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Abstract: Magnetic separation has wide-ranging applications in both mineral processing and recy-
cling industries. Nevertheless, its conventional utilization often overlooks the interplay between
mineral and particle characteristics and their impact on operational conditions, ultimately influ-
encing the efficacy of the separation process. This work describes a methodology able to achieve
the comprehensive characterization and classification of Waste Electrical and Electronic Equipment
(WEEE) slag. The primary objective is to establish a meaningful connection between the distinct
properties of slag phases and their influence on the separation process. Our methodology consists
of several stages. Firstly, the WEEE slag is sieved into distinct size classes, followed by classifica-
tion into magnetic susceptibility classes by using the Frantz Isodynamic separator. To quantify the
magnetic susceptibility of each class, we used a magnetic susceptibility balance, and to identify
paramagnetic and ferromagnetic fractions and phases within these magnetic susceptibility classes,
we conducted vibrating-sample magnetometer measurements. Finally, to establish a meaningful link
between the magnetic characterization, mineralogical, and particle-level details, Mineral Liberation
Analysis was conducted for each magnetic susceptibility class. This in-depth analysis, encompassing
both particle properties and magnetic susceptibility classes, provides a better understanding of
the separation behavior of different phases and can help to enrich phases with a specific range of
magnetic susceptibility values. This knowledge advances progress towards the development of
predictive separation models that are capable of bridging the gap between theoretical understanding
and practical application in the field of magnetic separation.

Keywords: magnetic characterization; magnetic susceptibility classes; WEEE slag; vibrating-sample
magnetometer (VSM)

1. Introduction

In the last two decades, advancements in electronic technologies have caused a signif-
icant increase in the generation of waste electrical and electronic equipment (WEEE) [1].
This is mostly paired with the increasing number of users, technological advances, and
social and economic development [2,3]. The Global E-waste Monitor 2020 reported that
in 2019, 53.6 million tons of e-waste was produced, and that this figure is projected to rise
to 74 million tons by 2030 [4]; with this expected increase in e-waste, efficient recycling
solutions will be even more critical. E-waste has become a major environmental concern,
not only because of the pollution it causes, but also due to the loss of valuable and critical
elements such as rare earth metals [3,5].
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WEEE recycling involves three primary methods: mechanical, hydrometallurgical,
and pyrometallurgical. Mechanical recycling aims to recover the metallic and non-metallic
components as they are. The effectiveness of physical separation relies on particle charac-
teristics like density, magnetic susceptibility, and size distribution [6]. Hydrometallurgical
processing begins with sorting and dismantling, followed by pre-treatment, leaching, pu-
rification, and metal recovery [7]. Pyrometallurgical methods rely on thermo-physical
metal phase separation behavior, but require high energy. In the case of PCBs, this typically
offers sharper and faster separation [8]. Governmental restrictions, statutory recycling rates,
and valuable and economically interesting metal contents (e.g., Cu, Au, Ag) have driven
technological advancements in the field of pyrometallurgical processing for the recycling
of e-waste [3]. However, these industrial processes are designed to recover only major
valuable metals from e-waste in the form of a metal phase at the bottom of the furnace. A
slag phase forms above the metal phase, containing the ceramic compounds of the feed mix
and oxidized metals, as well as some base metal alloys as entrapped droplets. Moreover,
these entrapped droplets contain some of the precious metals within the slag [9]. Thus, this
slag should be considered as a secondary resource of metals, rather than a waste [10,11].
Such a slag system can have microstructures and mineral phases similar to the primary
raw materials. For example, during the cooling process of the slag, various elements can be
concentrated in specific crystalline or amorphous phases. These phases can be referred to
as “Engineered Artificial Minerals” (EnAM). Treating these slag bodies as ore bodies and
applying mineral processing techniques to enrich these EnAMs can help to recover the lost
valuable elements in slags.

According to Buchmann et al. (2020), due to the magnetic properties of e-waste slags,
magnetic mineral processing operations offer a potential solution able to enrich EnAMs [9].
Similarly, several studies [12–15] have also shown the potential of magnetic separation
for slag recycling. Magnetic separation is a high-efficiency, low-cost, and selective tech-
nique that relies on the magnetic properties of the minerals present in the slags. The
magnetic properties of minerals are determined according to their chemical composition,
crystal structure, and electronic configuration [16,17]. Therefore, the magnetic properties
of the phases generated in the slag body are highly dependent on their mineralogical and
structural composition.

The magnetic separation process relies on the magnetic properties of the particles
and the forces acting on them during separation. The magnetic properties of the particles
are determined according to several factors, such as their size and composition [18]. The
effectiveness of a magnetic separation process depends on the forces acting on the treated
particles [19], which, in turn, depend on their corresponding force fields and on various
physical particle properties. The magnetic force (Fm; Equation (1)) acting on the particles is
proportional to the applied magnetic flux density (B), the gradient of the flux density (∇B),
the mass of a particle (mp), the difference in the mass magnetic susceptibility of the particle(
χp

)
and the medium (χ f), and inversely proportional to the magnetic permeability of the

vacuum (µ 0). The gravitational force (Fg) acting on a particle of density ρp, is described by
Equation (2), where ρf is the density of the medium, Vp is the volume of particle, and g is the
gravitational acceleration [18]. These factors can be described using Equations (1) and (2).

Fm =
1
µ0

(
χp − χf

)
mpB∇B (1)

Fg =
(
ρp − ρf

)
Vpg (2)

In conventional dry ring-type magnetic separation, for a particle to be recovered in the
magnetic concentrate, the magnetic force needs to overcome the gravitational force acting
on the particle (F m > Fg

)
. There can be more counteracting forces ( Fcoun) such as drag

forces and initial kinetic energy (determined by the flow rate) coming from the media in the
case of wet magnetic separation, which need to be overcome by the separating magnetic
force (F m > Fcoun). If the magnetic force is significantly greater than the counteracting
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forces (i.e., Fm � Fcoun), the selectivity of the separation process will be poor, as it fails
to differentiate between mineral phases with varying magnetic susceptibility. Similarly,
if the valuable phases are in the non-magnetic fraction, the “brute force” approach will
result in the poor yield of the non-magnetic fraction, due to the mechanical and magnetic
entrainment of the non-magnetic particles in the magnetic tailings. Higher selectivity in
the separation process is possible when the magnetic force and counteracting forces have a
comparable magnitude (F m > Fcoun). Therefore, the selectivity of the process is critically
dependent on the relative strengths of the magnetic and counteracting forces acting on
the particles. These forces acting on the particles in a specific separator and under certain
operating conditions can be estimated by using Equations (1) and (2).

In Equation (1), the magnetic susceptibility of the material (χm) is a fundamental prop-
erty of a particle that describes its response to an applied magnetic field and mathematically
can be described as the ratio of the magnetization (M) to the applied magnetic field intensity
(H), as shown in Equation (3). However, the magnetic susceptibility of a single particle (χp)
is the sum of susceptibilities of the individual phases present in the particle, multiplied by
their mass fractions (Equation (4)). Therefore, to estimate the magnetic susceptibility of a
sample, it is essential that the magnetic susceptibility of the individual phases present in
the sample is determined. The magnetic susceptibilities of different phases can vary widely,
depending on their composition and structural properties [20].

χm =
M
H

(3)

χp =
n

∑
i=1

wm,i × χm,i (4)

Several studies [20–24] have shown the importance of determining the magnetic prop-
erties of particles to improve and model the efficiency of magnetic separation processes.
These studies have also highlighted the complexity of determining the magnetic suscepti-
bilities of particles, which mainly govern the response of a particle to the applied magnetic
field. Currently, all our modeling approaches for the magnetic separation process rely
mainly on the magnetic susceptibility values obtained from the literature or on establishing
elemental proxies to the magnetic susceptibility values, such as the Fe content in the sample
material. In a recent study by Guiral-Vega et al. (2022) [21,23], the importance of particle-
based characterization for the optimization of magnetic separation processes, based on the
magnetic susceptibility classes, is presented. In this study, to create magnetic susceptibility
classes, the susceptibility of the phases was assigned by using the average values from
the literature, and no characterization methodology for creating magnetic susceptibility
classes and determining their magnetic susceptibility values was presented. Moreover,
the same mineral phases coming from different ore deposits can have different magnetic
susceptibility values due to changes in their crystal structures and slight impurities [17].
Therefore, to optimize and model the magnetic separation process, it is important to first
define a methodology for the classification of magnetic susceptibility. Such a dataset with
the classified mineralogical, morphological, and physical properties of the particles and
phases will greatly contribute to the advanced application of particle-based separation
models [20,22,25].

In this study, a methodology able to perform a detailed magnetic characterization of an
e-waste slag is presented; this can potentially help to create predictive processing models
based on the mineralogical and physical properties of particles. The magnetic properties
of the e-waste slag are classified via a pre-treatment with a Frantz isodynamic magnetic
separator, followed by direct magnetic susceptibility measurements using the magnetic
susceptibility balance (MSB) and magnetic hysteresis loop measurements, obtained using
a vibrating-sample magnetometer (VSM). The mineralogical composition and particle
properties of the magnetic susceptibility classes are determined using automated mineral
liberation analysis (MLA) [26]. Finally, the recoveries of the magnetic phases obtained using
the Frantz isodynamic magnetic separator and ring-type magnetic separator are compared
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to show the effect of the equipment separation mechanism, which should be considered for
predictive processing models. The results of this study provide valuable insights into the
magnetic behavior of the different slag phases and physical properties of the particles, and
can thus help to develop particle-based separation models.

2. Materials and Methods

The workflow used to create a detailed particle dataset according to the presented
characterization methodology is summarized in Figure 1. The methodology consisted
of first milling the sample below a 500 µm size fraction, and then classifying the sample
material into size classes and subsequently into magnetic susceptibility classes, except
<63 µm size classes due to their poor flowability. After size classification, the magnetic
susceptibility classes were generated using the Frantz isodynamic separator and their
susceptibilities were directly measured with a magnetic susceptibility balance. This method
enabled the distribution of phases from each size class based on their susceptibilities into
different magnetic susceptibility classes. This, according to Equation (4), reduced the
complexity of the phases in each magnetic susceptibility measurement of MSB. For the
further characterization of the magnetic susceptibility classes with MLA and VSM, the most
suitable size class was selected; more information about this is presented in Section 3.1.
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Figure 1. Workflow of the detailed particle characterization, including preparation of the sample
material (crushing, grinding) and separation into property classes (size and magnetic susceptibility).
Different shades of each color represent different magnetic susceptibility classes. Analysis of the
samples was performed using an MSB and a VSM for magnetic properties, as well as MLA for
particle properties.

2.1. Sample Material

The sample material used in this study was a slag generated via a melting experiment
of finely ground PCB consisting mainly of Cu, Pb, Zn, Al, N, and Sn, which was previously
investigated by Buchmann et al. (2020) and Borrowski et al. (2018) [9,27]. The slowly
cooling (central) region of the slag body was chosen for this study, due to the relatively
large crystal sizes of different phases, making it suitable for magnetic separation processes.
The slag body was crushed and milled to <500 µm. The sample material was later sieved
into particle size fractions of <63, 63–100, 100–160, 160–250, and >250 µm. To ensure the
representativeness of the samples for the characterization and separation experiments,
sub-samples were obtained with the help of a riffler and rotary sample splitter.
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2.2. Magnetic Classification and Separation
2.2.1. Frantz Isodynamic

A Frantz isodynamic magnetic separator (self-made in former German Democratic
Republic) was used to classify the distribution of particle magnetic susceptibility within
each particle size fraction [28]. In this separator, particles are separated purely according
to their magnetic susceptibility, since the product of the magnetic field strength and field
strength gradient is constant at every point in the separation space. Particles for which
Fm is large enough to change their trajectory enter the magnetic product. The other less-
magnetic particles under the influence of Fg do not change their trajectory and enter the
non-magnetic product (Figure 2A). These products (magnetic classes) were generated at
an increasing magnetic field strength, as shown in Figure 2B. The increase in the magnetic
field strength was achieved by varying the separator current, with values of 0.50 A, 0.70 A,
0.85 A, 1.00 A, 1.15 A, 1.30 A, 1.45 A, and 1.60 A, in an increasing order. The feed material
for each magnetic field strength is the insufficiently magnetized fraction of the previous
separation round, at a slightly lower field strength. The above-mentioned procedure was
used to generate the magnetic classes of the following size fractions: 63–100, 100–160,
160–250, and >250 µm.
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Figure 2. (A) The working principle of the Frantz Iso-dynamic separator and (B) workflow used to
create magnetic susceptibility classes using the Frantz isodynamic separator.

The susceptibilities of these magnetic classes can be defined as a range with the help
of the calibration curve of the isodynamic separator. These curves can be calculated using
Equation (5) for the desired slope angle (β) of the separator, where k is the equipment-
specific constant, α is the sideward slope of the separation chute and I is the current (in
amperes) supplied to the magnetic coils. In this study, the equipment constant was 70, and
the sideward slope angle was kept at 15◦ for all measurements [20].

χm =
k× sin α

I2 (5)

In this study, rather than assuming a range of susceptibilities based on the upper and
lower magnetic class prescribed by the Frantz isodynamic magnetic separator, the magnetic
susceptibility of each magnetic class was measured directly, using a magnetic susceptibility
balance (MSB MK II auto), and the mass-weighted mean magnetic susceptibility of each
magnetic class was defined. To minimize the sampling error, three sub-samples were taken
from each magnetic fraction, and each sample was measured three times. The mean of all
the measurements was used to define the mass-weighted magnetic susceptibility of a single
magnetic class.

2.2.2. Ring-Type Magnetic Separator

Magnetic separation experiments of the sample material were performed using a
ring-type magnetic separator. This equipment operates as a dry magnetic separator and is
based on the lifting principle (Figure 3B). It consists of a conveyor belt (Figure 3-1) on which
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the particles are dispersed with the help of a vibrating feeder and are transported through
the gap (s) of a magnetic separation system. This gap is formed between two magnetic
poles, on the bottom side by the flat ends of a U-shaped pole (Figure 3-2) and on the top
side by a rotating ring (Figure 3-3). The working width of the conveyor belt is defined by
the width of the flat poles, and the diameter of the rotating ring is larger than the width of
the conveyor belt and expands outside of the conveyor on both sides. The particles with
Fm > Fg are lifted up and attached to the rotating ring, and are then collected as a magnetic
fraction; other particles with a stronger gravitational force remain on the conveyor belt and
get collected at the end of the conveyor belt as a less-magnetic fraction. Electromagnetic
coils (Figure 3-4) able to generate the desired magnetic field are attached on both sides of
the U-shaped core.

Minerals 2023, 13, x FOR PEER REVIEW 6 of 17 
 

 

2.2.2. Ring-Type Magnetic Separator 
Magnetic separation experiments of the sample material were performed using a 

ring-type magnetic separator. This equipment operates as a dry magnetic separator and 
is based on the lifting principle (Figure 3B). It consists of a conveyor belt (Figure 3-1) on 
which the particles are dispersed with the help of a vibrating feeder and are transported 
through the gap (s) of a magnetic separation system. This gap is formed between two 
magnetic poles, on the bottom side by the flat ends of a U-shaped pole (Figure 3-2) and on 
the top side by a rotating ring (Figure 3-3). The working width of the conveyor belt is 
defined by the width of the flat poles, and the diameter of the rotating ring is larger than 
the width of the conveyor belt and expands outside of the conveyor on both sides. The 
particles with 𝐹  >  𝐹  are lifted up and attached to the rotating ring, and are then col-
lected as a magnetic fraction; other particles with a stronger gravitational force remain on 
the conveyor belt and get collected at the end of the conveyor belt as a less-magnetic frac-
tion. Electromagnetic coils (Figure 3-4) able to generate the desired magnetic field are at-
tached on both sides of the U-shaped core. 

The particle size fractions of 63–100 µm, 100–160 µm, and 160–250 µm were used for 
the separation experiments. The magnetic separation was carried out at increasing mag-
netic field strengths by increasing the separator current, ranging from 0.1 A (minimum) 
to 1.0 A (maximum) with a step size of 0.1 A. The less-magnetic fraction obtained from the 
previous separation at a lower magnetic field strength was used as feed material for the 
next separation, as shown in Figure 3B. The gap between the conveyor belt and the mag-
netic ring was kept constant at 2 mm throughout all experiments. 

 
Figure 3. (A) The working principle of the ring-type magnetic separator: 1. Conveyor belt, 2. U-
shaped magnet, 3. Rotating ring, 4. Electromagnetic coils. (B) Workflow of the magnetic separation 
using a ring-type separator. 

2.3. Vibrating Sample Magnetometer (VSM) and Honda-Owens Plot 
The magnetic properties of the various classes obtained via the treatment of the 63–

100 µm size fraction, with the Frantz isodynamic separator, were thoroughly investigated 
using measurements obtained with an MPMS3-type SQUID-VSM (Quantum Design 
GmbH). The M-H curves were measured at 5 K and 300 K. Moreover, the detailed tem-
perature-dependent magnetization was measured at a high field of 4 or 5 T in the range 
of 5–300 K, as well as with zero-field-cooled (ZFC) and field-cooled (FC) curves at 100 Oe 
and 500 Oe. For the ZFC/FC measurements, the samples were first cooled down from 
room temperature to 5 K under zero field. Then, a 100 Oe or 500 Oe was applied, and the 
ZFC magnetization was measured during warming-up. Subsequently, the FC magnetiza-
tion was measured during cooling-down under 100 Oe or 500 Oe. 

The magnetic behavior of the sample can be determined via the magnetization in 
function of the magnetic field measurements (M-H curves), and if the sample material 
consists of paramagnetic or ferromagnetic materials (s.l.), or both of these material types, 
the magnetic behavior can be identified according to the hysteresis or shape of the M-H 
curve. If the sample material consists of both paramagnetic and ferromagnetic material 
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shaped magnet, 3. Rotating ring, 4. Electromagnetic coils. (B) Workflow of the magnetic separation
using a ring-type separator.

The particle size fractions of 63–100 µm, 100–160 µm, and 160–250 µm were used
for the separation experiments. The magnetic separation was carried out at increasing
magnetic field strengths by increasing the separator current, ranging from 0.1 A (minimum)
to 1.0 A (maximum) with a step size of 0.1 A. The less-magnetic fraction obtained from
the previous separation at a lower magnetic field strength was used as feed material for
the next separation, as shown in Figure 3B. The gap between the conveyor belt and the
magnetic ring was kept constant at 2 mm throughout all experiments.

2.3. Vibrating Sample Magnetometer (VSM) and Honda-Owens Plot

The magnetic properties of the various classes obtained via the treatment of the
63–100 µm size fraction, with the Frantz isodynamic separator, were thoroughly investi-
gated using measurements obtained with an MPMS3-type SQUID-VSM (Quantum De-
sign GmbH). The M-H curves were measured at 5 K and 300 K. Moreover, the detailed
temperature-dependent magnetization was measured at a high field of 4 or 5 T in the range
of 5–300 K, as well as with zero-field-cooled (ZFC) and field-cooled (FC) curves at 100 Oe
and 500 Oe. For the ZFC/FC measurements, the samples were first cooled down from room
temperature to 5 K under zero field. Then, a 100 Oe or 500 Oe was applied, and the ZFC
magnetization was measured during warming-up. Subsequently, the FC magnetization
was measured during cooling-down under 100 Oe or 500 Oe.

The magnetic behavior of the sample can be determined via the magnetization in
function of the magnetic field measurements (M-H curves), and if the sample material
consists of paramagnetic or ferromagnetic materials (s.l.), or both of these material types,
the magnetic behavior can be identified according to the hysteresis or shape of the M-H
curve. If the sample material consists of both paramagnetic and ferromagnetic material
(s.l.), then the magnetic susceptibility estimation of the sample can vary depending on
the applied magnetic field; this is because the magnetization of ferromagnetic materials
is a function of the magnetic field strength and temperature. Therefore, to determine the
magnetic susceptibility of the phases, the classes consisting of paramagnetic materials only
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should be considered. Using the Honda–Owens plots, it is possible to distinguish the two
components of the magnetization from the hysteresis [29–31]. These plots involved plotting
the magnetic susceptibility of the sample against the reciprocal of the field strength, in a
constant linear region of the magnetization and field. This plot should represent a linear
relationship. The slope of this linear relation is equal to the concentration of ferromagnetic
material multiplied by the saturation magnetization of the ferromagnetic material (6). The
intercept of this slope at the y-axis gives the magnetic susceptibility of the paramagnetic
phases [32].

Slope = Conc. Ferromagnetic× Saturation Magnetization ( f erro) (6)

2.4. Automated Mineralogy Analyses

Automated mineralogy analyses were performed on the MLA system [26,33,34]. The
instrument used was an FEI Quanta 650-F field emission SEM (FEI − Thermo Fisher
Scientific Inc., Waltham, MA, USA) equipped with two Bruker Quantax X-Flash energy-
dispersive X-ray (EDX) detectors (Brucker, Billerica, MA, USA). The MLA Suite software
package 3.1.4.686 was used for data processing. The identification of mineral grains using
MLA involved segmenting BSE (Back-Scattered Electron) images and collecting the EDX
spectra of the particles and grains identified in GXMAP mode, which collects the EDX
spectra of each particle in a dense grid and classifies them based on a user-generated list of
mineral spectra. All samples were measured using this mode. The measurement conditions
of the automated mineralogy and the number of particles analyzed in each sample are
summarized in Table 1.

Table 1. Scanning conditions used for MLA measurement and the number of particles analyzed in
each measurement.

SEM-EDX Conditions Sample Number of Particles
Parameter Value 63–100 µm MLA

Mode GXMAP Amp 0.50 75,383
Acceleration Voltage 25 kV Amp 0.70 33,147

Spot Size 5.91 µm Amp 0.85 61,133
Working Distance 11.99 mm Amp 1.00 29,782

Beam Current 10 mA Amp 1.15 65,577
Step Size 10 µm Amp 1.30 65,869

Brightness 81.7 Amp 1.45 30,392
Contrast 26.6 Amp 1.60 61,484

Spectrum-Matching
Threshold 80% Non-Mag. 68,743

3. Results and Discussion
3.1. Magnetic Susceptibility Classes

The distribution of the magnetic susceptibility classes created using u the Frantz
isodynamic magnetic separator is shown in Figure 4. The blue lines in Figure 4A are
the calibration curves of the Frantz isodynamic separator at 15◦ [20]. The magnetic sus-
ceptibility classes of each size class in Figure 4A are plotted together with the magnetic
susceptibility measured using the MSB and the calibration curve of the Frantz isodynamic
separator. The magnetic susceptibility classes collected at a lower amperage correspond to
higher magnetic susceptibility values, due to the strong magnetic phases in these classes
that required lower magnetic field strengths to be recovered in the magnetic fraction. The
magnetic susceptibility classes collected at a higher amperage correspond to the lower
magnetic susceptibility values, due to the weakly magnetic phases that required higher
magnetic field strengths to be recovered in the magnetic fractions.
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Figure 4. (A) Correlation of current used for separation and measured magnetic susceptibility of
different size fractions from WEEE slag. (B) Respective magnetic susceptibility distributions of these
size classes obtained according to measurements with a weight balance.

Ideally, the measured susceptibilities would follow the calibration curve, but this is
only possible for materials with fixed magnetic susceptibility values or purely paramagnetic
phases without any ferromagnetic impurities or magnetic anisotropy [20]. The deviation
from the calibration curve observed in Figure 4A is mainly due to the poor liberation of
phases in larger particle sizes and the presence of ferromagnetic phases in the WEEE slag.
As the particle size reduced (better liberation), the measured magnetic susceptibility values
of the magnetic susceptibility classes started to move closer to the actual calibration curves
of 15◦. While it was possible to obtain a higher number of magnetic susceptibility classes in
the range of 50 × 10−9 to 300 × 10−9 m3/kg by applying a wide range of currents, this was
not possible for higher magnetic susceptibility ranges due to the narrow possible range
of applied currents and the lower mass recoveries of the magnetic fractions, as shown in
Figure 4B.

The magnetic susceptibility distribution obtained according to measurements with
a weight balance of each size fraction is plotted in Figure 4B, where the slope of the
cumulative distribution decreases as the particle size decreases. This trend is also illustrated
by the decreasing height of the peak in density distribution (q3) at the measured magnetic
susceptibility (χg) range of 75 × 10−9 to 150 × 10−9 m3/kg. Decreasing the particle size
reduces the complexity of individual particles, as fewer phases are present within each
particle (increased liberation). The better the phases are liberated and the fewer composite
particles that exist, the more individual peaks in the density distribution will appear.

Having a lower particle size fraction with fewer phases would enable the particle to
be recovered in a magnetic susceptibility class that is a better representation of the actual
magnetic susceptibility of the phases present in that particle. Therefore, the magnetic
susceptibility classes from the finest fraction, i.e., the 63–100 µm size fraction, are used for
further mineralogical and magnetic characterization.

3.2. M-H Curves and Honda–Owens Plots

The M-H curves in Figure 5 represent the M as a function of H of the feed material and
the magnetic susceptibility classes from the 63–100 µm size fraction. The magnetization
response decreases in function of the applied magnetic field strength between the magnetic
susceptibility classes collected at 0.5 A to 1.6 A. Due to the distinguishably higher magneti-
zation of the magnetic susceptibility class collected at 0.5 A, it is plotted on the secondary
y-axis, and the hysteresis trend of this magnetic susceptibility class demonstrates that the
sample mainly consists of ferromagnetic (s.l.) material.
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Figure 5. Magnetic hysteresis loop measurements of the magnetic susceptibility classes showing the
presence of ferromagnetic phases in the material. Note that the 0.5 A sample shows much higher
magnetization and is thus plotted on a secondary axis. The spectrum of colors from red to blue shows
the decrease in the magnetization of the magnetic susceptibility classes from Amp 0.5 to Amp1.6.

The M-H curve of the feed sample shows the magnetization response of both ferromag-
netic and paramagnetic materials. It shows an initial sharp increase in the magnetization
(characteristic of a ferromagnetic material) before starting a linear increase in the mag-
netization in function of the magnetic field (characteristic of a paramagnetic material).
Slightly similar M-H curve trends were also observed for the magnetic susceptibility classes
collected at 0.7 A and 0.85 A, but with decreasing ferromagnetic behavior at higher amper-
ages. The rest of the magnetic susceptibility classes showed a hysteresis trend for purely
paramagnetic materials.

The major fraction of the ferromagnetic material in the feed was recovered at the lowest
applied current (i.e., at 0.5 A). However, the slight ferromagnetic behavior detected in the
magnetic susceptibility classes collected at 0.7 and 0.85 A indicates a smaller ferromagnetic
inclusion within the particles, along with the major paramagnetic phases. Such magnetic
phases can be easily recovered at lower magnetic fields, but their magnetic susceptibility
estimation is a challenge; this is because the major part of the magnetic susceptibility
measurement can be attributed to the ferromagnetic material. In the case of the magnetic
susceptibility classes consisting of ferromagnetic phases, the slope of the magnetization
in function of the magnetic field is not constant, and hence the magnetic susceptibility
of the sample is field-dependent. Therefore, for the magnetic susceptibility classes in
which the magnetic hysteresis loop showed a presence of ferro- and paramagnetic material,
“Honda–Owen plots” were used. The concentration of ferromagnetic and paramagnetic
phases in the samples, as well as the magnetic susceptibility of paramagnetic phases, can
be estimated by using the Honda–Owen plots [31,32].

Along with the feed material, the magnetic susceptibility classes collected at 0.5, 0.7,
and 0.85 A displayed ferromagnetic and paramagnetic characteristics in their M-H curve.
To further analyze the ferromagnetic and paramagnetic components of these fractions,
Honda–Owen plots were created (Figure 6). A linear relationship between the magnetic
susceptibility and the reciprocal of the field strength can be observed in these Honda–
Owens plots. The slope of this linear relation can be used to estimate the concentration
of the ferromagnetic fraction, as described in Equation (6) in Section 2.3, by using the



Minerals 2023, 13, 1417 10 of 17

ferromagnetic saturation magnetization (Mferro.sat) value of 28.0 kA·m−1, obtained from
the M-H curve of the magnetic susceptibility class collected at 0.5 A.
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Figure 6. Honda–Owens plots of the magnetic susceptibility classes showing ferromagnetic behavior
in their hysteresis measurement. Note the large difference in M/H for the different samples.

The magnetic susceptibility of the paramagnetic phases and relative concentrations of the
ferromagnetic and paramagnetic fractions were estimated with the help of Equations (7) and (8),
and are given in Table 2. The estimated volume paramagnetic susceptibility (unitless)
values obtained using the Honda–Owens method were converted into mass magnetic
susceptibility by dividing them according to the sample material’s density. The highest
concentration of ferromagnetic material was present in the magnetic susceptibility class
collected at 0.5 A; the concentration of the ferromagnetic material decreases as we move
to the magnetic susceptibility classes collected at a higher amperage (lower magnetic
susceptibility classes).

χpara = y− axis intercept (7)

Slope = Conc.Ferro(%)×Mferro.sat (8)

Table 2. Estimated concentrations and susceptibilities of the paramagnetic and ferromagnetic material,
obtained using the Honda–Owens method.

Sample
Name

Concferro
(%)

Concpara
(%)

χg (MSB)
(m3/kg)

χg(para) (VSM)
(m3/kg)

χg(ferro) (VSM)
(m3/kg)

Feed 5.3 94.6 213.6 × 10−9 146.7 × 10−9 66.9 × 10−9

Amp 0.50 97.1 2.9 - 773.2 × 10−9 -
Amp 0.70 0.7 99.3 755.4 × 10−9 252.1 × 10−9 503.3 × 10−9

Amp 0.85 0.2 99.8 321.0 × 10−9 234.7 × 10−9 86.2 × 10−9

Figure 7 displays the zero-field-cooled (ZFC) and field-cooled (FC) curves acquired at a
magnetic field induction of 500 Oe (i.e., 0.05 T). These curves help identify the phases within
the ferromagnetic fraction by revealing their magnetic transitions at specific temperatures.
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Figure 7. (A) The ZFC–FC curves of the feed and magnetic susceptibility classes with the magnetic
transition temperatures, due to the larger magnetization of Amp 0.5, which is plotted on the secondary
vertical axis. (B) The derivative of magnetization (M) and temperature (T) representing the Verwey
transition temperature of magnetite in the feed (primary vertical axis) and Amp 0.5 (secondary
vertical axis).

In Figure 7A, both the feed and Amp 0.5 samples show a noticeable step-like increase
in their ZFC and FC curves at 116 K. The jumps observed in both the ZFC and FC curves
within the temperature range of 100–120 K correspond to the Verwey transition (TV) in
magnetite [35]. In Figure 7B, the derivative of the magnetization (M) and the temperature
(T) from the feed and Amp 0.5 show a peak at 116 K, corresponding to the Verwey transition
temperature of magnetite in this study. The Verwey transition represents a low-temperature
phase transition in magnetite that induces changes in its magnetic, electrical, and thermal
properties [36]. Typically, this transition is expected near 120 K, but can be observed within
a range of 80 to 125 K [37]. As the temperature crosses the Verwey transition temperature,
the crystal lattice of magnetite transforms, shifting from a monoclinic structure to a metallic
cubic inverse spinel structure, which persists at room temperature [38]. Additionally, the
ZFC curve of the feed sample displays an additional step increment at 250 K. This particular
jump in the ZFC curve of the feed sample at 250 K can be attributed to the Morin transition
(TM), which occurs within the hematite structure [39]. This transition signifies a shift in the
spin structure from a antiferromagnetic (at lower temperatures) to a weak ferromagnetic
state at room temperature [40]. The small increment in the ZFC curves at low temperatures
(around 10 K) shows the traces of nanoparticles [40]. In the ZFC curve of Amp 0.7, a slight
jump in the magnetization is visible around 140 K, which could be due to another phase
going through the magnetic transition. The ZFC curve at Amp 0.85 did not show a magnetic
transition jump; this is due to the low amount of ferromagnetic material in the sample.

3.3. Modal Mineralogy

The phase composition of the magnetic susceptibility classes and the enrichment of
specific phases at a certain class can be seen in Figure 8. The order of elements in a phase
represents the concentration of an element in that phase; for example, the first element of
a phase represents the highest concentration in that phase. The magnetic susceptibility
values corresponding to these classes obtained at different amperages can be determined
from Figure 4.
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Figure 8. Modal mineralogy of the magnetic susceptibility classes measured using MLA. Different
shades of the same color are used to represent the phases with similar compositions.

The Al-rich and Cu-rich phases are the phases that occur most in the magnetic suscep-
tibility classes, except the first one, i.e., Amp 0.5. In the latter, the highest concentration of
Fe-rich phases is present and the magnetite phase in this class accounts for 30 area % of the
measured particle area in the MLA particle mount. Due to the similar grey-scale and EDX
signals from the magnetite and hematite, with MLA, it was not possible to distinguish be-
tween them; however, using the ZFC–FC curves, we could identify the presence of weakly
ferromagnetic hematite in the feed sample. The concentration of Al-rich phases showed an
increasing trend in the lower magnetic susceptibility classes, with the AlSiCaO phase being
the highest concentration phase in most of the magnetic susceptibility classes. The Cu-rich
phases showed the highest concentration in the Amp 0.85 magnetic susceptibility class, but
started to decrease in the lower magnetic susceptibility classes. However, the concentration
of pure copper metal increased from higher to lower magnetic susceptibility classes. The
Cr-rich phases also showed the highest concentration of 10% at the Amp 0.85 magnetic
susceptibility class, and then a decreasing trend towards the lower magnetic susceptibility
classes. It can be seen that the different phases accumulate in different classes due to
their different magnetic susceptibilities. The broad distribution of the phases across the
magnetic susceptibility classes results from strong intergrowth, and thus their association
with composite particles.

The distribution of a size fraction into magnetic susceptibility classes helps to break
down the complexity of a feed material consisting of particles with a wide range of sus-
ceptibilities into smaller ranges of magnetic susceptibility classes. Having more magnetic
susceptibility classes could help to reduce the magnetic susceptibility range of particles
within each class, but this will be at the expense of the Frantz isodynamic separator re-
quiring a longer separation time. Additionally, even more MLA measurements, as well as
magnetic susceptibility measurements with MSB, are thus needed. Therefore, a good bal-
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ance between the accuracy of the particle susceptibilities determination and measurement
time needs to be considered before coming to a decision regarding the number of magnetic
susceptibility classes. In this case study, the number of magnetic susceptibility classes cre-
ated was adequate to define the magnetic susceptibility of the particles, considering such a
complex phase composition. For sample materials with a simpler phase composition, these
magnetic susceptibility classes can be even fewer. The enrichment of specific phases within
certain magnetic susceptibility classes can help to define the magnetic susceptibility of those
phases. For example, the majority of the Cr phases occur in magnetic susceptibility classes
collected at Amp 0.70 and Amp 0.85, with a magnetic susceptibility range of 320.90 × 10−9

to 755.40 × 10−9 m3/kg. The geometrical properties of the particles occurring in these
magnetic susceptibility classes can be obtained using the MLA measurement. However,
due to the 2D nature of MLA measurement, these properties will have stereological bias,
which can be resolved by using X-ray micro-computed tomography measurements of the
particles from each magnetic susceptibility class [41,42].

The elemental content distribution of major elements across paramagnetic suscepti-
bility classes (Amp 0.85—Non. Mag) is represented in Figure 9. From the lower to higher
magnetic susceptibility classes, two major trends in the different elemental contents can be
observed; the increasing trend is shown by the Fe, Cr, and Mg elements, and the decreasing
trend is shown by the Al, Si, and Ca elements. However, the Cu element did not show a
consistent trend across all magnetic susceptibility classes.
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Figure 9. Distribution of selected elements as a function of magnetic susceptibility in particle size
fraction of 63–100 µm of WEEE Slag.

The contribution of different elements to different magnetic susceptibility classes can
help to define the magnetic susceptibility of the individual particles based on their elemen-
tal composition. However, along with the elemental composition of phases, the atomic
structural arrangements of phases also play an important role in the overall magnetic sus-
ceptibility of a phase, and such effects are prominent in ferromagnetic phases. Nevertheless,
considering Fe content as a proxy for the magnetic susceptibility, as performed by [43], can
help to define the qualitative magnetization of particles; however, this cannot define the
quantitative magnetization of particles unless the contribution of the different Fe contents
to the magnetic susceptibility is directly determined, as shown in Figure 9. The increase in
magnetic susceptibility has the strongest positive correlation with the Fe content.

3.4. Magnetic Separation

The recovery of magnetic susceptibility classes using the Frantz isodynamic and ring-
type separators at different flux densities is presented in Figure 10. The recoveries obtained
using the ring-type separator are relatively lower than those obtained using the Frantz
isodynamic separator. This discrepancy can be attributed to the distinct particle separation
mechanisms employed by each separator.
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In the case of the ring-type separator, a particle must possess sufficient magnetic force
to be lifted from the conveyor belt and remain attached to the overhead ring to be recovered
in the magnetic fraction. Conversely, the Frantz separator operates by attracting particles
towards a higher magnetic field gradient, requiring them to flow along this gradient.
It is important to note that the Frantz separator is specifically designed for magnetic
susceptibility classification and characterization, rather than high-throughput separation.
As a result, although the Frantz separator has better recovery rates for magnetic phases
compared to the ring-type separator, it takes a longer time to complete the separation
process of the same amount of material.

Figure 10 illustrates the recovery of magnetic phases at different particle sizes with
a Frantz separator (solid line) and a ring-type separator (dotted line). The individual
mass recoveries of the magnetic phases at each size fraction from both separators are
shown in Figure 10A. The cumulative mass recoveries are shown in Figure 10B. With the
Frantz separator, as the particle size decreases, the recovery of particles also decreases.
Conversely, the ring-type separator exhibits the opposite trend, where the recoveries
increase as the particle size decreases. This behavior can be attributed to the differing
separation mechanisms, as larger particles require a greater magnetic force to be lifted.

4. Conclusions

This publication presents the correlation among magnetic properties and mineralogy,
and the particle characteristics of WEEE slag, providing valuable insights into the recovery
potential of valuable phases. The key findings and scientific contributions of this study are
summarized as follows:

1. Different magnetic susceptibility classes collected at varying amperages exhibited dis-
tinct hysteresis trends, indicating the presence of different magnetic phases. Utilizing
Honda–Owens plots, the concentrations for ferromagnetic and paramagnetic fractions,
as well as the magnetic susceptibility of paramagnetic phases, were estimated. The
ZFC–FC curves helped to identify the phases in the ferromagnetic fraction.

2. Modal mineralogy analysis of the magnetic susceptibility classes identified the selec-
tive enrichment of the different magnetic phases within the magnetic susceptibility
classes. The Al-rich and Cu-rich phases were found to be the most abundant, with the
AlSiCaO phase being the dominant phase in most magnetic susceptibility classes.

3. The Cr-rich phases showed the highest recovery in the magnetic susceptibility range
of 320.90 × 10−9 to 755.40 × 10−9 m3/kg.

4. The elemental distribution analysis revealed distinct trends in major elements across
magnetic susceptibility classes. The Fe content showed the strongest positive corre-
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lation with magnetic susceptibility, indicating its significant role in magnetization.
The Cu element did not exhibit a consistent trend across all magnetic susceptibility
classes, due to the poor liberation of Cu-rich phases. The Cr and Mg elements also
showed a positive correlation with magnetic susceptibility, which could be due to the
Fe–Cr–Mg phases.

5. Magnetic separation experiments using Frantz and ring-type separators demonstrated
differences in recovery rates. The Frantz separator exhibited higher recoveries of mag-
netic phases due to its classification-oriented design, while the ring-type separator
showed lower recoveries of magnetic phases due to its high-throughput-oriented design.

Based on the findings, the selective and efficient separation of valuables from slag
using magnetic separation needs to overcome the following challenges:

6. Slag has a finely intergrown structure and thus needs fine grinding in order to reduce
the number of composite particles. Thus, separation needs to deal with small particles.

7. Slag phases do not have a defined composition, but can vary in their elemental
proportions. Thus, their magnetic susceptibility also varies if, for example, the iron
content varies.

8. Small inclusions of ferromagnetic phases will have a significant influence on the
particle magnetic susceptibility. This may lead to the recovery of non-target particles
in a magnetic concentrate.

This detailed mineralogical and magnetic characterization of slags provides a better
understanding of the magnetic susceptibility of phases in each magnetic susceptibility class,
which makes it possible to define certain magnetic susceptibility ranges in different slag
phases. However, further research will be built upon these findings to break down the
complexity of magnetic susceptibility classes into susceptibilities of individual phases. This
information, combined with the 3D geometrical properties of particles, will be the basis
of multi-dimensional separation curves and predictive processing models based on the
physical properties of particles.
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