm). Metals were removed from
the substrate at a calculated rate of ca. 7 pm min ™, which resulted
approximately 20-times faster than the dissolution rate observed
in silent condition. While no other studies have shown enhanced
etching rates using ultrasound in DES, investigations into the
electrodeposition of metals have shown that ultrasound can
increase deposition rates by approximately 10 times.*****® Thus,
ultrasound enabled a significant enhancement in the transport of
ionic species due to the combined effect of chemical oxidation
and cavitation activity (Fig. 4) in the vicinity of the surface. During
ultrasonic irradiation, the gold-coating layer becomes wrinkled
(Fig. 12c), while cracks and pores defects were formed on the
surface due to the action of pressure waves at the interface (Fig. 8).
The formation of defects was enhanced mostly by the dissolution
of the underneath copper layer in the presence of CuCl,.

Fig. 13 shows the effect of ultrasound on the etching of
a single square-shape block terminal. A significant portion of
the metallic deposit was removed from the upper-right side of
the sample when the ultrasonic irradiation was focused in an
area of ca. 0.375 cm” (Fig. 13b). Part of the underlying copper
layer remained visible when nickel and gold layers were
removed. The metallic deposit was separated from the substrate
in less than 8 min at a rate of ca. 0.35 g cm > min . Although
a small fraction of nickel could also be solubilised, further
investigation is still ongoing due to its complex nature.

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

4 Conclusions

In this study, it is shown that despite the high viscosity of
DES, a fast separation of metals from a PCB sample can be
achieved using high power ultrasound. It was demonstrated
that copper and nickel tend to passivate in silent condition
by which their kinetics are slow. Ultrasound optical profil-
ometry was used to measure the dissolution rate of pure
copper and nickel. Copper dissolution was significantly
enhanced with increasing the intensity of the ultrasound
exposure, whereas a small portion of nickel reacted.

These findings were applied to the extraction of metals
from a gold-coated PCB. In silent condition, metal separation
from the substrate of a PCB was limited by the limited solu-
bility of gold and nickel. However, etching with ultrasound
took less time and was thus a more effective methodology to
extract metals from PCBs. It was found that metals can be
extracted very quickly (7 pum min ") from the substrate due to
the fast dissolution of the underlying copper layer. Future
work will seek to identify the specific cavitation phenomena
responsible for ultrasound-enhanced etching, at the high-
speed imaging frame rates necessary to resolve the bubble
activity.
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