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overy from e-waste in
concentrated ionic media using ultrasound†

Christopher E. Elgar, * Kelsey Hall and Andrew P. Abbott

With an increase in the amount of e-waste being generated worldwide, there is greater demand for

sustainable recycling techniques to recover components and technology critical metals (TCMs) that

would otherwise be discarded. Current methods for solder removal are inefficient, produce harmful

gases and by-products. This work aims to use catalytic etchants in concentrated ionic media, to improve

the sustainability of recycling techniques. The viscosity of these solutions is often perceived as a limiting

factor for ion mobility, so ultrasonic agitation has been used to improve mass transport. Cyclic

voltammetry and linear sweep voltammetry have been used to investigate the redox behaviour of tin and

lead in solder, and how ultrasound can overcome passivation and improve the dissolution of these

metals. Ultrasound results in a linear response between the slope of the LSV and solution conductivity

for tin, suggesting a migration-controlled mechanism, however passivation still occurred with lead,

showing that there is still some diffusion control. A waste printed circuit board was etched using FeCl3
catalyst in a choline chloride and ethylene glycol DES (ChCl : 2EG) but no major components were

removed after 30 minutes of sonication at room temperature. The use of a choline chloride and water in

a 1 : 10 molar ratio removed most of the components, along with some gold coating, under the same

conditions. The additional water content in the brine improved the fluidity of the solution, enabling

dissolution of the solder and copper under-layer, freeing the gold. Cavitation effects including acoustic

streaming and jetting work in tandem to aid metal removal.
Sustainability spotlight

The increased need for a low carbon society brings together a signicant demand on material resources, as well as generating substantial amounts of new waste
streams. The e-waste levels are only expected to increase and consumer electronics markets grow. While traditional e-waste recycling, such as shredding fol-
lowed by pyro-, and hydrometallurgy methods allow for the recovery of these critical materials, the process is long and energy intensive. The use of ultrasound
coupled with deep eutectic solvents and concentrated ionic brines allows for the recovery of the critical materials at room temperature. 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 Electrical and Electronic Equipment (WEEE) is a priority
waste stream due to the severity of four major factors: the global
amount of WEEE generated, the impacts this has on resources,
concerns regarding people's health and the environment, and
ethical issues.1 The management of WEEE waste channels is
a cause for concern, as such the Right to Repair legislation in the
UK2 and the EU,3 or the European Union (EU) directive introduced
in 2012 aimed to improve the management of e-waste.4

WEEE levels uctuate, e.g. with the COVID-19 pandemic and
the work from home trend.5 Printed Circuit Boards (PCBs)
ng, School of Chemistry, University of
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account for approximately 3 wt% of electronic scraps and
around 70% are unable to be efficiently recycled due to the
complexity of their structure.6

One of the main issues with recovering technology critical
metals from WEEE is the prevalence of solders which create
electrical connections between components. Historically, the
most commonly used solder is a Sn–Pb alloy in a 60 : 40 wt%
ratio,7,8 however the toxicity of lead9 has resulted in the move
towards Pb-free solder alternatives.10 Mass produced PCBs are
generally produced via wave soldering11 or reow soldering12

where in both cases solder pads are pre-soldered to attach
electrical components.

With the demand for technology critical metals (TCMs)
increasing alongside the generation of WEEE globally, it is
important to consider how the role of recycling and recovery can
be utilised to provide a more sustainable approach. Sustain-
ability will help the supply and demand issue, as well as put less
RSC Sustainability, 2025, 3, 1957–1965 | 1957
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strain on the environment. Recovery of TCMs from PCBs has
mostly focussed on the recovery of gold13 with pre-treatment
methods vital for the enrichment of metal valorisation.14

Removal of electrical components is typically done in one of
three ways; manual or mechanical dismantling,15,16 thermal
treatment,17 or dissolution of solder using strong acids.18,19

Waste PCBs (WPCBs) can then be treated via bioleaching,
hydro- or pyro-metallurgical methods to recover the remaining
TCMs.20

There has been much interest in using Deep Eutectic
Solvents for the recovery of TCMs fromWPCBs. Zhao et al. used
a 2-stage leaching process for the treatment of mixed metal
oxides le from dismantled and crushed WPCBs. By rst
leaching in a choline chloride (ChCl) and glycolic acid (GA) DES,
followed by a ChCl-oxalic acid DES, the authors were able to
separate Zn in the rst leach followed by the formation of Sn
and Cu oxalates in the second, with the copper species precip-
itating via the addition of water.21

By combining DESs, made from either CaCl2$6H2O and
ethylene glycol in a 1 : 1 ratio, or ChCl and ethylene glycol (ChCl :
2EG) with an earth abundant oxidant, such as FeCl3 or CuCl2, it
has been shown to selectively target the copper tracks underpin-
ning the gold, allowing for the gold be recovered from solu-
tions.22,23One of themain drawbacks to using DESs is the increase
in viscosity over conventional solvent processes. To overcome this,
previous studies have shown that a concentrated aqueous brine
can be used for metals that do not passivate in aqueous solu-
tions.24 FeCl3 or CuCl2 are chosen for their efficiency in the
oxidation of copper, while exhibiting chemical reversibility and
low costs. However, the FeII/III redox couple exhibits a more stable
potential with varying water content than CuCl2, as seen by water
addition to DES and in different ChCl brines.24

Themain downside to using a DES is the increase in viscosity
over traditional lixiviants, which in turn lowers the rates of mass
transport. One potential way of increasing mass transport is
employing the use of forced convection via the use of ultra-
sound. Sound waves propagating through the solution causes
the formation of microbubbles. As the sound causes alternating
high- and low-pressure waves, the microbubbles begin to shrink
and expand until they reach a critical size, and implode.25 This
violent implosion is known as cavitation, and sends shock
waves through the solution. These shockwaves can cause
acoustic streaming, leading to mixing of the local environment,
allowing for increased mass transport rates. Secondly, if cavi-
tation occurs next to a surface, the cavitation occurs asymmet-
rically, sending a forceful jet into the surface, acting as
a physical disruption to the surface.26

The use of ultrasound has been shown to increase the rates
of mass transport for WPCB recycling in DESs.27 Targeted high-
powered ultrasound can remove the gold fromWPCBs in under
5 minutes using 0.1 mol dm−3 FeCl3 as a redox etchant, as
opposed to 8 hours under silent control.23

Dissolution of solder in aqueous solutions can cause SnO
passivation layers.28 This can be prevented through the use of an
ultrasonic 40 kHz bath, allowing for the complete dissolution of
the solder. Ultrasound has also been shown to greatly improve
the yield of lead recovery from landll residues in an acidic
1958 | RSC Sustainability, 2025, 3, 1957–1965
sodium chloride solution.29 Recovery was improved by up to
26% with an 8-fold decrease in the time needed for processing
over silent conditions.

The aim of the current study is to rapidly etch solder using
a catalytic redox agent enabling recovery of critical elements
and release of components from the printed circuit board.
2. Experimental
2.1 Reagents and solvent preparation

All chemicals were used as supplied. The ChCl : 2EG DES solu-
tion was prepared from 1 mol eq. of choline chloride (Honey-
well, >98%) and 2 mol eq. of ethylene glycol (Fisher Scientic,
98%). Brines were prepared by the addition of choline chloride
(Honeywell, >98%) in deionised water (Elga Purelab Option
apparatus) at varying molar ratios of salt-to-water (1 : 3, 1 : 5, 1 :
10, and 1 : 20). The solvents were 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 in sealed storage bottles. To limit the effects
of variations in water content, the same batch of ChCl : 2EG was
used throughout this work. Solutions containing oxidising
agents were prepared by dissolving 0.5 mol dm−3 of iron(III)
chloride (Acros Organics, 99%) in the relevant solvent. Solutions
containing PbCl2 (Aldrich, 98%) and SnCl2$6H2O (Sigma
Aldrich, 98%) were prepared by dissolving 0.01 mol dm−3 in the
relevant solvent.
2.2 Instrumentation

The electrochemical behaviour of the target metals was studied
by cyclic voltammetry (CV), using an IVIUMnSTAT potentiostat.
A 0.5 mm diameter platinum disk was used as the working
electrode, with a platinum ag counter electrode, and a 3.0 mol
dm−3 KCl Ag/AgCl reference electrode. Solder CVs were
measured using a working electrode made from 60/40 Sn–Pb
solder wire (RS Pro, UK. Diameter 0.71 mm), set in coldset resin
(Metprep, UK), with a platinum ag counter electrode, and
a 3.0 mol dm−3 KCl Ag/AgCl reference electrode. Prior to each
experiment, the working electrode was polished with a 0.3 mm
and 0.05 mm alumina slurry, rinsed with deionised water, and
air dried. The reference electrode potential was calibrated to the
[Fe(CN)6]

3–/4– redox couple, which is used as an internal stan-
dard to ensure comparability between the different solvents.
The scan rates were 10 to 100 mV s−1.

Anodic linear sweep voltammetry (LSV) experiments were
performed at 20 °C, using a Metrohm Autolab PGStat302N
potentiostat, together with the corresponding Nova 2.1 so-
ware. A 3-electrode set-up was used, consisting of a hooked Sn
(diameter 1 mm) or Pb (area 0.027 cm2) disc working electrode,
a tin or lead wire quasi-reference electrode (corresponding to
the working electrode), and an IrO2 coated Ti mesh as a counter
electrode. The LSVs were recorded at scan rates between 5 and
100 mV s−1. Prior to use, electrodes were polished on 800 grit,
1200 grit, and nally 2400 grit sandpaper (Metprep, UK). For the
LSV experiments with ultrasound, a 20 kHz commercial ultra-
sonic system from Fisherbrand was used, connected to a CL-334
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
ultrasonic probe (diameter: 13 mm) operating with power
variable up to 700 W (527 W cm−2). For these experiments, the
ultrasonic horn was placed at a distance of 4 mm above the
working electrode. The experiments were carried out in 200 mL
of solvent at 20 °C. Ultrasound was applied during the whole
period that the anodic scan lasted.

Surface morphology and elemental were measured with
a Quanta FEG 650 scanning electron microscope (SEM) (Ther-
moFisher Scientic, USA) equipped with an XMax energy
dispersive X-ray spectroscopy (EDX) (Oxford Instruments, UK),
and an accelerating voltage of 20 kV at the University of
Leicester's Advanced Microscopy Facility.

Tornado M4 Plus mXRF manufactured by Bruker, Germany.
The conditions were as follows: Rh tube, 50 kV, 600 mA.
2.3 Etching of PCBs

Etching of solder from PCB boards was studied by using a PCB
test coupon that had undergone hot air levelled solder coating,
using a 60 : 40 Sn/Pb solder. PCBs were kindly provided by
Anotech UK, with PCB containing components coming from
a camera circuit taken from an end-of-life CAT S62 pro mobile
phone, kindly supplied by the Bullitt Group. PCB samples were
placed into a vial containing 10 mL solvent with iron(III) chlo-
ride oxidising agent. Samples were run with no agitation for 30
minutes at room temperature (20 °C), stirring at 200 rpm for 30
minutes at room temperature or sonication in a Fisherbrand
Fig. 1 (a) LSV curves for Sn, Pb and solder working electrodes recorded
dm−3 FeCl3 in ChCl : 2EG recorded at 10 mV s−1. Remaining measurem
nopotentiometry for Sn and Pb electrodes recorded at 0 A. Chronoamper
−0.198 V respectively vs. [Fe(CN)6]

3−/4−). Green asterisks indicated when

© 2025 The Author(s). Published by the Royal Society of Chemistry
FB15055 ultrasonic bath, operating at 38 kHz, for 10 minutes.
Etch rate was determined by capturing 3D optical topographical
images of the sample as a function of time by using a Zeta
Instruments Zeta 200 optical proler using the inbuilt Zeta3D
soware version 1.8.5. Images were constructed by determining
the features of an image that are in focus at different heights,
resulting in a 3D topographical map of the surface.
3. Results and discussion
3.1 Electrochemistry of leaded solder

Fig. 1 shows linear sweep voltammograms (LSVs) for Sn, Pb and
a 60 : 40 wt ratio of Sn and Pb. It also shows a cyclic voltam-
mogram for 0.5 mol dm−1 FeCl3 in ChCl : 2EG. It can be seen
that the redox potential for the FeIII/II couple is more positive
than any of the metal samples showing that they should all etch
in an FeCl3 in ChCl : 2EG solution. The current density for Sn
dissolution is much larger than that for Pb and similar to that
for solder showing that the rate of solder dissolution is
controlled by the dissolution of Sn. Fig. 1b shows that the open
circuit potential for Sn and Pb electrodes in 0.5 mol dm−3 FeCl3
in ChCl : 2EG is at approximately −0.2 V and does not change
signicantly with time until the point when the ultrasonic horn
is switched on (*). At this point there is a signicant increase in
the open circuit potential which presumably occurs due to the
fast rate of metal etching and the knock-on effect that this has
on the cell potential via the Nernst equation.
in ChCl : 2EG at 10 mV s−1. Included cyclic voltammogram for 0.5 mol
ents were made using 0.5 mol dm−3 FeCl3 in ChCl : 2EG (b) Chro-
ometry for Sn (c) and Pb (d) electrodes recorded at OCP (−0.608 V and
sonication was initiated (130 W cm−2).

RSC Sustainability, 2025, 3, 1957–1965 | 1959
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Fig. 2 (a) LSV curves for Sn, Pb and solder working electrodes recorded in 1 : 10 ChCl brine at 10 mV s−1. Included cyclic voltammogram for
0.5 mol dm−3FeCl3 in 1 : 10 ChCl brine recorded at 10 mV−1. (b) Chronopotentiometry for Sn and Pb electrodes recorded at 0 A in 0.5 mol dm−3

FeCl3 in 1 : 10 ChCl Brine. (c and d) Chronoamperometry for Sn (c) and Pb (d) electrodes recorded at OCP (−0.608 V and−0.198 V respectively vs.
[Fe(CN)6]

3−/4−). Green asterisks indicated when sonication was initiated (130 W cm−2).

Fig. 3 Slope of insonated LSVs for lead and tin working electrodes,
recorded in varying molar ratios of a ChCl brines (1 : 3, 1 : 5, 1 : 10 and
1 : 20) and ChCl : 2EG versus the solution conductivity. Individual LSVs
for each solvent can be found in Fig. S4†.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 6

:2
0:

17
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fig. 1c and d show the current density of the tin and lead
electrodes in 0.5 mol dm−3 FeCl3 in ChCl : 2EG at the open
circuit potential. The decrease in current density under silent
conditions is expected as the dissolution process is diffusion
controlled. When the ultrasonic horn is switched on (*) there is
a rapid increase in current density which must occur due to an
increase in surface area resulting from the rapid etching.

Fig. 2 shows the response for the same electrodes in a 1 : 10
ChCl : H2O brine. It can clearly be seen that the same trends
occur in the brine solutions but the current densities are higher
due to the lower solution viscosity and increased mass trans-
port. The higher on-set potential for Pb oxidation is also
1960 | RSC Sustainability, 2025, 3, 1957–1965
observed in the differences in the OCP for Sn and Pb in Fig. 2b.
We have previously shown that DESs have similar properties to
brines and in many cases, it is just mass transport which
increases in the brine due to lower viscosities.24

The (electro)dissolution of metals in DESs and brines has
previously been studied with the assistance of ultrasound. This
is the rst study of the dissolution of a heterogeneous alloy. The
two liquids studied will have different viscosities and solubil-
ities for the two metallic components. It was previously shown
for copper dissolution that the linear region of the LSV was
linearly correlated to the conductivity of the solution and it was
suggested that under the conditions of forces mass transport
ionic migration was limiting the rate of dissolution.30 Fig. 3
shows that the same linear correlation between solution
conductivity and the LSV slope was observed for both lead and
tin in a range of ChCl brines and ChCl : 2EG. The difference in
slope between lead and tin is probably due to the difference in
ionic size and charge of the solution species. While speciation
of metals in DESs has been studied31,32 the speciation in brines
is less well studied. Previous studies showed signicant differ-
ences in the speciation of Cu(II), Co(II) and Ni(II) in DESs and
brines33 but these are difficult to quantify for Sn and Pb due to
the lack of absorbance in the visible region.
3.2 Dissolution of solder

In the silent experiments there is a more marked difference in
the dissolution current between Sn and Pb due presumably to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) SEM SE, (b) EDS map for Pb (red) and Sn (blue), and (c) 3D topography for solder surface after etching for 30 seconds (0.5 mol dm−3

FeCl3 in a 1 : 10 ChCl brine) in ultrasonic bath.

Fig. 5 SEM cross section of PCB HASL test coupons used in this study.
Test couponwasmounted in a conducting resin to allow for SEM cross
section. Image recorded in BSE mode, with an accelerating voltage of
20.00 kV.
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the low solubility of Pb in solution. Insonated experiments
showed a smaller difference in the behaviour of the two metals.

Given that the rate of dissolution of tin and lead are different
it could be expected that solder being a heterogeneous alloy
containing a solid solution of tin in lead (a) and lead in tin (b)
would etch in an anisotropic manner. It would be expected that
the b phase would dissolve faster than the a phase. To test this
idea, solder samples were etched in 0.5 mol dm−3 FeCl3 in
ChCl : 2EG in an ultrasonic bath for 30 s to aid mass transport
and decrease passivation. The results from this etching exper-
iment are shown in Fig. 4. It can clearly be seen that even aer
a very short etch time (30 s) the b phase is signicantly more
etched than the a phase. It is assumed that the b phase
dissolves around the a phase. This leads to two main benets
when recycling anisotropic alloys. Firstly, anisotropic etching
around one phase preferentially means that we can use a lower
concentration of oxidant to get the same result as if the whole
alloy was etching separately. Secondly, in the case of leaded
solder, it allows for the separation of the valuable tin from the
toxic lead. As will be shown later, this results in a lead rich
residue aer bulk dissolution of the solder.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Hot air solder levelling (HASL) coated PCB test coupons were
used to study chemical etching of the Sn/Pb solder. The test
coupons were etched in 0.5 mol dm−3 FeCl3 for different lengths
of time. Firstly, the coupons were characterised using SEM and
EDX microscopy, and for each etching time point the surface
was measured using 3D optical tomography microscopy. Fig. 5
shows a cross section from a HASL PCB test coupon, where the
major component of the electrical tracks is copper.

The copper is 13.1 ± 1.4 mm thick layer, while the solder layer
on top is 5.2 ± 0.8 mm thick. Between the solder and the copper
layer a thin 1.2 ± 0.2 mm intermetallic layer has formed from the
migration of copper into the tin layer, likely during the soldering
process. The solder layer consists of areas of intense tin phases
and areas of high Pb content, indicated by the brighter spots on
the BSE image due to the heavier Pb centre. This can also be seen
in the EDX elemental maps shown in Fig. 4.

A kinetic study of PCB etching rates was carried out using
0.5 mol dm−3 FeCl3 in two liquids: ChCl : 2EG and 1 : 10 ChCl
brine in an ultrasonic bath to increase mass transport. Sample
coupons were imaged using a Zeta 20 3D optical microscope to
get a baseline reading. Each block was then placed into
a sample vial with ChCl : 2EG. Fresh boards were placed into
each solution for different lengths of time, and then imaged
using 3D microscopy to track the changes in morphology and
etch depth as a function of time. To ensure the etch depth
measured was consistent, the breboard was taken as the base
height as this will not change in the experiments, and then an
average was taken of the step height between the board and the
soldered area. An example of how this data was collected can be
found in Fig. S5.†

Fig. 6 shows the appearance of the samples as a function of
time. In ChCl : 2EG it takes about 6 min before the copper
substrate becomes visible and 8min before it is totally removed.
In 1 : 10 ChCl brine all of the solder has been removed in about
30 s. This suggests that the etch rate in 1 : 10 ChCl brine is
RSC Sustainability, 2025, 3, 1957–1965 | 1961
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Fig. 6 2D images taken to show the progression of etching vs. time for 0.5 mol dm−3 FeCl3 in (left) ChCl : 2EG and (right) 1 : 10 ChCl brine, with
a leaded HASL test coupon. Inset graph showing the etch depth, calculated from the average step height between the fibreboard and the
soldered area, as a function of time for 0.5 mol dm−3FeCl3 in ChCl : 2EG, and 1 : 10 ChCl brine with ultrasonic agitation at 25 °C.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
2/

6/
20

25
 6

:2
0:

17
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
approximately 15 times faster than in ChCl : 2EG. This is
approximately the ratio of the open circuit current for tin in
Fig. 1 and 2 suggesting that for the etching of solder, tin
dissolution is rate determining.

Fig. 6 inset shows the etch depth of the samples as a function
of time. It can be seen that in 1 : 10 ChCl brine an approximately
linear increase in etch depth is observed with time whereas in
ChCl the etch rate slows with time suggesting that the higher
viscosity may lead to partial passivation due to the decrease in
accessible tin phase and the proliferation of insoluble lead
phase.

3.3 Electronic component removal

Although perfect test boards are good for investigating how
these etchants can facilitate the dissolution of solder, they are
not a true representation of what will realistically be recycled.
1962 | RSC Sustainability, 2025, 3, 1957–1965
The process of removing solder using the solutions was
repeated using PCB samples with components that had been
recovered from end-of-life (EoL) smartphones. The sample in
Fig. 7 was a camera circuit taken from an end-of-life CAT S62
pro mobile phone, kindly supplied to the EPSRC funded
Met4Tech project by the Bullitt Group.

The components are attached to the board via soldered pads,
rather than traditional legs. These PCBs work via solder pads
where there are areas of exposed copper in which solder can be
applied and the components placed on top to secure them in
place. Therefore, if the solder can be dissolved, the components
should also be removed with ease as there are no legs that may
prevent the ECs from being taken off.

For these trials, the 0.5 mol dm−3 FeCl3 in the ChCl : 2EG
and 1 : 10 ChCl brine were used to compare their performance
on real electronic samples. In practice, the etching of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 PCB of a camera circuit taken from EOL CAT S62 pro mobile phone images showing the PCB samples before etching (a) after 30 minutes
of sonication in 0.5 mol dm−3 FeCl3 in ChCl : 2EG at 25 °C (b) and 30 minutes of sonication in 0.5 mol dm−3 FeCl3 in 1 : 10 ChCl brine at 20 °C (c).
The filter paper post-vacuum filtration for the solutions after 30 minutes of etching in 0.5 mol dm−3 FeCl3 in ChCl : 2EG (d) and 1 : 10 ChCl
brine (e).
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samples took longer than the 8 minutes or 30 seconds that
would be expected from the above experiments for the two
etchants because the solder layers are thicker and the electronic
components will hinder transport to the solder pads. As ex-
pected, 1 : 10 ChCl brine was fester etching than ChCl : 2EG and
small components were seen to oat from the board aer 5
minutes and larger components being removed in around
10 min. In ChCl : 2EG however, smaller components were not
seen in less than 10 min.

The nal images of the boards aer 30 minutes total of
etching can be seen in Fig. 7. The ChCl : 2EG board is still
relatively intact with a few small components removed, however
the brine board is missing a large amount of its original
features, especially the larger components. In addition, the
majority of the gold coating had also been removed. Gold is only
a minor component of PCBs making up �1% by mass but
represents >98% of the value of recoverable metal.

Overall, the ChCl : 2EG struggled to remove the Au compared
to the brine. The Au on the edge of the boards has been
removed, however there is an area in the middle of the board
that has been entirely untouched. This is a consequence of the
solution etching into the Cu layer underneath which conse-
quently results in the removal of Au from the surface. Ultra-
sound combined with the higher uidity of the brine allows the
ions to migrate to and from the Cu layer underneath and etch
more efficiently than the DES. There is no access to the Cu for
© 2025 The Author(s). Published by the Royal Society of Chemistry
the Au section in the centre of the board, explaining why this Au
cannot be removed.

The solution post-etch was ltered using vacuum ltration
and Fig. 7 shows the clear differences between the two: the brine
was successful in removing more components than the DES, as
well as removal of Au. The brine can ‘undercut’ the ECs more
efficiently and reach the solder mounts due to the increased
uidity, which has been one of the most important factors
throughout the experiments. XRF analysis of the brine lter
paper can be seen in Fig. 8, with additional maps in Fig. S6.† Pb
and Sn emission lines appear at very similar energies and
therefore the maps for each element are likely to contain
contributions from both elements. Since the lter paper was
rinsed aer ltration with DI water, the solubility of PbCl2
would decrease, causing precipitation to occur in the lter
paper. Otherwise, the dark precipitate seen on the lter papers
in Fig. 7 appear to be a mix of copper chlorides, copper oxide,
and (oxo)hydroxide nickel species. Since the FeCl3 was used in
excess as the oxidant, it is also appearing all over, despite the
rinsing with deionised water. This is seen in the optical images
as the lter paper is stained a characteristic orange colour.

A de-soldering process to remove components such as
capacitors, chips, transistors and resistors, which are known to
contain other TCMs, such as rare earth elements is advanta-
geous through a simple chemical processing that also allows for
the separation and recovery of TCMs such tin and gold from the
RSC Sustainability, 2025, 3, 1957–1965 | 1963
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Fig. 8 X-ray fluorescence data for the 1 : 10 ChCl brine filter paper. (a) Filter paper as scanned (b) XRF spectrumof the filter paper. (c–f) Elemental
maps of the filter paper for Au, Cu, Ni and Cl respectively.
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PCB breboard, which can be run for 0.067 kW h kg−1 of WEEE
processed (see ESI†). This process allows simple separation via
sorting by size using sieves to allow concentration of different
waste streams before moving on with further processing. This
removes the need for pre-processing stages such as manual EC
stripping or shredding before the metal recovery can begin.
4. Conclusions

In this study, the dissolution of solder from waste printed circuit
boards has been investigated, using FeCl3 as the oxidising agent
in concentrated ionicmedia, including a DES and chloride brines.
Cyclic voltammetry was used to characterise the redox chemistry
of the base metals, tin and lead, and the effect of uidity and
conductivity on dissolution rates. Solutions with higher conduc-
tivity and higher uidity resulted in higher dissolution rates.
Linear sweep voltammetry with and without ultrasound showed
1964 | RSC Sustainability, 2025, 3, 1957–1965
a migration-controlled process under high powered ultrasound
and diffusion control under lower powered ultrasound.

Using FeCl3 as the oxidising agent showed etching times of
around 30 seconds in 1 : 10 ChCl : H2O brine, compared to 8
minutes in ChCl : 2EG. to remove the solder layer from HASL
test coupons. Applying this approach to PCBs from waste
mobile phones enabled the 1 : 10 ChCl brine to remove elec-
tronic components aer as little as 5 minutes, with almost all
components being removed aer a 30 min when low powered
ultrasound was used. However, the etchant containing the
ChCl : 2EG DES struggled to remove even the smallest compo-
nents aer the same 30 minute time frame, which was to be
expected from the initial dissolution studies. This study has
shown that Earth abundant redox catalysts can be used to
recover electronic components and technology critical metals
from waste electronic scrap samples. The use of brines will
ensure that the process is both cost-effective and sustainable.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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