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Abstract

Traditional methods for metal recovery from printed circuit boards (PCBs) are often associated with high costs, toxicity,
and environmental risks. This study explores the use of acidic deep eutectic solvents (DESs) as a green alternative for
recovering Pb, Cr, Zn, and Ni from waste PCBs. Three DESs were prepared using choline chloride (ChCl) as a hydro-
gen bond acceptor (HBA) and paired with acetic acid (AA), chloroacetic acid (CAA), or dichloroacetic acid (DCA) as
hydrogen bond donors (HBDs). The effect of DES nature on the recovery of the investigated metals follows the sequence
ChCl:DCA > ChCl:CAA > ChCIL:AA. The results revealed that the ChCl:DCA DES exhibited the highest recovery efficiency,
achieving 89.5% for Pb, 55.2% for Cr, 80.5% for Zn, and 88.6% for Ni at 50 °C for 3 h in the presence of 1.0 M H,0, and a
stirring speed of 500.0 rpm. In addition, recovery efficiencies of 99.8%, 71.8%, 100.0%, and 84.9% were achieved for Pb, Cr,
Zn, and Ni, respectively, when 40.0 wt% water was added to the ChCl:DCA DES. The shrinking core model (SCM) reveals
that the recovery of Pb, Cr, Zn, and Ni from waste PCBs is governed by a diffusion-controlled mechanism. The activation
energies were determined to be 19.8 kJ/mol for Pb, 32.4 kJ/mol for Cr, 14.3 kJ/mol for Zn, and 30.2 kJ/mol for Ni. This study
offers a promising and highly sustainable alternative for the recovery of hazardous metals from waste PCBs, contributing to
a benign environmental approach and process.
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Introduction

Owing to the increasing world population and organisations
acquiring electrical and electronic devices, waste electrical
and electronic equipment (WEEE) has become one of the
largest waste streams globally by volume. Exports of WEEE
from developed to developing nations often result in an
increase in the overall amount of electronic waste (e-waste)
in the destination countries (Holuszko et al. 2022). An often
overlooked aspect of WEEE is hazardous waste, generated
by products containing Pb, Hg, Cr, Ni, As, Cd, Li, and other
potentially toxic elements (Przydatek and Kanownik 2024).
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A serious risk of human exposure and environmental con-
tamination exists in developing nations due to improper and
inadequate handling of e-waste (Preston-Whyte and Maes
2023). Toxic metals and compounds in e-waste that are
improperly managed can pose major risks to human health
and the environment. When e-waste is burned, toxic com-
pounds are released into the air, causing respiratory issues,
as well as other health problems (Oke and Potgieter 2024a,
b). In addition, they can contaminate water and soil, dam-
aging food sources and the ecosystem (Mouton and Roux
2024).

Pb, Zn, Ni, and Cr, among others, are commonly occur-
ring toxic metals found in a wide range of electronic prod-
ucts. These hazardous metals are found in trace amounts in
numerous electronic components, including printed circuit
boards (PCBs), batteries, resistors, and capacitors (Oke et al.
2023; Parvez et al. 2024; Oke and Potgieter 2024a). Pb can
have serious detrimental effects on the body, particularly tar-
geting the kidneys, reproductive system, and nervous system
(Jain et al. 2023). Prolonged exposure to Pb may result in
damage to these organs, potentially leading to severe health
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conditions. Pb can also cause blood disorders and impair
brain function, contributing to cognitive deficits, develop-
mental delays in children, and even neurological diseases in
adults (Zeng et al. 2020; Desye et al. 2023). Furthermore,
its accumulation in the body over time can exacerbate these
effects, posing a long-term threat to human health. Further-
more, exposure to Ni can result in a range of negative health
effects, including allergic reactions, kidney and heart issues,
lung fibrosis, and an elevated risk of lung and nasal can-
cer (Igbal Khan et al. 2023). Although the exact molecular
mechanisms behind Ni toxicity are not yet fully understood,
it is believed that mitochondrial dysfunction and oxidative
stress play a vital and central role in this metal’s toxicity
(Ugulu 2015). In addition, chronic exposure to Cr can lead
to severe health issues, including burns, anaemia, allergic
reactions, and damage to the small intestine and stomach.
It can also negatively impact the male reproductive system
and sperm and is associated with cancers of the kidney, liver,
and lungs, as well as stomach damage and skin irritation
(Hossini et al. 2022). In addition to its effects on human
health, Cr is detrimental to plants, impairing their develop-
ment by affecting germination, root growth, and overall plant
health, which can decrease crop yield and total dry matter
production (Koc et al. 2024).

In their 2017 study, Feifan and Mengjun achieved less
than 10.0% leaching efficiency for Pb from waste PCBs
using 80.0% N-sulfobutylpyridinium trifluoromethane-
sulfonate ionic liquid (IL) and 25.0% H,0, (Feifan and
Mengjun 2017). This process demonstrated disappoint-
ingly low Pb leaching efficiency. Also, in their 2021 study,
Sabzkoohi and Kolliopoulos investigated Pb and Ni leaching
from waste PCBs using a deep eutectic solvent (DES) com-
posed of ChCl and ethylene glycol with 0.1 M I,. Despite
conducting the process at 85.0 °C, with a duration of 72.0 h
and stirring at 150 rpm, the leaching efficiency obtained for
Pb was less than 10%. In contrast, about 75.0% leaching
efficiency was achieved for Ni. Furthermore, in their recent
study, Anwer et al. achieved 94.0% Pb leaching efficiency
from waste PCBs using 0.5 M citric acid and 5.8% H,0,
(Anwer et al. 2022). The process was carried out at 30.0 °C,
with a particle size of 7.0 X 7.0 mm, stirring at 150 rpm,
and using a leaching time of 4 h. The leaching of 90.0%
Ni from waste PCBs in an ammonia-ammonium solution
with the addition of 0.4 M H,0, has been reported as well
(Jadhao et al. 2021). Additionally, Zn leaching from PCBs
using the ammonia-ammonium sulphate system achieved a
maximum recovery of 94.0% after 30 h when H,O, was used
as the oxidant (Pinho et al. 2021). The optimal conditions
included a stirring rate of 500 rpm, an L/S ratio of 40, and
twice the stoichiometric amount of ammonia. The bioleach-
ing performance of Acidithiobacillus ferrooxidans for Pb
and Cr, even after mechanical activation, remained relatively
low (Gu et al. 2019). Specifically, the leaching efficiency
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was only 10.0% for Pb and 75.0% for Cr, indicating limited
effectiveness of the process. In another study, the bioleach-
ing of Ni from pre-treated waste PCBs using Aspergillus
niveus achieved a maximum recovery of 73.6% (Krishna-
moorthy et al. 2021). This recovery was accomplished over
15 days with particle sizes of 60—80 mesh, utilising itaconic
and oxalic acids produced by the fungus, while the citric
acid titre decreased in both one-step and two-step bioleach-
ing methods.

Because ammonia-ammonium solutions are volatile or
corrosive by nature, using them for leaching raises serious
safety issues, especially when done at high temperatures.
On the other hand, secondary environmental contamination
can result from these leaching methods (Oke and Potgieter
2024a, b). The use of ILs and DESs for the recovery of haz-
ardous metals from waste PCBs is challenged by low extrac-
tion efficiencies, as demonstrated in some studies. Addi-
tionally, ILs face the drawbacks of high costs and potential
environmental concerns due to their toxicity and limited bio-
degradability. DESs, on the other hand, are more affordable
and less toxic. In addition, bioleaching has a major draw-
back that, while recovering hazardous metals from waste
PCBs, it has a relatively slow processing time compared
to chemical methods. Bioleaching often requires extended
periods for microorganisms to produce enough acids and
achieve significant metal recovery, which can be a limita-
tion for large-scale operations (Xia and Ghahreman 2024).
Additionally, the efficiency of bioleaching can be affected
by the type of microorganisms and other factors (Yaashikaa
et al. 2022; Ji et al. 2022). Owing to the bottlenecks associ-
ated with the existing methods, it is germane to develop
fast, efficient, and less environmentally toxic methods for
recovering toxic base metals from waste PCBs. Because of
their many benefits, which primarily include flexible design-
ability, property tunability, and high biodegradability, DESs,
a type of green solvent that was developed recently, have
drawn more and more attention (Oke 2024b, a). They are
frequently employed in metal recovery and separation due to
their high solubility with metal materials (Guo et al. 2024).
More and more research has recently documented their use
in the sustainable recovery of metals from electronic waste,
primarily from materials from spent batteries, PCBs, lamp
phosphors, and end-of-life permanent magnets (Oke and
Potgieter 2024b; Guo et al. 2024).

Not only can DESs improve the efficiency of the sepa-
ration and extraction process, but they are also a compel-
ling reason for investigating metal recovery based on DESs.
Therefore, in this present study, deep eutectic solvents
(DESs) are explored as a potential replacement for toxic
inorganic solvents, other hazardous lixiviants, and bioleach-
ing while decontaminating PCBs before disposal into the
environment. So, a simple, fast, and environmentally benign
method for recovering hazardous base metals (Pb, Zn, Cr,
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and Ni) from waste PCBs has been developed through the
use of choline chloride (ChCl) as hydrogen bond acceptor
(HBA) in three different DESs formulations. Each formu-
lation pairs acetic acid (AA), chloroacetic acid (CAA), or
dichloroacetic acid (DCA) as hydrogen bond acceptors
(HBDs). No study has reported the efficient recovery of
hazardous metals from waste PCBs using DESs composed
of ChCl, AA, CAA, and DCA. The selection of ChCl as the
HBA in the DESs formulations is based on its ability to read-
ily form hydrogen bonds, its low toxicity, biodegradability,
and affordability (Mishra et al. 2023). ChCl is a quaternary
ammonium salt with a strong affinity for HBDs, facilitating
the formation of stable DESs. Also, AA, CAA, and DCA
were chosen as HBDs due to their varying acid strengths
and electron-withdrawing properties (Cui et al. 2017). AA
is a weak organic acid that offers moderate acidity, while the
substitution of chlorine atoms in CAA and DCA increases
the acidity and polarizability of the solvents, enhancing their
ability to interact with metal ions. These properties make the
DESs highly effective for solubilising and extracting hazard-
ous metals such as Pb, Zn, Cr, and Ni from complex waste
matrices like PCBs. Additionally, introducing water into the
DES system before metal recovery, is a novel approach, fur-
ther enhances the recovery efficiency, contributing to both
e-waste management and environmental sustainability.

Materials and experimental methods
Chemicals

All chemicals used in this study were of reagent grade,
sourced from Sigma-Aldrich (USA) and Associated Chemi-

cal Enterprises Pty Ltd (South Africa). Unless otherwise
specified, all chemicals and reagents were used as supplied,

without any additional purification or treatment. Detailed
information on the chemicals utilised in this study is found
in Table 1.

Preparation of waste PCBs

Using the available tools, PCBs from discarded desktop
computers (HP brand) were disassembled by manually
recovering large components that could not be crushed, like
connectors for peripheral devices and stainless-steel heat
sinks. Using a saw, the disassembled PCBs were cut into
smaller pieces.

Epoxy layer removal from waste PCBs

The epoxy layer, also referred to as a solder mask, is an
organic green layer that covers the top of PCBs and serves
as a protective layer for the metal components. It also resists
heat and corrosion and shields the PCB from the environ-
ment. On PCBs, various epoxy coatings are applied, and
each PCB may have a unique composition. Nevertheless,
the epoxy coating of the PCBs must be removed. It hinders
the dissolution of the metal and prevents the leaching agent
from penetrating the metal to dissolve it (Anwer et al. 2022).
After experimenting with several methods, it was observed
that 5.0 M NaOH works well to remove the epoxy layer
(Nagarajan and Panchatcharam 2023). After being immersed
in 5.0 M NaOH for 24.0 h, the disassembled PCB was rinsed
with deionised water to get rid of any remaining NaOH resi-
due. The use of 5 M NaOH in this study was confined to a
standard pre-treatment step, aimed at removing the epoxy
resin layer from waste PCBs before leaching. This method
is commonly employed across various hydrometallurgical
processes, irrespective of the leaching solvent applied, and
is not unique to DES-based systems. Although NaOH is a

Table 1 Detailed information

X . . Chemicals Acronym Molecular Sources CAS no Purity (%)
on all chemicals used in this weight (¢/mol)
study
Choline chloride ChCl 139.62 Sigma-Aldrich ~ 67-48-1 >99.0%
Acetic acid AA 60.05 Sigma-Aldrich 64-19-7 >99.8%
Chloroacetic acid CAA 94.49 Associated 79-11-8 >99.0%
Chemical
Enterprises Pty
Ltd
Dichloroacetic acid DCA 128.94 Sigma-Aldrich ~ 79-43-6 >99.0%
Hydrogen peroxide H,0, 34.00 Associated 2877-00-00 50.0 %
Chemical
Enterprises Pty
Ltd
Todine I, 253.81 Sigma-Aldrich ~ 7553-56-2 >99.8%
Potassium permanganate KMnO, 158.03 Sigma-Aldrich ~ 7722-64-7 >99.0%
Ethanol ETOH 46.07 Sigma-Aldrich ~ 64-17-5 >99.5%
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strong base and corrosive, its application in this context is
well-established and carried out under controlled labora-
tory conditions with proper waste management protocols.
As such, its limited and conventional use in this preliminary
stage does not significantly detract from the overall sustain-
ability of the process. After being treated with NaOH, the
metallic layer became fully visible, and the epoxy coating
was completely removed. The treated PCBs were thoroughly
dried before being crushed and sieved through a sieve of
mesh size of 0.212 mm to liberate metals from the non-
metallic resin of the board and to increase the surface area
exposed to the leaching agent. All the processes involved
from the sample collection to the sieving of crushed PCBs
are illustrated in Fig. 1.

Characterisation of ground waste PCBs

The ground sample of waste PCBs was subjected to char-
acterisation using X-ray fluorescence (XRF) and scanning
electron microscopy (SEM) before the recovery experi-
ments. XRF was utilised to determine the elemental compo-
sition of the waste PCB. The powdered sample was pressed
into a pellet and analysed using an XRF spectrometer, and
the results obtained for the main hazardous metals found in
the waste PCB sample are presented in Table 2. In addition,
the surface morphology and elemental composition of the
waste PCB sample were further analysed using SEM. The
powdered sample was mounted on carbon tape and sput-
ter-coated with a thin layer of gold to ensure conductivity.
SEM imaging was conducted under a high vacuum at an

Collection of
Computer CPUs

PCBs soaked in
under running 5 M NaOH for
tap H,0 24h

l Purpose
-To remove the

epoxy coating

PCBs rinsed

Drying of
PCBs

l

Table2 XRF results of hazardous metals in waste PCBs sample
before the recovery process

Ni (mass %) Zn (mass %) Pb (mass %) Cr (mass %)

1.248 0.442 1.089 0.316

accelerating voltage of 10.0 kV to observe the microstruc-
tural features.

Preparation and Fourier-transform infrared (FT-IR)
spectroscopy characterisation of acidic DESs

Three DESs constituted by ChCl (HBA) and AA, CAA, and
DCA as HBDs (i.e. ChCl:AA, ChCl:CAA, and ChCl:DCA)
were prepared in a 1:2 molar ratio. The mixtures were stirred
using a thermostatically controlled hot plate equipped with
a magnetic stirrer set at 40 °C and 500 rpm until a homoge-
neous solution was obtained without any precipitates. This
is similar to the method employed by Ferrera et al. in their
recent study on the stability of ChCl DESs based on carbox-
ylic acids (Ferreira et al. 2024). Once the DESs were formed,
they were placed in a desiccator to remove any moisture. The
DESs obtained were stored in tightly sealed glass vials to
safeguard them from structural alterations or external envi-
ronmental influences on their physical and chemical char-
acteristics. The DESs were ready for use without requiring
any additional purification. Also, the prepared DESs were
characterised by Fourier-transform infrared (FT-IR) spec-
troscopy to analyse their chemical structures.

Manual Sorting of
Disassembly of com o:ents
CPUs ?

PCBs cut
Into smaller
pieces

Sieving of PCBs into
< 0.212 mm particle
size

Crushing of PCBs P

Stripped
PCBs

Depopulation
of PCBs

Fig. 1 Sample collection and preparation flowsheet
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Thermogravimetric (TGA) analysis

A TGA (SDT-Q600, TA Instruments) was run in a nitrogen
atmosphere with a heating rate of 10 °C/min and a tempera-
ture range of 20-340 °C. TGA has a 0.01% weighing preci-
sion and an isothermal temperature precision. This has been
used to assess spot phase changes brought on by oxidation,
dewatering, or degradation as well as the heat stability (rep-
resented by a weight variation) of DES constituted by ChCl
and DCA (ChCl:DCA). Three replicate calibration runs were
utilised to ascertain the relative temperature accuracy using
the nickel and alumel Curie point standards.

Recovery procedure

The leaching setup is presented in Fig. 2. In this study, a 1:10
solid-to-liquid (S/L) ratio was used. The recovery experi-
ment for the ground waste PCB sample in the DES with the
H,0, oxidant (it should be noted that 10% of 1 M H,0, was
added to 90% DES during the leaching procedure whenever
it is applicable) was conducted under atmospheric conditions
in a 250-mL two-necked round-bottom flask. The flask was
immersed in a water bath and placed on a thermostatically
controlled hot plate equipped with a magnetic stirrer. One
neck of the flask, acting as the leaching reactor, was con-
nected to a water-cooled condenser, while the other held a
thermometer submerged in the leaching solution. A stirring
bar inside the flask ensured uniform mixing at 500 rpm. The

Fume hood =———————

Supporting rods

Condenser

Thermometer

Two-neck round Bottom flask

Water bath

Fig. 2 Detailed leaching setup used in this work

recovery temperatures varied between 30 and 80 °C, and the
duration which ranged from 1 to 6 h was investigated. The
resulting solution was filtered using a microfibre filter with
0.45 pm pore size and diluted with deionised water before
the metals of interest were analysed using the inductively
coupled plasma mass spectrometer (ICP-MS). To reduce
potential errors, all experiments were performed in dupli-
cate. The percentage of metal leached was estimated using
Eq. (1).

CxV

R ffici %) = x 100
ecovery efficiency (%) VX7 €))]

In this case, C denotes the concentration of the target
metal in the recovered solution, V represents the volume of
the recovered solution, M denotes the amount of metal of
interest within the original sample, and Z depicts the weight
of the sample.

In this leaching stage, 10% of 1 M H,0, was added to
the 90% DES to enhance metal dissolution as previously
stated. The use of H,O, in this context aligns well with green
chemistry principles, as H,0, is recognised as an environ-
mentally benign oxidant. It decomposes into water and oxy-
gen, producing no toxic byproducts (Ciriminna et al. 2016;
Poursaitidis et al. 2024). The moderate concentration and
small volume employed in this study further minimise any
environmental impact, especially when compared with con-
ventional leaching agents such as aqua regia, cyanide, and
other toxic solvents.

Cooling water out

Cooling water in
Ground PCB + lixiviants

Hot plate
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Results and discussion
DESs FT-IR characterisation

FT-IR analysis was used to assess the interaction that
took place during the synthesis of ChCl:AA, ChCLl:CAA,
and ChCI:DCA DESs, as depicted in Fig. 3. The spectra
were recorded over a range of 400 to 4000 cm™' at room
temperature. The FT-IR spectra for the synthesised DESs
confirm the presence of key functional groups from both
the HBA and HBDs, with distinct peaks indicating the
successful formation of the DESs. For ChCl:AA DES,
peaks at 2962.6 cm™!, 2577.8 cm™!, and 1714.9 cm™!
indicate C—H stretching in aliphatic groups, O—H stretch-
ing due to hydrogen bonding, and C = O stretching from
carboxyl groups, respectively. Additional peaks between
1478.7 and 450.4 cm™! correspond to various bend-
ing vibrations, C—N and C-O stretches, and skeletal
vibrations, confirming ChCl and AA’s presence. In the
ChCl:CAA DES, the main peaks include 2952.3 cm™!
for C—H stretching, 2551.5 cm™' for O-H stretching in
hydrogen-bonded carboxyl groups, and 1729.2 cm™! for

C =0 stretching. C—Cl vibrations from CAA and bending
and stretching vibrations involving ChCl are also evident.
Similarly, the ChCl:DCA DES shows characteristic peaks
at 2968.3 cm™!, 2519.0 cm™', and 1740.9 cm™" for C-H,
O-H, and C =0 stretching. C—Cl bending vibrations con-
firm the presence of chlorine in DCA. Lower-frequency
peaks across all DESs are attributed to skeletal ionic
interactions between ChCl and the respective HBDs. In
other words, it should be noted that in carboxylic acids, the
O-H stretch is typically found around 3200-3550 cm™,
but when hydrogen bonding occurs, the O—H stretch may
shift to lower frequencies due to the strong interactions
with C1™ (Silverstein et al. 2005; Nakamoto 2008).

Thermogravimetric analysis

Isothermal TGA has been employed to determine the ther-
mal limits for the use of DESs. The thermal stability of both
the individual DES components and the complete mixture is
heavily impacted by the temperature sensitivity of hydrogen
bonding, which plays a crucial role in determining their suit-
ability for different applications (Zhang et al. 2024a). The
initiation decomposition temperature is a critical property,

1047.73
1263.68
2519.04 |
2968.26
T
o~
A 1740.87
3 (b) 812.84
(T 1004.59 .
c 952.06 £rq 74
(1]
whd
= 2551.45 |
(=
) 2952.31
[
o 787.47
= 1168.80 :
2962.61
1714.85 1218.50 952.33 603.54
v | v | " 1 | | . | | ¥ | | |
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.3 FT-IR spectra of (a) ChCl:AA, (b) ChCl:CAA, and (¢) ChCl:DCA DESs
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as it determines the highest temperature at which DESs can
retain their liquid state without decomposing (Vorobyova
et al. 2024). This property subsequently defines the range of
potential applications for DESs as solvents. From the ther-
mogravimetric curves obtained, the mass loss of the sub-
stance during heating to elevated temperatures was measured
(Fig. 4). In this case, a 10.0% initial mass loss, attributed to
the evaporation of residual water or other volatile compo-
nents, was observed between 40 and 230 °C. As the tem-
perature continues to increase, a significant decomposition
phase occurs within the temperature range of 230 to 270 °C,
reaching its peak decomposition temperature at 230 °C with
an initial mass loss of approximately 70%. Therefore, the
operating temperature for the ChCl:DCA DES should be
maintained below 230 °C to ensure thermal stability. The
high thermal stability observed can be ascribed to the ionic
interactions present within the DES, which create a thermo-
dynamically advantageous liquid state (Pinho et al. 2021).

Effects of influencing parameters

To provide context for the leaching performance results, key
physicochemical properties of the DESs were considered.
The density values at 298.15 K and 0.1 MPa were recorded
as 1112.45 kg/m3 for ChCl:AA (Sheikh et al. 2024), 1278.6
kg/m? for ChCI:CAA (Cui et al. 2017), and 1391.7 kg/m*
for ChCl:DCA, with the latter determined experimentally
in this study using the same method adopted by Cui et al.
(2017). The viscosities of the DESs at the same temperature

followed the order ChCl:AA < ChCl:CAA < ChCI:DCA,
with values of 64.8 mPa-s, 276.6 mPa-s, and 347.8 mPa:s,
respectively. The viscosity of ChCl:AA was experimentally
measured in this study using the same method as reported
in Oke and Potgieter (2025), while those for ChCl:CAA
and ChCl:DCA were adopted from that study. These values
reflect the growing intermolecular interactions introduced by
chlorine substitution in the HBDs, which impact both fluid
flow and metal solubilisation behaviour.

In the process of recovering hazardous metals from waste
PCBs using DESs, several critical parameters may play a
significant role in determining the efficiency of the recovery.
Some of these parameters include the nature of the DES,
which dictates the solvent’s ability to interact with the tar-
get metals, as well as contact time and temperature, which
influence the kinetics of the reaction. The addition of water
can alter the viscosity of the DES thereby enhancing the
solubility and recovery behaviour of metals, while the nature
of the oxidant could affect the oxidation state of the met-
als, impacting their recovery efficiency. Understanding the
effect of these factors is essential for optimising the process
and improving the recovery of metals in an environmentally
friendly manner.

Nature of DESs
During this study, the DESs ChCl:AA, ChCl:CAA, and

ChCI1:DCA were used to remove Pb, Cr, Zn, and Ni from
waste PCBs to evaluate their overall effectiveness. These

Fig.4 TGA profile of = 0.2
ChCIl:DCA DES 100 4 —ygght L;".)SS |
] —— Y Derivative L 0.0
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80 -+
~ ] o -0.49
70 4 L 0.658
g | 5
O 60 - L.
=l 650 [ 0.8_%
£ 50 - -1.0.2
D257 5
o I
(]
= 40 - = -1 .2>_
1 - 1.4
30 +
l - -1.6
20 -+
] 230 °C - -1.8
10 ¥ T ¥ T T ¥ T * T r T r T
40 80 120 160 200 240 280 320

Temperature (° C)

@ Springer



16368

Environmental Science and Pollution Research (2025) 32:16361-16379

DESs consist of acetic acid, chloroacetic acid, and dichloro-
acetic acid, respectively, as their HBDs. The varying acidic
strengths of these DESs, resulting from the different ioni-
sation capacities of the acids, had a notable impact on the
metal recovery efficiency. The pKa value is a measure of the
strength of an acid, representing the equilibrium constant for
its dissociation into ions. In simpler terms, it indicates how
easily an acid releases protons (H") in solution. The lower
the pKa value, the stronger the acid, meaning it dissoci-
ates more readily and produces more protons. Conversely, a
higher pKa value indicates a weaker acid, with less tendency
to release protons (Oke et al. 2024). In the context of DESs,
the pKa values of the HBDs influence the acidity of the DES

(Hou et al. 2018). Acids with lower pKa values contribute
to stronger acidity, which can enhance the solvent’s ability
to interact with analytes, while higher pKa values result in
weaker acidity, potentially reducing the solvent’s effective-
ness in analytes’ recovery (Kumar et al. 2021).

As illustrated in Fig. 5a and b, the recovery efficiency of
the DESs for the studied metals improves with increasing
acidity, irrespective of the presence or absence of an oxi-
dising agent. Figure 5a presents the leaching performance
of the DESs without H,0,, while Fig. 5b shows the results
when 1 M H,0, was added to the system. In both scenarios,
the ChCIl:AA DES consistently exhibited the lowest recovery
capacities, whereas the ChCl:DCA DES demonstrated the

Fig.5 Effect of the nature of (a) ]_l_ =— = = =
DESs on the recovery efficiency 80 :l ChCI'AA- ChCI'CAA- ChCI'DCAI
of hazardous base metals from 74.26
PCBs: a without H,0O, and b 0
with 1.0 M H,0, (=50 °C, 70 4 66.08
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greatest leaching efficiencies. For instance, without H,0,
(Fig. 5a), ChCl:AA achieved recovery efficiencies of 39.35%
for Pb, 23.66% for Cr, 27.45% for Zn, and 49.18% for Ni,
while ChCIl:DCA recorded 74.26%, 42.74%, 68.85%, and
64.94% for the same metals, respectively. Upon addition of
H,0, (Fig. 5b), the recovery efficiencies increased signifi-
cantly across all DESs: ChCl:AA reached 57.1% (Pb), 32.6%
(Cr), 39.4% (Zn), and 68.1% (Ni), while ChCl:DCA rose to
89.5%, 55.2%, 80.5%, and 88.6%, respectively. This consist-
ent trend confirms that the acidity of the DESs, governed by
the nature of their HBDs, plays a critical role in metal leach-
ing. The variation in performance is attributed to the differ-
ing pKa values of the HBDs, i.e. 4.76 for AA, 2.87 for CAA,
and 1.29 for DCA, which reflects their ionisation strengths
(David 2004). Thus, the increasing order of acid strength
(AA <CAA <DCA) aligns with the observed enhancement
in metal recovery. Moreover, the presence of electronegative
chlorine atoms in CAA and DCA enhances their acid disso-
ciation, thereby improving their capacity to dissolve metals.
While the inclusion of H,O, clearly enhances recovery effi-
ciencies by promoting oxidative dissolution, it is evident that
the intrinsic acidity of the DES remains the primary deter-
minant of leaching performance. Consequently, ChCl:DCA
DES which demonstrated the highest acidity and best per-
formance was selected for subsequent experiments.

It is important to note that the observed recovery trends
are attributed to the intrinsic properties of the DESs rather
than the performance of their individual constituents. The
comparison between DESs and their respective HBD or

HBA components is not scientifically appropriate in this
context, as DESs are non-ideal systems with undetermined
molarities and emergent properties arising from strong
hydrogen-bonding interactions. Additionally, choline chlo-
ride alone does not exhibit leaching capability, and the direct
use of free acids at known concentrations would require an
entirely different methodological framework. The aim of
this work is to evaluate the efficacy of DESs as environ-
mentally friendly lixiviants, not to benchmark their perfor-
mance against conventional acids. Hence, no further experi-
ments were conducted using the individual components in
isolation.

Contact time

Since longer solvent-sample contact times allow for more
thorough recovery of hazardous metals from the com-
plex e-waste, longer solvent-PCB contact times generally
improve recovery efficiency (Oke and Potgieter 2024b).
In order to study its impact on metal recovery, the con-
tact time was adjusted from 1.0 to 6.0 h as illustrated in
Fig. 6. The recovery of Pb, Cr, Zn, and Ni was approxi-
mately 78.9%, 35.1%, 66.7% and 74.1%, respectively, at
1.0 h of contact time. The metal recovery increases with
the contact, and the complete recovery of Pb and Ni was
attained at 6.0 h of contact time. However, only 87.1%
and 96.9% recovery efficiencies were respectively actu-
alised for Cr and Zn at 6.0-h contact time. This is due to
prolonged interaction between the leaching solvents and

Fig. 6 Effect of contact time on
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the metals, allowing more time for desorption and diffu-
sion of metal ions from the PCB sample into the solvent.
Additionally, time allows for the gradual completion of
complexation reactions and dissolution processes, lead-
ing to higher extraction efficiencies (Oke and Potgieter
2024b; Oke et al. 2024).

Temperature

To assess the influence of temperature changes on the
recovery of metal from waste PCBs, the temperature was
adjusted between 30.0 and 80 °C. As shown in Fig. 7, the
maximum recovery of Pb, Cr, Zn, and Ni at 30.0 °C was
about 78.7%, 39.9%, 67.0%, and 62.0%, respectively. The
leaching of Pb and Ni was complete at 70.0 °C and 80 °C,
respectively. At 80 °C, however, the maximum recovery
of Zn and Cr was only 96.3% and 85.1%, respectively.
The enhanced reaction kinetics at higher temperatures
account for the higher metal recovery at higher tempera-
tures (Gomez et al. 2023; Zhang et al. 2024b). Higher
temperatures cause molecules to collide more frequently
thereby overcoming the activation energy, which raises
the reaction rate and increases the recovery of met-
als (Oke et al. 2024; Oke and Potgieter 2025). Also, at
high temperatures, the viscosity of the DESs decreases,
thereby improving and enhancing the mass transfer of
the metals from the sample into the DES (Binnemans and
Jones 2023).

Addition of water

The larger molecular weight of the components in DESs
causes their viscosity to increase with decreasing water
content, impeding the leaching process. DESs become less
viscous when there is greater water content, but this also
lowers the proton concentration, which makes leaching
more difficult (Tang et al. 2022). Up until a water content
of 42.0 wt%, most DESs maintain their usual hydrogen
bond network. The mixture will therefore behave like a
typical DES and not like a diluted aqueous solution if
the water content is less than 42.0 wt% (Hammond et al.
2019; Zhang et al. 2024a). Based on this established
threshold, the upper water content limit for this study was
deliberately set at 40 wt% to ensure the DES remained
unequivocally within its characteristic operational regime,
maintaining its hydrogen bond network and avoiding tran-
sitional behaviour near the critical threshold. To inves-
tigate the influence of water content on recovery effi-
ciency, a series of experiments were conducted in which
the water content of the DES was systematically varied
between 0 and 40%. The results presented in Fig. 8 indi-
cate that, within the range of water content investigated
in this study, the recovery efficiency of the DES improves
as the water content increases. At 0% water content, the
recovery efficiencies for Pb, Cr, Zn, and Ni were 48.6%,
13.9%, 62.8%, and 39.4%, respectively. However, when
the water content was increased to 30% and 40%, a marked
improvement in recovery efficiencies was observed for all
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Fig.8 Effect of addition of
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the metals. For instance, recovery efficiencies of 99.8%,
71.8%, 100.0%, and 84.9% were achieved for Pb, Cr, Zn,
and Ni, respectively, when 40% water was added to the
DES. The exceptional recovery efficiencies achieved at 40
wt% water content (e.g. Pb, 99.8%; Zn, 100.0%) demon-
strate that this level was sufficient to achieve near-maximal
performance enhancement through viscosity reduction,
without approaching the critical threshold where DES
properties might be compromised. This enhanced perfor-
mance is likely due to the reduction in the viscosity and
an increase in the ionic mobility of the DES with increas-
ing water content (Martin et al. 2023). So, this facilitates
better interaction between the waste PCB sample and the
DES, thereby improving the solvent’s capacity to extract
metals from the sample matrix.

These findings are further supported by Liu et al.
recently, who demonstrated that the viscosity of ChCl-
based DESs decreases nonlinearly with temperature and
monotonically with increasing water content (Liu et al.
2025). For example, the viscosity of pure ChCl and eth-
ylene glycol DES was reported to drop from 47.9 mPa-s
at 283.15 K to 10.1 mPa-s at 363.15 K, with additional
viscosity reduction observed at hydration levels between
3 and 50 wt%. This reduction in viscosity, attributed to
water’s lower intrinsic viscosity, enhances ionic mobil-
ity and diffusion within the solvent matrix. Therefore, in
our system, the improved recovery efficiencies observed
with increasing water content can be largely explained by
enhanced mass transport and better interaction between

Water Content (%)

the DES and the PCB particles, without compromising the
DES’s structural integrity up to 40 wt%.

Nature of oxidants

Oxidants play a crucial role in metal leaching processes by
promoting the oxidation of metals on the surface of the sam-
ple matrix, enabling their dissolution into leaching agents.
Oxidants such as H,0,, I,, and KMnO, among others can
enhance the dissolution process by accelerating the oxida-
tion of metals in their metallic state (Perea et al. 2021). The
choice of oxidant influences both the efficiency and the rate
of metal extraction, making it a critical factor in the suc-
cess of leaching systems. By enhancing reaction kinetics,
oxidants facilitate the recovery of metals from PCBs, which
is vital for optimising large-scale recycling operations (Oke
and Potgieter 2024b). Therefore, we investigated the influ-
ence of 1.0 M each of H,0,, I,, and KMnO, oxidants in
the recovery of metals of interest from waste PCBs using
ChCl:DCA DES for a duration of 3 h. As displayed in Fig. 9,
the system containing H,O, demonstrated the highest recov-
ery efficiency, likely due to its strong oxidative properties
and ability to generate reactive oxygen species such as
hydroxyl radicals. These radicals rapidly oxidise metals in
their metallic state, making them more readily soluble in the
ChCI:DCA DES. The small size and high reactivity of these
radicals ensure efficient penetration into the PCB matrix,
leading to superior metal extraction. In contrast, the low-
est recovery efficiency was observed in the system using I,
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Fig.9 Effect of oxidant nature on the recovery efficiency of hazard-
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as the oxidant. I, has a relatively lower oxidative potential
and slower reaction kinetics compared to H,O,. Although
it can oxidise metals, its weaker and more selective oxida-
tion process is less effective at promoting the dissolution of
metals in their metallic form, which explains the reduced
recovery efficiency (Oke and Potgieter 2024b). KMnO,,
though more effective than I,, exhibited lower recovery
efficiency compared to H,0, due to its different oxidation
mechanism. While KMnO, is a strong oxidant, its larger
molecular structure and slower diffusion rate in the DES
limits its interaction with the metallic surfaces of the PCBs,
resulting in less efficient metal extraction. A similar observa-
tion was reported by Perea et al. in 2021 during Cu recovery,
where the system consisting of H,O, consistently exhibited
a higher Cu dissolution rate compared to KMnO, (Perea
et al. 2021). In summary, the ability of the different oxidants
studied towards the recovery of the examined metals follows
the sequence of H,0, > KMnO, > I,.

Analyses of the unleached and leached waste PCBs

The SEM images in Fig. 10a and b, alongside the XRF ele-
mental analysis (Table 3), provide comprehensive evidence
of the morphological and compositional transformations in
waste PCBs following the leaching process using ChCl:DCA
DES. In Fig. 10a, the unleached (pre-leached) PCB sample
exhibits a dense and rough surface with large, irregular frag-
ments. Block-like structures are visible, indicating the pres-
ence of intact metallic particles or agglomerates. The surface
is further characterised by cracks and voids, reflecting the
heterogeneous and unprocessed nature of the PCB material,
which typically consists of metals and other components.
The minimal surface degradation observed suggests that
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the material remained largely unaltered prior to leaching.
Similar observations were reported by Chu et al. in their
recent work involving the SEM analysis of waste PCBs (Chu
et al. 2022). Conversely, Fig. 10b, representing the leached
PCB sample, shows significant morphological changes. The
previously large, blocky fragments have been broken down
into smaller, finer particles, resulting in a more porous and
granular surface. The disintegration of the structures seen
in Fig. 10a indicates that the DES effectively dissolved and
extracted the metallic constituents. The increased porosity
and reduced structural integrity demonstrate the efficiency
of the leaching process, leaving behind a brittle, more homo-
geneously distributed residue. This visual evidence is fur-
ther corroborated by the XRF elemental analysis (Table 3),
which confirms the quantitative transformation of the
residual product. The XRF data highlights a marked reduc-
tion in the metal content of the leached sample, supporting
the observations made in Fig. 10b. The structural changes
observed in the SEM images align with the compositional
alterations shown by the XRF analysis, providing strong evi-
dence of successful metal extraction. Together, these find-
ings demonstrate the effectiveness of the ChCl:DCA DES
in breaking down the PCB material and leaching the target
metals, transforming the PCB from a dense, compact form
to a more porous and structurally degraded state.

Comparison with the literature

The comparison of recovery efficiencies of various recovery
methods for hazardous base metals from waste PCBs is pre-
sented in Table 4. Methods such as bioleaching have dem-
onstrated high efficiency for metals like Ni and Zn; however,
this method is slower and can yield variable results based on
the specific metal and conditions used. Alkali fusion has also
shown significant recovery efficiencies for Pb and Zn, but
it involves complex processes. The electrochemical hydro-
chlorination method provides variable efficiencies for Pb, Cr,
Zn, and Ni, indicating its potential for certain metals while
also highlighting its limitations for others. In contrast, DES
from this study showed remarkable recovery efficiencies for
Pb, Cr, Zn, and Ni, underscoring the effectiveness of these
newly developed methods.

Kinetic study

The recovery temperatures and times were varied from 30 to
70 °C and 0.5 h and 3 h, respectively, while other parameters
were kept constant. Recovery kinetics can be used to examine
the interaction between unreacted particles and the recovery
agent, enabling the determination of the limiting steps and the
reaction’s activation energy. Metals dissolve in the ChCl:DCA
DES recovery platform through a solid—liquid multi-phase
reaction that takes place at the interface between the two
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Fig. 10 SEM images of a
unleached waste PCBs and b
leached waste PCBs
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Table 3 XRF results of hazardous metals in waste PCBs sample after
the recovery process

Ni (mass %) Zn (mass %) Pb (mass %) Cr (mass %)

0.025 0.011 0.076 0.016

phases. In other words, the reaction for metal recovery in the
current study begins at the particle’s outer surface, causing
the reaction zone to shrink as the reaction time progresses.
Because of this, the reaction zone shifts inward, leaving the
removed metals in the aqueous solution. Owing to this, the
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most popular kinetic model for this kind of reaction called the
shrinking core model (SCM) was employed. The chemical
reaction at the particle surface and diffusion are anticipated
to be the rate-limiting steps. Equations 2 and 3 represent the
SCM for the recovery controlled by chemical reaction and dif-
fusion, respectively (Wang et al. 2022; Jadhao et al. 2023; Oke
et al. 2024).

1— 1=-X)"3 =kt )

1-3(1 — X)* +2(1 = X) = kyt 3)
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Table 4 Compa.rison of our Methods Techniques Metals Efficiencies (%) References
results with available methods
Bioleaching AAS Ni 99.8 Shah et al. (2015)
Zn 98.0
Bioleaching ICP-OES Pb 10.0 Guetal. (2019)
Cr 75.0
Ni 90.7
Zn 90.8
Alkali fusion ICP-AES Pb 79.0 Guo et al. (2015)
Zn 91.0
Alkaline glycine AAS Pb 46.8 Li et al. (2020)
Zn 92.5
Ni 12.6
Electrochemical ICP-OES Pb 5.1 Serga et al. (2023)
hydrochlorination Cr 84.4
Zn 100.0
Ni 100.0
ChCl:DCA DES ICP-MS Pb 99.8 This study
Cr 71.8
Zn 100.0
Ni 84.9

In this case, k; and k, =rate constants (min_l), t=time
(min), and X =recovered fraction of metal.

In Fig. 11, the plot of 1 — (1 —X)" versus time at dif-
ferent temperatures shows that the data for these metals
do not follow a linear trend perfectly. The low correlation
coefficients (R? values) indicate that the chemical reaction-
controlled SCM is not applicable in describing the recov-
ery process for these metals. Therefore, it can be concluded
that the recovery of Pb, Cr, Zn, and Ni is not controlled by
chemical reaction kinetics. In contrast, Fig. 12 shows the
plot of 1 —3(1 —X)*®+2(1 —X) versus time, representing

the diffusion-controlled model, which demonstrates a much
better fit for the experimental data. The higher R* values
suggest that diffusion, rather than chemical reaction, is the
rate-determining step. Additionally, the increasing slopes
with temperature indicate that higher temperatures enhance
the recovery efficiencies, suggesting that temperature plays
a significant role in facilitating the diffusion process. There-
fore, it can be inferred that the recovery of Pb, Cr, Zn, and
Ni from waste PCBs using ChCl:DCA DES is governed by
a diffusion-controlled mechanism, with temperature being a
crucial factor in improving the efficiency of metal recovery.
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A similar observation was reported by Jadhao et al. in their & = Ag—Ea/RT @

recent work in which methanesulfonic acid was employed
for the recovery of Cu, Zn, and Ni from waste PCBs (Jadhao
et al. 2023).

The Arrhenius equation describes the relationship
between the reaction rate constant (k) and temperature as
shown in Eq. (4). This relationship indicates that as tem-
perature rises, the rate constant k increases because the
added thermal energy helps reactant molecules overcome
the activation energy barrier, leading to more frequent effec-
tive collisions.

In this equation, k is the rate constant, A is the fre-
quency factor, representing how often reactants collide,
Ea is the activation energy, or the energy threshold for
the reaction to proceed, R is the universal gas constant
(8.314 J/mol/K), and T is the temperature of the reaction
in Kelvin. The apparent activation energies (Ea) of the
recovery reactions were determined by employing the lin-
ear form of the Arrhenius equation depicted in Eq. 5 based
on the data gotten from the diffusion-controlled SCM. The
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plot of In k versus 1/T for Pb, Cr, Zn, and Ni recovery is
displayed in Fig. 13.

Ink=1InA — Ea/RT )

The activation energy values obtained for the recovery of
Pb, Cr, Zn, and Ni from waste PCBs using the ChCl:DCA
solvent, as presented in Fig. 13, were estimated to be 19.8 kl/
mol, 32.4 kJ/mol, 14.3 kJ/mol, and 30.2 kJ/mol, respectively,
over the temperature range of 30 to 70 °C. According to
the literature, when the apparent activation energy is below
40 kJ/mol, the process is likely to be diffusion-controlled,
whereas values above 40 kJ/mol indicate a chemically
controlled rate-determining step (Teimouri et al. 2022;
Olaoluwa et al. 2023; Oke et al. 2024). In our study, all
activation energies for the metals investigated are under
the 40 kJ/mol threshold, which implies that the recovery of
Pb, Cr, Zn, and Ni using ChCI:DCA is primarily diffusion-
controlled. This agrees with the conclusion obtained using
SCM. This implies that the overall recovery process may be
influenced more by the transport of metal ions within the
solvent matrix rather than by the intrinsic chemical reac-
tions at the solid-liquid interface. Such diffusion-controlled
mechanisms often lead to enhanced reaction rates at mod-
erate temperatures, as seen in our results. This outcome is
advantageous for practical applications, as it supports the
potential for efficient metal recovery under relatively mild
conditions without the need for high energy inputs.

Conclusions

This study has demonstrated the significant potential of
acidic DESs for the recovery of hazardous metals from waste
PCBs, providing an environmentally sustainable alternative
to conventional methods. The thermogravimetric analysis
confirmed that DESs exhibit high thermal stability, with the
ChCL:DCA DES maintaining stability up to 230 °C, broad-
ening their applicability in metal extraction processes requir-
ing elevated temperatures. Among the DESs investigated,
ChCI1:DCA outperformed others in recovering Pb, Cr, Zn,
and Ni, showing a clear correlation between the acidity of
the HBDs and metal recovery efficiency. The results revealed
that higher acidity, influenced by the presence of electron-
egative chlorine atoms, significantly enhanced the interac-
tion with target metals. ChCl:DCA, with its strongest acidity,
proved particularly effective, achieving superior recovery
of these four metals compared to ChCl:AA and ChCL:CAA.
Contact time was a crucial parameter, with prolonged expo-
sure resulting in higher recovery rates, particularly for Pb
and Ni, which were completely removed after 6 h. Tem-
perature also played a key role, as elevated temperatures
improved metal recovery by accelerating reaction kinetics
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and reducing solvent viscosity, which enhanced mass trans-
fer for all metals. The addition of water to the DES was
found to balance viscosity reduction and proton concentra-
tion, with a water content of 40 wt% delivering the highest
recovery efficiencies for Pb, Cr, Zn, and Ni. The study also
highlighted the significant impact of oxidants in promoting
metal dissolution, with H,O, emerging as the most effec-
tive due to its ability to generate reactive oxygen species,
which rapidly oxidise metals in their metallic state, facilitat-
ing their recovery. The sequence of oxidant effectiveness for
the metals followed the trend: H,O, > KMnO, >1,. The SCM
reveals that the recovery of Pb, Cr, Zn, and Ni from waste
PCBs using ChCI:DCA DES is governed by a diffusion-con-
trolled mechanism. The activation energies were determined
to be 19.8 kJ/mol for Pb, 32.4 kJ/mol for Cr, 14.3 kJ/mol for
Zn, and 30.2 kJ/mol for Ni, respectively, further confirming
diffusion as the rate-controlling step. Overall, this research
underscores the versatility and efficacy of acidic DESs, par-
ticularly ChCl:DCA, in the sustainable recovery of Pb, Cr,
Zn, and Ni from e-waste. These findings pave the way for the
development of green technologies for recovering hazard-
ous metals from waste PCBs. Also, the developed method
is energy-efficient and economically viable, aligning well
with goals of sustainability and environmental protection.

Although this study focused on the efficient leaching of
metals from WPCBs using carboxylic acid-based DESs, the
selective separation of individual metals from the resulting
leachate remains a critical step for achieving high-purity
metal products and industrial feasibility. Recent studies
have explored various strategies, such as hydrophobic deep
eutectic solvents, ionic liquids, synergistic extractants, and
phase engineering approaches, to achieve this goal (Chen
et al. 2024; Guo et al. 2025a, b; Zhang et al. 2025). These
developments highlight the importance of coupling efficient
leaching with robust separation protocols in order to advance
circular economy solutions for electronic waste. Our future
work will explore metal-specific separation pathways and
DES recyclability in line with these developments. Also, in
future work, attention will be directed towards improving
the recovery, purification, and reuse of the DESs used in this
study. Preliminary attempts revealed that the recycled sol-
vents contained impurities that impaired their effectiveness,
underscoring the need for more refined recycling protocols.
Addressing this challenge is essential for realising a more
sustainable and circular leaching process.

Acknowledgements We express our appreciation to Mr. Bruce Mothi-
bedi for assisting us in sourcing the HP desktop computers’ central
processing units used for this study. In addition, we extend our gratitude
to Dr. Joseph Nyembwe for his assistance with the crushing of the
printed circuit boards.

Author contribution Emmanuel A. Oke: formal analysis, investigation,
project administration, conceptualisation, software, methodology, data
curation, writing—original draft, writing—review and editing, funding




Environmental Science and Pollution Research (2025) 32:16361-16379

16377

acquisition. Herman Potgieter: conceptualisation, resources, writing—
review and editing, supervision, funding acquisition.

Funding Open access funding provided by University of the Witwa-
tersrand. E.A. Oke acknowledges the generous financial support pro-
vided by the Oppenheimer Memorial Trust (OMT Ref. 2024-4758).

Data availability The original contributions presented in the study are
included in the manuscript. Further inquiries can be directed to the
corresponding author.

Declarations

Ethical approval We confirm that this work is original and has not
been published elsewhere, nor is it currently under consideration for
publication elsewhere.

Consent to participate Not applicable.
Consent for publication All authors agree to publish the paper.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anwer S, Panghal A, Majid I, Mallick S (2022) Urban mining: recovery
of metals from printed circuit boards. Int J Environ Sci Technol
19:9731-9740. https://doi.org/10.1007/s13762-021-03662-y

Binnemans K, Jones PT (2023) Ionic liquids and deep-eutectic solvents
in extractive metallurgy: mismatch between academic research
and industrial applicability. J Sustain Metall 9:423—438. https://
doi.org/10.1007/s40831-023-00681-6

Chen B, Guo Y, Zhang X, Yu G (2024) Deep eutectic solvent-assisted
selective extraction of valuable metals from waste lithium-ion
batteries. AIChE J 70:e18394. https://doi.org/10.1002/aic.18394

Chu H, Qian C, Tian B, Qi S, Wang J, Xin B (2022) Pyrometallurgy
coupling bioleaching for recycling of waste printed circuit boards.
Resour Conserv Recycl 178:106018. https://doi.org/10.1016/j.
resconrec.2021.106018

Ciriminna R, Albanese L, Meneguzzo F, Pagliaro M (2016) Hydrogen
peroxide: a key chemical for today’s sustainable development.
Chemsuschem 9:3374-3381. https://doi.org/10.1002/cssc.20160
0895

Cui Y, LiC, YinJ, Li S, Jia Y, Bao M (2017) Design, synthesis and
properties of acidic deep eutectic solvents based on choline chlo-
ride. J Mol Liq 236:338-343. https://doi.org/10.1016/j.molliq.
2017.04.052

David RL, (2004) CRC Handbook of Chemistry and Physics, 84th
Edition Edited by David R. Lide (National Institute of Standards

and Technology). CRC Press LLC: Boca Raton. 2003. 2616 pp.
$139.95. ISBN 0-8493-0484-9.J Am Chem Soc 126:1586-1586.
https://doi.org/10.1021/ja0336372

Desye B, Tesfaye AH, Berihun G, Ademas A, Sewunet B (2023) A
systematic review of the health effects of lead exposure from elec-
tronic waste in children. Front Public Health 11:1113561. https://
doi.org/10.3389/fpubh.2023.1113561

Feifan L, Mengjun C (2017) Copper recovery from waste printed cir-
cuit boards and the correlation of Cu, Pb, Zn by ionic liquid. Envi-
ron Protec Engin 43:55-66. https://doi.org/10.37190/epe 170405

Ferreira RSB, Ferreira AM, Coutinho JAP, C. Batista EA, (2024) Sta-
bility of cholinium chloride-based deep eutectic solvents with
carboxylic acids: a study on ester formation. ACS Sustain Chem
Eng. https://doi.org/10.1021/acssuschemeng.4c02903

Goémez M, Grimes S, Fowler G (2023) Novel hydrometallurgical
process for the recovery of copper from end-of-life mobile
phone printed circuit boards using ionic liquids. J Clean Prod
420:138379. https://doi.org/10.1016/j.jclepro.2023.138379

Gu W, Bai J, Lu L, Zhuang X, Zhao J, Yuan W, Zhang C, Wang J
(2019) Improved bioleaching efficiency of metals from waste
printed circuit boards by mechanical activation. Waste Manage
98:21-28. https://doi.org/10.1016/j.wasman.2019.08.013

Guo X, LiuJ, Qin H, Liu Y, Tian Q, Li D (2015) Recovery of metal
values from waste printed circuit boards using an alkali fusion—
leaching—separation process. Hydrometallurgy 156:199-205.
https://doi.org/10.1016/j.hydromet.2015.06.011

Guo M, Deng R, Gao M, Xu C, Zhang Q (2024) Sustainable recovery
of metals from e-waste using deep eutectic solvents: advances,
challenges, and perspectives. Curr Opin Green Sustain Chem
47:100913. https://doi.org/10.1016/j.cogsc.2024.100913

Guo Y, Zhang X, Chen B, Sadowski G, Held C, Yu G (2025a)
n-Electron-driven ionic liquids to enhance lithium recovery
from spent batteries: experimental and mechanistic insights.
AIChE Journal e18860. https://doi.org/10.1002/aic.18860

Guo Y, Zhang X, Dai C, Liu N, Xu R, Wang N, Chen B, Hu Y, Zhou
T, Lei Z, Yu G (2025b) Experimental and molecular insights
into ionic liquid-based recovery of valuable metals from spent
lithium-ion batteries. Chem Eng Sci 302:120895. https://doi.
org/10.1016/j.ces.2024.120895

Hammond OS, Bowron DT, Edler KJ (2019) Structure and proper-
ties of “Type IV” lanthanide nitrate hydrate:urea deep eutectic
solvents. ACS Sustain Chem Eng 7:4932-4940. https://doi.org/
10.1021/acssuschemeng.8b05548

Holuszko ME, Kumar A, Espinosa DCR (2022) Electronic Waste.
Wiley

Hossini H, Shafie B, Niri AD, Nazari M, Esfahlan AJ, Ahmadpour
M, Nazmara Z, Ahmadimanesh M, Makhdoumi P, Mirzaei
N, Hoseinzadeh E (2022) A comprehensive review on human
health effects of chromium: insights on induced toxicity. Envi-
ron Sci Pollut Res 29:70686-70705. https://doi.org/10.1007/
s11356-022-22705-6

Hou XD, Li AL, Lin KP, Wang YY, Kuang ZY, Cao SL (2018) Insight
into the structure-function relationships of deep eutectic solvents
during rice straw pretreatment. Bioresour Technol 249:261-267.
https://doi.org/10.1016/j.biortech.2017.10.019

Igbal Khan Z, Ahmad K, Ahmad T, Zafar A, Alrefaei AF, Ashfaq A,
Akhtar S, Mahpara S, Mehmood N, Ugulu I (2023) Evaluation of
nickel toxicity and potential health implications of agriculturally
diversely irrigated wheat crop varieties. Arab J Chem 16:104934.
https://doi.org/10.1016/j.arabjc.2023.104934

Jadhao PR, Pandey A, Pant KK, Nigam KDP (2021) Efficient recov-
ery of Cu and Ni from WPCB via alkali leaching approach. J
Environ Manage 296:113154. https://doi.org/10.1016/j.jenvman.
2021.113154

Jadhao PR, Mishra S, Singh A, Pant KK, Nigam KDP (2023) A sus-
tainable route for the recovery of metals from waste printed

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s13762-021-03662-y
https://doi.org/10.1007/s40831-023-00681-6
https://doi.org/10.1007/s40831-023-00681-6
https://doi.org/10.1002/aic.18394
https://doi.org/10.1016/j.resconrec.2021.106018
https://doi.org/10.1016/j.resconrec.2021.106018
https://doi.org/10.1002/cssc.201600895
https://doi.org/10.1002/cssc.201600895
https://doi.org/10.1016/j.molliq.2017.04.052
https://doi.org/10.1016/j.molliq.2017.04.052
https://doi.org/10.1021/ja0336372
https://doi.org/10.3389/fpubh.2023.1113561
https://doi.org/10.3389/fpubh.2023.1113561
https://doi.org/10.37190/epe170405
https://doi.org/10.1021/acssuschemeng.4c02903
https://doi.org/10.1016/j.jclepro.2023.138379
https://doi.org/10.1016/j.wasman.2019.08.013
https://doi.org/10.1016/j.hydromet.2015.06.011
https://doi.org/10.1016/j.cogsc.2024.100913
https://doi.org/10.1002/aic.18860
https://doi.org/10.1016/j.ces.2024.120895
https://doi.org/10.1016/j.ces.2024.120895
https://doi.org/10.1021/acssuschemeng.8b05548
https://doi.org/10.1021/acssuschemeng.8b05548
https://doi.org/10.1007/s11356-022-22705-6
https://doi.org/10.1007/s11356-022-22705-6
https://doi.org/10.1016/j.biortech.2017.10.019
https://doi.org/10.1016/j.arabjc.2023.104934
https://doi.org/10.1016/j.jenvman.2021.113154
https://doi.org/10.1016/j.jenvman.2021.113154

16378

Environmental Science and Pollution Research (2025) 32:16361-16379

circuit boards using methanesulfonic acid. J Environ Manage
335:117581. https://doi.org/10.1016/j.jenvman.2023.117581

Jain M, Kumar D, Chaudhary J, Kumar S, Sharma S, Singh VA (2023)
Review on E-waste management and its impact on the environ-
ment and society. Waste Management Bulletin 1:34-44. https://
doi.org/10.1016/j.wmb.2023.06.004

Ji X, Yang M, Wan A, Yu S, Yao Z (2022) Bioleaching of typical
electronic waste—printed circuit boards (WPCBs): a short review.
Int J Environ Res Public Health 19:7508. https://doi.org/10.3390/
ijerph19127508

Koc I, Cobanoglu H, Canturk U, Key K, Kulac S, Sevik H (2024)
Change of Cr concentration from past to present in areas with
elevated air pollution. Int J Environ Sci Technol 21:2059-2070.
https://doi.org/10.1007/s13762-023-05239-3

Krishnamoorthy S, Ramakrishnan G, Dhandapani B (2021) Recovery
of valuable metals from waste printed circuit boards using organic
acids synthesised by Aspergillus niveus. IET Nanobiotechnol
15:212-220. https://doi.org/10.1049/nbt2.12001

Kumar N, Gautam R, Stallings JD, Coty GG, Lynam JG (2021) Sec-
ondary agriculture residues pretreatment using deep eutectic sol-
vents. Waste Biomass Valorization 12:2259-2269. https://doi.org/
10.1007/s12649-020-01176-1

Li H, Oraby E, Eksteen J (2020) Extraction of copper and the co-
leaching behaviour of other metals from waste printed circuit
boards using alkaline glycine solutions. Resour Conserv Recycl
154:104624. https://doi.org/10.1016/j.resconrec.2019.104624

Liu S, Chung W, Foster RI, Choi S (2025) The effect of water content
on cathode materials leaching using deep eutectic solvent. J Mol
Liq 426:127483. https://doi.org/10.1016/j.molliq.2025.127483

Martin MI, Garcia-Diaz I, Lépez FA (2023) Properties and perspective
of using deep eutectic solvents for hydrometallurgy metal recov-
ery. Miner Eng 203:108306. https://doi.org/10.1016/j.mineng.
2023.108306

Mishra S, Pandey A, Pant KK, Mishra B (2023) Investigating the effect
of mono di carboxylic acids as hydrogen bond donor on solvation
of copper in choline chloride-based deep eutectic solvents. ] Mol
Liq 383:122142. https://doi.org/10.1016/j.molliq.2023.122142

Mouton AlJ, Roux AT (2024) E-waste recycling and collection in
South Africa: views of industry and proposed guidelines to
improve the system. Int J Environ Stud 81:1946-1961. https://
doi.org/10.1080/00207233.2023.2283350

Nagarajan N, Panchatcharam P (2023) Cost-effective and eco-friendly
copper recovery from waste printed circuit boards using organic
chemical leaching. Heliyon 9:¢13806. https://doi.org/10.1016/j.
heliyon.2023.e13806

Nakamoto K (2008) Infrared and Raman spectra of inorganic and coor-
dination compounds, 6th edn. Wiley

Oke EA (2024a) Examining the effectiveness of deep eutectic solvents
in removal of sulfur from fuel oil: a mini review. Chemistry Africa
7:3565-3578. https://doi.org/10.1007/s42250-024-00989-0

Oke EA (2024b) Sustainable advancements in hazardous gases cap-
ture: harnessing the potential of deep eutectic solvents. Sustain-
able Chemistry for the Environment 6:100083. https://doi.org/10.
1016/j.scenv.2024.100083

Oke EA, Potgieter H (2024a) Discarded e-waste/printed circuit boards:
areview of their recent methods of disassembly, sorting and envi-
ronmental implications. J] Mater Cycles Waste Manag 26:1277-
1293. https://doi.org/10.1007/s10163-024-01917-7

Oke EA, Potgieter H (2024b) Recent chemical methods for met-
als recovery from printed circuit boards: a review. J] Mater
Cycles Waste Manag 26:1349-1368. https://doi.org/10.1007/
$10163-024-01944-4

Oke EA, Potgieter JH (2025) Sustainable leaching of metals from waste
printed circuit boards using efficient carboxylic acid-based deep

@ Springer

eutectic solvents. Sep Purif Technol 374:133712. https://doi.org/
10.1016/j.seppur.2025.133712

Oke EA, Osibanjo O, Raheem SA, Oluyinka OA, Ibe KK (2023) Met-
als concentration levels in printed circuit boards of discarded
cathode ray tube television: trends over the years. Int J Environ
Anal Chem 103:6613-6624. https://doi.org/10.1080/03067319.
2021.1958802

Oke EA, Potgieter H, Mondlane F, Skosana NP, Teimouri S, Nyem-
bwe JK (2024) Concurrent leaching of copper and cobalt from a
copper—cobalt ore using sulfuric and organic acids. Miner Eng
216:108853. https://doi.org/10.1016/j.mineng.2024.108853

Olaoluwa DT, Baba AA, Oyewole AL (2023) Beneficiation of a Nige-
rian lepidolite ore by sulfuric acid leaching. Mineral Processing
and Extractive Metallurgy: Transactions of the Institutions of
Mining and Metallurgy 132:134-140. https://doi.org/10.1080/
25726641.2023.2216612

Parvez SM, Jahan F, Abedin J, Rahman M, Hasan SS, Islam N, Aich
N, Moniruzzaman M, Islam Z, Fujimura M, Raqib R, Knibbs LD,
Sly PD (2024) Blood lead, cadmium and hair mercury concen-
trations and association with soil, dust and occupational factors
in e-waste recycling workers in Bangladesh. Int J Hyg Environ
Health 257:114340. https://doi.org/10.1016/j.ijheh.2024.114340

Perea CG, Baena OJR, Ihle CF, Estay H (2021) Copper leaching from
wastes electrical and electronic equipment (WEEE) using alkaline
monosodium glutamate: thermodynamics and dissolution tests.
Clean Eng Technol 5:100312. https://doi.org/10.1016/j.clet.2021.
100312

Pinho SC, Ribeiro C, Ferraz CA, Almeida MF (2021) Copper, zinc,
and nickel recovery from printed circuit boards using an ammo-
nia—ammonium sulphate system. J Mater Cycles Waste Manag
23:1456-1465. https://doi.org/10.1007/s10163-021-01226-3

Poursaitidis ET, Gkizis PL, Triandafillidi I, Kokotos CG (2024)
Organocatalytic activation of hydrogen peroxide: towards green
and sustainable oxidations. Chem Sci 15:1177-1203. https://doi.
org/10.1039/D3SC05618J

Preston-Whyte F, Maes T (2023) Introduction to marine litter in Africa.
The African marine litter outlook. Springer International Publish-
ing, Cham, pp 1-34

Przydatek G, Kanownik W (2024) Assessment of direction changes in
waste electrical and electronic equipment management in Poland.
Environ Sci Pollut Res 31:48773-48783. https://doi.org/10.1007/
s11356-024-34227-4

Serga V, Zarkov A, Shishkin A, Elsts E, Melnichuks M, Maiorov M,
Blumbergs E, Pankratov V (2023) Study of metal leaching from
printed circuit boards by improved electrochemical hydrochlorina-
tion technique using alternating current. Metals (Basel) 13:662.
https://doi.org/10.3390/met13040662

Shah MB, Tipre DR, Purohit MS, Dave SR (2015) Development of
two-step process for enhanced biorecovery of Cu—Zn-Ni from
computer printed circuit boards. J Biosci Bioeng 120:167-173.
https://doi.org/10.1016/j.jbiosc.2014.12.013

Sheikh A, Khan AY, Ahmed S (2024) Physicochemical properties
of choline chloride/acetic acid as a deep eutectic solvent and its
binary solutions with DMSO at 298.15 to 353.15 K. ACS Omega.
https://doi.org/10.1021/acsomega.3c07739

Silverstein RM, Webster FX, Kiemle DJ (2005) Spectrometric identifi-
cation of organic compounds (seventh edition), 7th edn.

Tang S, Zhang M, Guo M (2022) A Novel deep-eutectic solvent with
strong coordination ability and low viscosity for efficient extrac-
tion of valuable metals from spent lithium-ion batteries. ACS Sus-
tain Chem Eng 10:975-985. https://doi.org/10.1021/acssuschem
eng.1c06902

Teimouri S, Potgieter JH, Lundstrom M, Billing C, Wilson BP (2022)
A new hydrometallurgical process for metal extraction from


https://doi.org/10.1016/j.jenvman.2023.117581
https://doi.org/10.1016/j.wmb.2023.06.004
https://doi.org/10.1016/j.wmb.2023.06.004
https://doi.org/10.3390/ijerph19127508
https://doi.org/10.3390/ijerph19127508
https://doi.org/10.1007/s13762-023-05239-3
https://doi.org/10.1049/nbt2.12001
https://doi.org/10.1007/s12649-020-01176-1
https://doi.org/10.1007/s12649-020-01176-1
https://doi.org/10.1016/j.resconrec.2019.104624
https://doi.org/10.1016/j.molliq.2025.127483
https://doi.org/10.1016/j.mineng.2023.108306
https://doi.org/10.1016/j.mineng.2023.108306
https://doi.org/10.1016/j.molliq.2023.122142
https://doi.org/10.1080/00207233.2023.2283350
https://doi.org/10.1080/00207233.2023.2283350
https://doi.org/10.1016/j.heliyon.2023.e13806
https://doi.org/10.1016/j.heliyon.2023.e13806
https://doi.org/10.1007/s42250-024-00989-0
https://doi.org/10.1016/j.scenv.2024.100083
https://doi.org/10.1016/j.scenv.2024.100083
https://doi.org/10.1007/s10163-024-01917-7
https://doi.org/10.1007/s10163-024-01944-4
https://doi.org/10.1007/s10163-024-01944-4
https://doi.org/10.1016/j.seppur.2025.133712
https://doi.org/10.1016/j.seppur.2025.133712
https://doi.org/10.1080/03067319.2021.1958802
https://doi.org/10.1080/03067319.2021.1958802
https://doi.org/10.1016/j.mineng.2024.108853
https://doi.org/10.1080/25726641.2023.2216612
https://doi.org/10.1080/25726641.2023.2216612
https://doi.org/10.1016/j.ijheh.2024.114340
https://doi.org/10.1016/j.clet.2021.100312
https://doi.org/10.1016/j.clet.2021.100312
https://doi.org/10.1007/s10163-021-01226-3
https://doi.org/10.1039/D3SC05618J
https://doi.org/10.1039/D3SC05618J
https://doi.org/10.1007/s11356-024-34227-4
https://doi.org/10.1007/s11356-024-34227-4
https://doi.org/10.3390/met13040662
https://doi.org/10.1016/j.jbiosc.2014.12.013
https://doi.org/10.1021/acsomega.3c07739
https://doi.org/10.1021/acssuschemeng.1c06902
https://doi.org/10.1021/acssuschemeng.1c06902

Environmental Science and Pollution Research (2025) 32:16361-16379

16379

electric arc furnace dust using ionic liquids. Materials 15:8648.
https://doi.org/10.3390/ma15238648

Ugulu I (2015) Determination of heavy metal accumulation in plant
samples by spectrometric techniques in Turkey. Appl Spectrosc
Rev 50:113-151. https://doi.org/10.1080/05704928.2014.935981

Vorobyova V, Skiba M, Vasyliev G (2024) Deep eutectic solvents:
quantum chemical investigation, thermal stability and physico-
chemical properties. Chem Phys 586:112401. https://doi.org/10.
1016/j.chemphys.2024.112401

Wang K, Hu T, Shi P, Min Y, Wu J, Xu Q (2022) Efficient recovery
of value metals from spent lithium-ion batteries by combining
deep eutectic solvents and coextraction. ACS Sustain Chem Eng
10:1149-1159. https://doi.org/10.1021/acssuschemeng.1c06381

Xia J, Ghahreman A (2024) Sustainable technologies for the recycling
and upcycling of precious metals from e-waste. Sci Total Environ
916:170154. https://doi.org/10.1016/j.scitotenv.2024.170154

Yaashikaa PR, Priyanka B, Senthil KP, Karishma S, Jeevanantham S,
Indraganti S (2022) A review on recent advancements in recov-
ery of valuable and toxic metals from e-waste using bioleaching
approach. Chemosphere 287:132230. https://doi.org/10.1016/j.
chemosphere.2021.132230

Zeng X, Huo X, Xu X, Liu D, Wu W (2020) E-waste lead exposure and
children’s health in China. Sci Total Environ 734:139286. https://
doi.org/10.1016/j.scitotenv.2020.139286

Zhang T, Dao J, Wang J, Wan R, Li C, Wang D, Bao C, Zhang Y,
Zhang Z, Dong P (2024a) Efficient leaching of valuable metals
from NCM cathode materials by green deep eutectic solvent. J
Clean Prod 438:140636. https://doi.org/10.1016/j.jclepro.2024.
140636

Zhang Y, Cui P, Luo G, Chen L, Li X, Chao Y, Zhu W (2024b) One-
step selective separation and efficient recovery of valuable met-
als from spent lithium batteries by phosphoric acid-based deep
eutectic solvent. Green Chem Eng 5:390-398. https://doi.org/10.
1016/j.gce.2023.10.002

Zhang X, Li Y, Chen B, Sadowski G, Held C, Yu G (2025) Magnesium
extraction from salt lake brines by hydrophobic eutectic solvents:
experimental and molecular insights. Chem Eng Sci 306:121285.
https://doi.org/10.1016/j.ces.2025.121285

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3390/ma15238648
https://doi.org/10.1080/05704928.2014.935981
https://doi.org/10.1016/j.chemphys.2024.112401
https://doi.org/10.1016/j.chemphys.2024.112401
https://doi.org/10.1021/acssuschemeng.1c06381
https://doi.org/10.1016/j.scitotenv.2024.170154
https://doi.org/10.1016/j.chemosphere.2021.132230
https://doi.org/10.1016/j.chemosphere.2021.132230
https://doi.org/10.1016/j.scitotenv.2020.139286
https://doi.org/10.1016/j.scitotenv.2020.139286
https://doi.org/10.1016/j.jclepro.2024.140636
https://doi.org/10.1016/j.jclepro.2024.140636
https://doi.org/10.1016/j.gce.2023.10.002
https://doi.org/10.1016/j.gce.2023.10.002
https://doi.org/10.1016/j.ces.2025.121285

	Effectiveness of acidic deep eutectic solvents in recovery of hazardous base metals from waste printed circuit boards
	Abstract
	Introduction
	Materials and experimental methods
	Chemicals
	Preparation of waste PCBs
	Epoxy layer removal from waste PCBs
	Characterisation of ground waste PCBs
	Preparation and Fourier-transform infrared (FT-IR) spectroscopy characterisation of acidic DESs
	Thermogravimetric (TGA) analysis

	Recovery procedure

	Results and discussion
	DESs FT-IR characterisation
	Thermogravimetric analysis
	Effects of influencing parameters
	Nature of DESs
	Contact time
	Temperature
	Addition of water
	Nature of oxidants

	Analyses of the unleached and leached waste PCBs
	Comparison with the literature
	Kinetic study

	Conclusions
	Acknowledgements 
	References


