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Abstract: The treatment of end-of-life printed circuit boards (EoL PCBs) presents a contemporary
recycling challenge with significant environmental, economic and social dimensions. This reality
has attracted interest in the development of sustainable treatment processes, founded on mineral
processing and metallurgical processes. The present paper reviews the applications of mineral
processes in the treatment of end-of-life printed circuit boards (magnetic, electromagnetic, gravity
and flotation processes), highlighting their strengths, weaknesses and limitations in the processing of
EoL PCBs.
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1. Introduction

End-of-life printed circuit boards (EoL PCBs) represent a waste stream where their
treatment is of special interest. Their disposal presents a recycling challenge with significant
environmental, economic, and social dimensions. For this reason, instead of being consid-
ered a waste stream, they are considered to be a type of ore and, as with industrial ores, hold
significant market value [1]. This reality has attracted interest regarding the development
of sustainable treatment processes, founded on pyrometallurgical, hydrometallurgical and
mineral processing techniques.

After the removal of valuable and hazardous components from printed circuit boards,
as well as their size reduction and separation, the created material flow is addressed in
physical recycling or upgrading processes. When exploiting the different physicochemical
properties (size, density, magnetism, electromagnetism, gravity, hydrophobia/hydrophilia,
etc.) of the various materials contained in printed circuit boards, magnetic, electromagnetic,
gravity and flotation processes are all deployed in the treatment of EoL PCBs. The main
objective of all these processes is the separation of processed material flow into metallic
and non-metallic fractions.

Seeking to highlight the strong dependency of mineral processing and recycling, the
present paper reviews the applications of mineral processes in the treatment of the waste
stream of end-of-life printed circuit boards. An analysis of their outcomes is used to
highlight their prospects, strengths, weaknesses and limitations regarding the processing
of a challenging waste stream, such as that presented by end-of-life printed circuit boards.

2. Magnetic Separation Processing

In the pulverized material flow of EoL PCBs, many elements and materials with
magnetic and susceptible magnetic properties are included. The significant presence
of ferromagnetic materials (Fe, Ni, Co) provides favorable conditions for the effective
application of magnetic separation processing. During its application, magnetic particles
are separated from nonmagnetic particles. In the case of EoL PCB treatment, magnetic
separators are used for the isolation of ferromagnetic materials contained within the
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processed material flow. Using such a method, the separation of non-ferrous metals and
other non-magnetic waste from ferromagnetic metals can be achieved [2].

For magnetic separation, the equipment used is classified into two categories: low-
intensity and high-intensity separators. Low-intensity separators use either permanent
magnets or electromagnets, which provide high magnetic strengths, while high-intensity
separators are suitable for wet separation processes [3]. According to Sohaili et al. [4] and
Hanafi et al. [5], low-intensity drum separators are used extensively for the separation of
ferromagnetic metals from the rest of the material flow, while high-intensity drum separa-
tors are used for the separation of paramagnetic materials of lower magnetic susceptibility
(copper alloys), contained in printed circuit boards.

Despite these techniques, one significant obstacle for the efficient application of mag-
netic separation processing in EoL PCBs is the agglomeration of ferrous particles with other
non-ferrous materials contained in the processed material flow, leading to low efficiency
in the separation process. To limit this identified burden, the research and technology
community has sought out practices that support the efficient separation of magnetic and
non-magnetic materials, with significant results. Yazici et al. [6] indicated that the magnetic
separation recovery potential can reach up to 96% for Fe and 93% for Ni, while losses of
more than 60% of copper, gold and palladium occur due to their attachment to iron alloys.

3. Electrostatic Separation Processing

Similarly, diamagnetic and paramagnetic recovery can be achieved with the applica-
tion of electrostatic separation processes (eddy current, corona electrostatic and triboelectro-
static separation). Based on the experience gained from their application in the processing
of monazite, spinel, sillimanite, tourmaline, garnet, zircon, rutile, and ilmenite from heavy
leach/stream placer sand [7], an individual particle of a processed material flow may be
electrostatically charged via the mechanisms of conductance charging, high-tension or ion
bombardment charging, and contact or frictional charging [8].

Their potential for high recovery rates, combined with the advantages of fewer envi-
ronmental hazards, low energy consumption, and easy operation and control [9], means
that electrostatic processes can be considered a promising separation process for a signifi-
cant proportion of the materials contained within a stream of pulverized end-of-life printed
circuit boards.

Early research has proved that applying this process can contribute to the recovery of
Cu, Al, Pb, Sn and iron particles and of a certain number of precious metals from end-of-life
printed circuit boards [10]. This is particularly true in the case of copper recovery; Burat and
Ozer [11] reported a copper recovery rate of 98%, thanks to the application of sequential
electrostatic processing of end-of-life printed circuit boards.

3.1. Eddy Current Separation Process

An eddy current-based electrostatic separator can be applied to EoL PCBs, aiming for
the separation of ferrous and non-ferrous metals, as well as the removal of plastic particles
contained within the metal/plastic mass of the pulverized processed material [12].

Besides the shape and size of a particle, one critical factor that determines the deflection
behavior of a material is the deflection coefficient of a particle (conductivity to density
(o/p)) of a conductive material, which influences the magnitude of the repulsive force
(Lorentz force) that is exerted on each particle.

The significant presence of materials with a high ratio of electrical conductivity /density
in EoL PCBs, as presented in Table 1, makes eddy current separation processes a promising
alternative solution for the recovery of a significant part of the metallic fraction of this
specific waste stream, including copper and aluminum particles. On the contrary, in the
case of materials with extremely low values of conductivity/density ratio, such as stainless
steel, plastic, and glass, the use of eddy current separators is inappropriate [13,14].
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Table 1. Deflection coefficients for metals/materials (Source: Yazici et al. [15]).

. Conductivit . Conductivity (a)/

Metal/Material (0)/Density Rati}(,) () Metal/Material Density Ratiyo (0)
Aluminium (Al) 13.0 Tin (Sn) 1.2
Copper (Cu) 6.7 Iron (Fe) 1.2
Silver (Ag) 6.0 Lead (Pb) 0.45
Zinc (Zn) 24 Glass 0.00
Gold (Au) 2.1 Plastics 0.00

o = Electrical conductivity x 106 QO Im™?, p = Density x 103 kg/ m3

Initially, Zhang et al. (1999) reached the conclusion that non-ferrous material (Cu and
Al) recoveries ranged from 48% to 98%, depending on the different technological versions
of eddy current separators used for pulverized EoL PCBs with a size of less than 10mm.
Later research [16,17], showed significant potential for the separation of large amounts of
coarse non-ferrous metallic particles (Cu and Al) in a wider size range (2 to 50 mm) that
are contained within EoL PCBs.

3.2. Corona Electrostatic Separation Process

The differences in density and electrical conductivity between plastics, metals and
ceramics provide excellent conditions for the application of a corona electrostatic separa-
tor [18], seeking the separation of metallic particles (including non-ferrous particles) from
plastic ones contained in the waste stream.

The operation of the process is based in the corona discharge phenomenon. The
passing of processed material through a corona field leads to the charging of non-conductive
(non-metallic) particles only. The separating capability depends on the difference in polarity
and the amount of charge acquired by those particles to be separated. In such a way, non-
metallic particles are attached to the drum, falling off into storage bins, whereas the
conducting (metallic) particles discharge rapidly in the direction of the earthed electrode.

Although in certain cases, the generation of toxic compounds, such as nitrogen oxide
and ozone [13], 2020, was reported, corona separators are still considered an environmen-
tally friendly, high-efficiency, and cost-effective separation process [19], representing the
most effective separation technology for metallic and non-metallic fractions [20].

However, its application does not support the recovery of precious metals, since the
recovered metallic fraction is a mixture of various metals, comprising Cu, Al, Pb, Au, Ag,
etc. [21]. This reality highlights one weakness of using corona electrostatic separators in
the treatment of EoL PCBs, which is the presence of middling products with high metal
content, requiring further treatment.

According to the literature review, the combination of corona electrostatic processes
with other processes can offer significant advantages in the final outcome. He and Xu [22],
in their study of the application of a chlorination process to recycle gold and copper
from EoL PCBs, concluded that the application of corona electrostatic separators is a
necessary pre-treatment stage that contributes significantly to the increase in specific
particle recovery [19].

3.3. Triboelectrostatic Separation Process

To deal with the challenge of the separation of materials with similar conductivities,
contained within EoL PCBs, triboelectrostatic separation applications were assessed. Al-
though their application presents limited treating capacity and, therefore, limited potential
for extensive industrial use (He et al., 2015), the process has attracted the interest of the
research and industrial community because of the fact that it is a dry separation process
that does not require wastewater treatment processes.

Based on the surface charge transfer phenomenon, polarized or charged particles
can be sorted under the influence of an electric field, based on their surface charging
characteristics [23]. In such a method, the polymeric/plastics materials of EoL PCBs can
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be charged either by frictional electrification (or tribocharging) or by rubbing polymeric
materials together [24], developing polarities that permit their separation from the rest of
the processed flow.

Through this process, it is possible to achieve the recovery of high-impact polystyrene
and acrylonitrile butadiene styrene, identified frequently in EoL PCBs [25,26]. Moreover,
this process allows the recovery of metals with high conductivity, like Al and Cu (e.g., cable
and wire waste) from the mixtures [23]. However, the research results showed limitations
in their applicability, in terms of the size [27] and shape [28] of particles.

4. Gravity Separation Processing

The different densities of materials contained within EoL PCBs, as shown in Table 2,
support the application of various gravity separation processes. During these processes,
materials of different specific gravities are separated by their relative movement in response
to the force of gravity and one or more other forces of an external fluid that acts as a
separation medium and can be either water or air. Particle movement into the air or the
fluid depends mainly on particle density. However, the size and the shape of the particle
are also contributing factors [29].

Table 2. Specific gravities of materials contained in printed circuit boards.

Materials Specific G3ravity Materials Specific G3ravity

g/cm g/cm
Copper 8.96 Gold 19.3
Iron 7.87 Bismuth 9.79
Glass fibber 2.7 Chromium 7.15
SiO2 filler 2.65 Lead 11.3
Plastics 2.0 Nickel 8.90
Ferrite 5.0 Silver 10.5
Phenolic 1.23-1.24 Tin 7.26
Aluminium 2.7 Zinc 7.14

Based on their applications in the mineral-processing sector, gravity separation pro-
cesses are characterized by their low installation capital and operating cost requirements,
while the absence of chemical reagents and no need for additional heating make them
an environmentally friendly group of processes that are commonly used in the physical
separation of metals and non-metals contained within EoL PCBs [18].

Depending on the deployed medium, gravity separation processes can be divided
into two main categories; air and fluid separation processes [13].

Air classification techniques are founded on the suspension of the particles in a flowing
air stream. During the application of the separation process, both gravity and drag forces
are exerted in two opposite directions on the processed particles. In the case of low-density
particles, gravitational forces are lower than the drag forces; thus, the particles move
upward. Conversely, in the case of high-density particles, gravitational forces are higher
than the drag forces, permitting their downward movement. With appropriate adjustments,
the separation of different specific gravity particles can be achieved [30], moving heavy
particles downward against the air stream, while the light particles rise along with the air
stream to the top of the column [31].

In terms of EoL PCBs, separators using material density, such as air tables, air cyclones,
and centrifugal separators, are applicable when seeking the recovery of base metals from
non-metal fractions, such as Cu, Au, and Ag [13]. Zheng et al. [32] studied the separation of
the metallic and non-metallic particles of EoL PCBs, applying an air separation process. The
results of their study showed that the application of an air separation process is appropriate
for copper particle separation.

Moreover, besides gravity forces, the plastic and metallic fraction of EoL PCBs can
be separated with the use of viscous liquid. Similar to air-based classifiers, the motion
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of a particle in a fluid is dependent not only on the particle’s density but also on its size
and shape [4]. Using different heavy liquids, it is possible to further separate the metals
contained within the metallic fraction of EoL PCBs [33]. In these cases, the application of the
separation process takes place via separation tables that exploit differences in the specific
gravity and particle size to achieve the desired separation. Veit et al. [34] studied the use
of a Mozley concentrator for the pre-treatment of processed EoL PCBs, obtaining high
recovery rates of copper (85%), tin (95%), nickel (96%) and silver (98%), while aluminum
and gold could not be recovered, due to their density and lamellar form, respectively.

Based on the work of Cui and Forssberg [35] on the use of a wet shaking table for the
separation of copper/plastic fractions from cable scrap, Burat and Ozer [11] studied the
efficiency of wet shaking table separation (with a Wilfley shaking table) as a pre-treatment
stage for different-sized fractions of EoL PCBs. Their work showed that a concentrate grade
of over 58% total metals (Cu, Au, Ag, Fe and Al) was obtained at —1 + 0.3 mm fraction,
and the total metal content of the heavy product dramatically increased to over 95% at the
finest fraction. The highest grade (49.08%) of the recovered metal was reported in the case
of copper, at —1 + 0.3 mm size fraction.

5. Flotation Separation Processing

The principle behind flotation processing is the exploitation of the different hydropho-
bic and hydrophilic properties presented among different particles that are contained in
a processed material flow. The most popular version of flotation processing is the froth
flotation process, which is extensively used in the mineral-processing sector. Its application
has permitted the exploitation of low-grade and complex ore bodies that would have oth-
erwise been regarded as of limited economic interest. Nowadays, its use and application
are expanded to treat greater tonnages and to cover new fields of technical interest [36].

The reported alternative versions of the flotation process include dispersed air flotation
(DPAF), dissolved air flotation (DAF), pneumatic flotation, electrolytic flotation, bacterial
leaching and the column flotation process.

From the literature review, the only flotation process where its application regarding
EoL PCBs was assessed is the froth flotation process. The most common outcome of all
these research initiatives is that froth flotation is considered a promising process to face the
challenge of low recovery rates of base and precious metals obtained by the application
of other separation processes in fine fractions below 74 pm [33]. As a result of particles
having similar physical properties, in fine fractions, the efficiency of gravity separation,
magnetic separation and electrostatic separation processes is limited [37]. Hence, research
endeavors have attempted to deal with this challenge, assessing it as a mineral-processing
problem, seeking the optimum combination of operational conditions that will boost the
recovery rates of metals.

Ogunniyi and Vermaak [38] examined the application of froth flotation processes in
pulverized, fine-grained EoL PCBs. In the course of their research, they noticed that many
metallic elements were found to concentrate in the sinking phase, while others gathered in
the froth phase. Remarkable rates of recovery of gold and palladium were recorded for the
sink, with about a 64% recovery rate at an enrichment ratio of 3.1 (676 ppm in the actual
assay) for Au.

Tsakalakis et al. [36] assessed the application of froth flotation process in EoL PCBs,
focusing on the recovery of Cu, Au, Pd and Ag. Their results regarding the processing of
fine-sized fractions (—0.5 mm) showed the recovery of metallic particles in the floating
fraction were 80.5% for Au, 83.0% for Pd, 37.5% for Ag and 76.3% for Fe, while in the sinking
fraction, Cu recovery reached 74% and Ag reached 46.4%. In the case of Ag, indifferent
behavior was noted between floating and sinking fractions. In this way, the conclusion was
verified that the natural hydrophobicity of metals contained in PCB-pulverized material,
as well as the production of stable froth, could be achieved even without the addition of
any frothing reagent.
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Regarding the optimal size of the processed material, Vidyadhar and Das [39] reached
the conclusion that froth flotation is an appropriate separation process for the entire
—1.0 mm fraction of EoL PCBs, resulting in a pre-concentrate product and achieving a
90% recovery rate of metal with a loss of less than 4%, while the presence of reagents was
negligible, supporting the environmentally friendly characteristics of the specific process.
In the course of their work, He and Duan [40] reached the conclusion that the optimum size
fraction for the application of the froth flotation process was 0.074-0.25 mm, which ensured
the recovery of metallic concentrations higher than 84%. In such a way, they reaffirmed
that reverse froth flotation can be considered an efficient alternative approach to recycling
EoL PCBs, in terms of fine fractions.

6. Conclusions

The challenge of end-of-life printed circuit board treatment has attracted the interest
of both international researchers and the industrial community. Significant initiatives were
undertaken with the aim of developing processes that ensure the maximum recovery rate
of metallic particles contained within the waste stream of EoL PCBs. All these initiatives are
based on the adoption of metallurgical and mineral processing methods in the treatment of
EoL PCBs.

Mineral processing processes are used for the development of the physical recycling
of EoL PCBs, which is now critical, and their performance influences either the direct
recovery of the selected materials or the performance of the next stages in the recycling
process. This attribute has caused several scientists and researchers to consider physical
recycling processes as a sustainable alternative engineering approach offering significant
prospect challenges.

Given the length limitations of this paper, the present study presents an overview and
analysis of the different EoL PCB recycling methods that are used for the recovery of the
various materials contained within the waste stream of EoL PCBs and that can be derived
via the mineral processing methods that are reviewed herein.

Through the present review, we attempt to highlight the contribution of mineral
processing methods in the treatment of EoL PCBs. Analyzing the limitations, strengths
and weaknesses of each process, this paper seeks to contribute to the continuous efforts
of the research and industrial communities to find optimal technical solutions to the
contemporary challenge of recycling EoL PCBs.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not available.
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