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Abstract

Microwave heating of waste electric arc furnace dust (EAFD) for the purpose of its
remediation has been studied extensively. However, these studies considered EAFD as a
bulk material without addressing either the relative response of its individual constituents
or the specific interactions with either the electric or magnetic fields of an electromagnetic
wave. In this work, we present a study of the relative contribution of the electromagnetic
wave components to the heating of EAFD constituents using separated electric and
magnetic microwave fields. ZnO, ZnFe>04, Fe30a, and graphite were found to be the main
contributors to the heating of EAFD based on their dielectric properties and heating
profiles. ZnO and ZnFe;04 heated only in the electric field yielding temperatures of 846
and 720 °C after heating for 30 and 40 s, respectively at a power input of 118 + 12 W.
Fe304 and graphite, in contrast, heated in both electric and magnetic fields owing to their
respective magnetic and conductive nature. It is suggested that the selective magnetic
heating of FezO4 has significant implications for the selective extraction of zinc and lead
through thermal treatment of EAFD with halogenated plastics such as polyvinyl chloride

(PVC).
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1 Introduction

Steel manufacturing is strongly linked to the economic development and growth [1]. The
amount of crude steel produced globally per year in 1950 was 189 Mt, which increased to
850 Mt in 2000 and up to 1809 Mt in 2018; the share of electric arc furnaces (EAFs)
amounts to 28% of the total production in 2018 [1]. During steel manufacturing, hazardous
EAFD is generated in large amounts [2]. According to estimations, 15-20 kg of EAFD is
emitted for every ton of recycled steel [3]. Most of the charge supplied to EAFs is steel
scrap [4], and since most of the recycled steel is galvanised, high zinc concentrations are
generally found in EAFD [5-8]. The high zinc content and the large accumulation rate
render EAFD an attractive secondary source for zinc. Methods used for the utilisation of
EAFD as a zinc source can be categorised into hydrometallurgical and pyrometallurgical
[2]. While the hydrometallurgical methods are less energy intensive and more
environmentally sound, this approach suffers from incomplete metallic extraction,
harshness of the leaching medium, and the contamination of the leaching solutions with
undesired metallic species [3, 9-12]. The pyrometallurgical approach, on the other hand,
has found wider commercial application. The Waelz process, for instance, is the most
commonly applied pyrometallurgical method for the treatment of EAFD [13]. According
to estimates, 80% of the recycled dust is treated in the Waelz kiln [14]. In this kiln, EAFD
is exposed to a high temperature carbothermic reduction where zinc is selectively
volatilised, oxidised, and finally collected as ZnO. More recently, however, attention has
been directed towards the thermal treatment of EAFD with halogenated plastics such as
polyvinyl chloride (PVC) and tetrabromobisphenol A (TBBPA) [2, 8, 15-20]. In these
studies, EAFD is reacted with the halogen acids generated from these plastics when heated

up to temperatures of 200 — 300 °C, followed by water leaching of the resulting metal
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halides [8, 16]. A problem encountered in this approach, is the reaction of FesO4 in EAFD
with the halogen acids, leading to the formation of iron chloride/bromide, which is carried
over to the final leaching solution as Fe?* and impairs the extraction of zinc at a high purity
[16, 17, 21]. Since these techniques require significant heat addition, much work has been
directed towards studying the use of microwave energy as a heating source for the
treatment of EAFD [16, 17, 22-27]. Ye et al. [27, 28] reported the possibility of using
microwaves for the carbothermic reduction of EAFD with biochar and identified the main
heating mechanisms for the system. Zhou et al. [23] and Omran et al. [25] studied the
microwave-assisted reduction of EAFD using graphite as a reducing agent, while Sun et
al. [22] reported the effect of different carbon types for the reduction of EAFD. Al-
Harahsheh et al. [16, 17], measured the dielectric properties of EAFD and pyrolysed it with
halogenated plastics for metal extraction using microwave energy as the heating source. In
these studies, only the bulk temperature rise was considered when EAFD was microwave
treated as a whole. The contribution of the individual component phases to the bulk
temperature rise was not identified. The detailed knowledge of the relative response of each
mineral phase to microwave energy can significantly improve the understanding of the
underpinning mechanism of microwave-assisted recycling of EAFD. The presence of
magnetic and electrically conductive species in EAFD has been reported in the literature
[21, 29, 30]. Magnetite (FesOa), a well-known iron bearing magnetic mineral, was reported
in many studies to be present in appreciable amounts in EAFD [6, 21, 31, 32]. Al-
Harahsheh [21], reported that FesO4is present at a mass percentage of 10.4%, which in turn
suggests that a different response of EAFD should be observed when placed in either

magnetic or electric field components of a microwave cavity. In this work we seek to



understand this fundamental concept, whereby microwaves are applied to high purity
EAFD constituents in separated electric and magnetic microwave fields with a power input
of 118 £ 12 W. Dielectric characterisation of the individual mineral phases was undertaken.
These properties were input into an electromagnetic model (COMSOL Multiphysics) of
the microwave heating system, to enable the system to be adjusted so the interaction of the

minerals with either the magnetic or electric field component could be controlled.

The implication of the current work for the selective extraction of zinc and lead from EAFD
through the thermal treatment with halogenated plastics was also assessed based on a

previously conducted thermodynamics analysis by Al-Harahsheh [19, 21].



2 Microwave-matter interaction

2.1 Heating mechanisms

An electromagnetic wave can best be visualised in the form of a dual sinusoidal function

carrying both electric and magnetic fields as seen in Figure 1.
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Figure 1. A schematic representation of a travelling electromagnetic wave.

The interaction of a material with microwaves causes either the electric or magnetic fields
to be disturbed which ultimately depends on the nature of the material. Thus, the heating

action of microwaves can be attributed to dielectric, magnetic, and conductive losses [33].

2.1.1 Dipolar polarisation loss

Materials with permanent molecular dipoles heat by the dipolar polarisation mechanism
due to their interaction with the electric field component of microwaves [34].
Quantitatively, the material’s response to the electric field is usually represented by the
dielectric constant (¢") and the loss factor (¢”") of the material. The former represents the

ability of the material to store energy as charge polarisation, while the latter represents the



ability of the material to dissipate this energy as heat [34-36]. Both are expressed in terms

of the complex dielectric constant (g) as follows [37]:
e=¢g —j&’ D

Where j = v—1. The power dissipated in the material as heat shows a direct dependency

on the imaginary part of the complex dielectric constant of the material [38]:
Power = w.g".g, E? )

Where o is the angular frequency of microwaves, €, is the permittivity of free space, Erms is

the root mean square of the intensity of the microwave electric field.
2.1.2 Magnetic hysteresis loss

Similar to dielectrics, an external alternating magnetic field interacts with the magnetic
dipoles present in magnetic materials which makes them oscillate as well [39]. Since the
domains in magnetic materials become permanently magnetised in a certain direction [40],
a magnetic field in the opposite direction is needed in order to demagnetise and eventually
magnetise in the opposite direction, forming a magnetisation hysteresis loop. The amount
of energy dissipated in the material is directly related to the area enclosed in the hysteresis
loop [41]. Likewise, a complex magnetic permeability can be defined for magnetic

materials [42]:
H=p —ju~ 3)

Where 1" is a measure of the ability of the material to store magnetic energy in the form of

magnetisation (magnetic polarisation) and ™" is its ability to dissipate this energy as heat.



The power dissipated in the magnetic field is primarily related to the imaginary part of

permeability as follows [38]:
Power = w.pu".po H? 4)

Where L, is the permeability of free space and Hrms is the root mean square of the intensity

of the microwave magnetic field.
2.1.3 Electric field conductive loss

Translational motion of charge in the form of electrons or ions also contribute significantly
to microwave heating. When a conductive material is exposed to microwaves, the electric
field drives the free charge through the material resulting in resistive heating [42-45]. The

conduction loss factor and the power dissipated per unit volume of the material are given

by:
8”conduction = wiso (5)
Power = 0.E?, ¢ (6)

Where o is the electrical conductivity of the material.

2.1.4 Magnetic field conductive loss

The alternating nature of the magnetic field in microwaves produces an electromotive force
(emf) in conductive materials (Faraday’s law). This emf pushes an electric current through
the material resulting in resistive heating. If the material is solid and not hollow, densely
packed currents form which are referred to as eddy currents. The power dissipated in a

conductive solid disc due to eddy currents is given as [46]:



2,.2
Power = 2:—6D4. h.BOTm 7

Where D is the diameter of the disc, h is the disc thickness, Bo is the intensity of the

magnetic flux, and p is the electrical resistivity of the material.
3 Experimental work

3.1 Materials

All materials used in this work were of high purity. ZnO, Fe203, PbO, C, and CaCOs were
purchased from Fisher Scientific with purities > 99.99% except for CaCO3z which was at
99.95%. Fe304 and SiO», were purchased from Sigma-Aldrich with purities of 99.99 and
99.995%, respectively. Finally, ZnFe,O4 was purchased from Alpha Aesar with a purity >

99%.
3.2 Cavity perturbation measurements

The cavity perturbation technique was used for measuring the dielectric properties [42, 47].

A schematic diagram of the apparatus is presented in Figure 2.
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Figure 2. Schematic diagram of the cavity perturb&ion apparatus.

A quartz sample holder with an internal diameter of 4 mm was used. Before measuring the
properties of the powders, the effect of the empty tube was first measured and subtracted
later. A specified mass of powder sample was loaded inside the tube and was packed to a
specific height, so that samples with similar bulk density can be reproduced. The sample
holder was then mounted on a motorised stage which elevates the sample to an electrically
controlled furnace to adjust the temperature of the sample (Figure 2). Once the desired
temperature was reached, the sample was held at that temperature for 8 — 10 min, to ensure
homogeneity of the temperature inside the sample. The motorised stage then immediately
lowers the sample into the cylindrical copper cavity, where the dielectric properties of the
sample are derived from the change in the resonance frequency and the quality factor (with

and without the sample). Measurements were performed in the temperature range of 25 —
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1100 °C at frequencies of 2.47 GHz and 912/910 MHz. Dielectric properties extracted at
2.47 GHz were important for understanding the heating behaviour and for the building of
the electromagnetic simulation of the heating setup. Moreover, these frequencies were used
since they fall within the range of the allocated frequency bands for Industrial, Scientific,
and Medical purposes (ISM). Materials that were prone to oxidation such as FesOs were
purged through the lower portion of the quartz sample holder with 99.9992 % pure N at ~
10 mL/min. Since N2 gas contains trace amounts of O, it was initially passed through a
sacrificial FezOs sample which scrubbed the purging gas completely from O traces.
Powders were analysed using X-Ray Diffraction (XRD) technique before and after the

measurements.

3.3 Microwave electric and magnetic field heating

3.3.1 Rectangular waveguide and TEj1o cavity

A straight aluminium rectangular waveguide connected to a TE1o cavity with a height and
width of 43 and 86 mm was used for the heating trials. A schematic diagram of the setup

is shown in Figure 3.
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Figure 3. Schematic diagram of the experimental setup for the electric and magnetic heating.
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In a TE1o cavity, the microwave electric field is polarised parallel to the height of the sample
(Figure 4), while the magnetic field rotates in circles around the electric field. The
distribution of the microwave fields inside the cavity is presented in Figure 4 in the form

of green lines.

Figure 4. Vertical positioning of hematite (Fe,Os) sample inside a TEio cavity; green lines show the
distribution of the electric (E) and magnetic (H) fields.

In the case shown in Figure 4, the electric field passes through the sample, while the
magnetic field does not, and hence, electric field interaction with the sample is at a
maximum. As the short circuit is moved away from the sample (Figure 3), the circular
magnetic field lines will start passing through the sample, penetrating it from the side at an
angle of 90°, with the electric field shifted away. At this point, heating via the magnetic

component of the microwaves dominates.

3.3.2 Sample size consideration and heating procedure
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Samples were loaded in powder form in a quartz tube with an internal diameter of 4 mm
as shown in Figure 4. Since the maximum intensities of the electric and magnetic fields for
a 2.47 GHz standing guided wave are theoretically separated by a distance of ~ 43 mm,
using a small sample size was crucial to reduce the interference between the electric and
the magnetic fields (i.e., to expose the sample to one field at a time). The quartz tube was
vertically fixed through the chokes by means of guide bungs which allowed accurate
positioning of the sample through the centre of the cavity at an angle of 90° with respect

to horizontal.

An electromagnetic model of the heating setup was constructed on COMSOL
Multiphysics, based on the measured dimensions of the cavity to confirm the positions of
the electric and magnetic fields within the waveguide. The position of the short circuit in
the model was adjusted until it gave either maximum electric or magnetic field within the
sample. To confirm the reliability of the model, a vector network analyser (Agilent
E5071C) was connected from the port side (Figure 3) to measure the degree of power
absorption in each case. For the heating tests, a microwave generator (SAIREM Miniflow
200SS) was connected through a N-Type port using a coaxial transmission line. The power
deposited into the waveguide during the heating tests was 118 + 12 W at a frequency of
2.47 GHz. Through the observation port (left hole in Figure 4), a thermal Infra-Red camera
(NEC Avio H2640) was used to measure the surface temperature of the sample with the
emissivity set at 0.75. Samples that are prone to oxidation (graphite and FesOs) were
purged with 99.9992% pure N for at least 10 min., after which the flow was shut off and

heating was started.

3.3.3 Electromagnetic simulation
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Figure 5 shows the components of the heating setup on COMSOL Multiphysics software

and the distribution of the electric and magnetic fields inside the waveguide.
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Figure 5. COMSOL Multiphysics simulation of the components of the heating setup (a) and the distribution
of the electric (b) and magnetic (c) microwave fields at different short circuit positions at a power level of
130 W.

The maximum field intensity (either electric or magnetic) passing through the sample relies
principally on the distance between the sample and the short circuit. The shifts in the short
circuit position in Figure 5 (b) and (c) were adapted in the experiment and based on this
simulation the experimental heating behaviour was studied. In highly lossy materials (e.g.,
graphite) slight variation to short circuit shift was introduced (refer to supplementary

material Table S1 for more details).

3.4 X-Ray Diffraction analysis

XRD analysis was carried out for solid samples after cavity perturbation measurements
and also after electric and magnetic heating experiments. A Bruker D8 Advance with a
LYNXEYE 2D detector and a Cu ka radiation source was used for this analysis. The
instrument was operated at a current and voltage of 40 mA and 40 kV, respectively. Data

interpretation was performed using QualX 2.0 software [48].

3.5 Laser diffraction analysis

The performance of microwave heating is known to be affected by the particle size of the
material [49]. Hence, the particle sizes of the powders used in this work were measured
and are presented in Table 1. Beckman Coulter LS13320MW laser diffraction analyser

with Aqueous Liquid Module (ALM) was used for the measurements of the particle size.

4 Results and Discussion

4.1 Dielectric characterisation
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The dielectric properties of ZnO, Fe;03, and ZnFe,O4 are presented in Figure 6. The
behaviour of the dielectric properties of ZnO, Fe»O3z, and ZnFe>O4 is very similar. Both the
dielectric constant and the loss factor remain at values close to those seen at room
temperature until temperatures of 600 — 700 °C. Above these temperatures, a sharp increase
is observed. The variations in the dielectric properties may be attributed to the effect of
temperature on the crystal lattice and the polarisability of molecules. The increase in the
dielectric constant may be assigned to the increase in the crystal lattice spacing at high
temperatures [42]. Consequently, more electron cloud deformation can be achieved [42].
The increase in lattice spacing also grants the ions forming the crystal broader potentials

and more movement becomes attainable [42].
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The behaviour seen in Figure 6, can be understood by considering the effect of temperature
on the relaxation time of dipoles in the sample. A relaxation time is defined as the time
needed for a dipole to change orientation from one equilibrium position to another. For
that, the potential double well theorem [34] was used in which the relaxation time t, is
related to an activation energy U, [34]. This activation energy resembles the energy barrier
that must be overcome in order to polarise a dipole from one equiprobable position to
another in materials where the intermolecular interactions are significant (e.g., solids). The

relation is written as follows [34]:

T, = ekpT [ss+2] (8)

Eot2

Where, k,;, is Boltzmann constant, T is absolute temperature, 1/v is the time for a single
oscillation in the potential well, and &, and €., are dielectric constant at static and very high

frequency, respectively. In Equation 8, increasing the temperature, lowers the value of the

U : o o
term “k;“T” which decreases the relaxation time. As the relaxation time drops, more
b

molecules are able to follow the rapid electric field oscillations, thus enhancing the extent

of polarisation, which in turn, increases the value of the dielectric constant.

Table 1: Particle size of the powders used in this work.

Material Mean particle size?, um

ZnO 466.2 + 25.4
ZnFex04 13.2+4.2

Fe203 36.6 +4.8

FesOq4 31.7+5.0

SiO2 2245+ 7.6

PbO 101.1+£6.7
CaCOs3 3.3+£0.05
Graphite 60.8+1.1

a: Mean + SD.
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The loss factor, in contrast, increases with a sharper slope. Such behaviour is attributed to
the increase in the electrical conductivity at high temperatures [42]. The loss factor
presented in Figure 6 is the “effective loss factor” which lumps the contribution from

different microwave-matter interaction phenomena which in our case may be given as:

1 2

€ effective — € conduction T € polarisation (9)

Where term 1 represents the contribution of electrical conductivity to the loss factor, while
term 2 represents the contribution of dipolar polarisation. When crystalline solids are
heated to high temperatures, lattice defects are formed under the action of thermal
excitation which results in the formation of vacancies through which ionic conduction
occurs under the influence of an external electric field [50]. Thus, the increase in the
effective loss factor is mainly attributed to the increase in the conduction loss factor due to
the increase in electrical conductivity at high temperatures (Equation 5). This point can
further be emphasised by understanding the behaviour of the loss factor at different
frequencies. At temperatures above 700 °C, the loss factor at 912/910 MHz is always
greater than that at 2.47 GHz as seen in Figure 6. This is attributed to the inverse
dependency of the conduction loss factor on the frequency of the radiation (Equation 5).
The large difference in loss factor between 2.47 GHz and 912/910 MHz is only clearly
seen at high temperatures where the electrical conduction contribution to the loss factor
becomes significant. Since ZnO and ZnFe2O4 have relatively high loss factor at room
temperature, dipolar polarisation might be assigned as the heating mechanism initially,

followed by conduction loss at high temperatures.

20



Figure 7 represents the dielectric properties for PbO, SiO,, and CaCOs. The dielectric
constant increases steadily from room temperature for all of them. The transformation of
CaCOs into CaO in the temperature range 600 — 700 °C did not affect either the dielectric
constant or the loss factor. PbO, on the other hand, shows a slight increase in the slope of
the dielectric constant and loss factor at 650 °C which maybe regarded to the softening of
the material (melting point is 888 °C). In general, however, the loss factor for all these
materials does not show any significant increase and remains very close to zero at all
temperatures. Comparing the data in Figures 7 and 6, it can be concluded that PbO, SiO»,
and CaCOs are expected to make the lowest contribution to the overall microwave heating
of EAFD, while both ZnO and ZnFe»O4 can be classified as part of the major contributors
to bulk heating. Fe2O3 might start contributing significantly to heating at temperatures

above 600 °C.
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Figure 8 shows the dielectric properties of Fe3O4 as a function of temperature at frequencies
of 2.47 GHz and 910 MHz. The dielectric constant and the loss factor profiles show a
unique behaviour for a solid since they follow the Debye theory of relaxation. The only
difference is that Figure 8 shows the dielectric properties against temperature rather than
frequency. The theory suggested by Debye, however, should still hold based on the
qualitative shape of the curve and quantitative data obtained from it. At low temperatures,
the material has a high relaxation time, which prohibits any form of polarisation thus
yielding relatively low dielectric constant and loss factor. As the temperature increases (~
100 °C), polarisation commences, leading to an increase in both the dielectric constant and
the loss factor. With further temperature increase (~300 °C), the relaxation time becomes
very short, and the polarisation vector stops lagging the electric field. At that point, the loss

factor drops and the dielectric constant plateaus. Quantitatively, substituting the values of

€5— €oo
2

g and &, (Figure 8) in the following equation: € ,,,4, = which is extracted from

Debye model, produces theoretical maximum loss factor values very close to those reported
from the experiment; theoretical values are 2.53 and 2.24, while experimental values
(Figure 8) are 2.56 and 2.15 at 2.47 GHz and 910 MHz, respectively. The relatively high
loss factor seen for FesO4 compared with other EAFD constituents might be explained by
the relatively high dc electrical conductivity reported in Miles et al. [51] for the material.
This suggests that heating of FesOs in the electric field can be attributed to dipolar
polarisation and conduction loss mechanisms simultaneously and a maximum heating rate
should be expected to be around 150 and 200 °C at frequencies of 910 MHz and 2.47 GHz,

respectively.
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Figure 8. Dielectric properties profiles as a function of temperature for Fe;O, at frequencies of 2.47 GHz and
910 MHz and a bulk density of 1.01 + 0.012 g/cm?.

4.2 Microwave electric and magnetic heating

Table 2 shows the heating rates and temperatures of EAFD constituents when exposed to
pure electric and magnetic microwave fields at a frequency of 2.47 GHz and a power input

of 118 + 12 W. Heating profiles are in Figure S3 in the supplementary material.

Table 2: Microwave heating under the influence of pure electric and magnetic microwave fields at a
frequency of 2.47 GHz and a power input of 118 £ 12 W.

Electric Field Magnetic Field
Material - - - -
Heating | Heating | Temperature, | Heating | Heating | Temperature,
rate °C/s | time,s °C rate °C/s | time, s °C
a a
ZnO 37.1 30 846 No No No heating
heating | heating
ZnFe204 16.8 40 720 No No No heating
heating | heating
Fe>O3 1.65 210 180 No No No heating
heating | heating
Fes04 10.8 70 374 16.5 70 506
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PbO 0.20 360 50 No No No heating
heating | heating

SiO; 0.43 360 51 No No No heating
heating | heating

CaCO3 2.31 150 168 No No No heating
heating | heating

C 46.2 30 1026 18.2 70 560
(graphite)

a: Heating rate at first 20 seconds of heating.

The major contributors to the heating of EAFD are ZnO, ZnFe;0a, Fe304, and graphite
having heating rates of 37.1, 16.8, 10.8, and 46.2 °C/s when heated in the electric field.
Such result is directly related to their high loss factors reported earlier (Figures 6 and 8).
This result also agrees with the high dielectric properties (¢" = 26 and €' = 11 ) reported
for graphite in Hotta et al. [52]. PbO, SiO,, CaCOs, and Fe20s3 all exhibited very low
heating rates and final temperatures (especially PbO and SiO) which is in agreement with
the low loss factor values determined for these materials (Figures 6 and 7), rendering them

the poorest contributors to EAFD microwave heating.

The most important feature in Table 2, however, is the distinctive response of Fe3O4 and
graphite to the microwave magnetic field. Both Fe3O4 and graphite showed high heating
rates of 16.5 and 18.2 °C/s, respectively, in the magnetic field, while the other constituents
did not heat at all. This behaviour is attributed to the magnetic and electrically conductive
nature of FesO4 and graphite, respectively. Heating of FesO4 can be attributed to magnetic
hysteresis loss mechanism up to the curie temperature, while heating of graphite can be
assigned to eddy currents formed in alternating magnetic fields. An attempt was made to
heat FesO4 above its curie temperature (580 °C) by setting the microwave generator to its
highest power output of 155 + 12 W. A temperature of 594 °C was achieved in 60 s and up

to 606 °C in 180 s; both are above the curie point. Despite the loss of magnetism of Fe3O4
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at 580 °C, the sample was able to be heated 26 °C above its curie temperature. This
behaviour might be explained by the relatively high electrical conductivity of FezO4 since
the material has a band gap of 0.1 eV [53]. With such a small energy barrier between
valence and conduction bands, significant electrical currents might form in the sample
when exposed to external alternating magnetic fields. Exceeding the curie temperature
might thus be assigned to the formation of eddy currents in the sample which causes Joule

heating.
4.3 Magnetic heating and the selective extraction of Zn and Pb

In previous works, Al-Harahsheh et al. [19, 21] reported the significance of Fe3Os
elimination from EAFD on the selective extraction of zinc and lead upon the thermal
treatment with halogenated plastics such as PVVC and TBBPA. The elimination of FezO4 is
meant to be through oxidising it to its higher oxidation state and more stable phase Fe;Os3
[21]. The thermodynamics reported in these works provide a good insight to the
spontaneity of chlorination/bromination of iron bearing compounds [19, 21]. Figure 9
shows the change in the Gibbs free energy of ZnO, PbO, Fe3O4, and Fe2O3 chlorination

and the oxidation of Fe3O4 into Fe,O3 [21].
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Figure 9. Change in Gibbs free energy of the main reactions of EAFD constituents with P\VC decomposition
product (HCI) using FACT SAGE software package [21].

The decomposition of PVC occurs at ~ 230 °C as reported in Al-Harahsheh et al. [2] after
which approximately 58.3% of the polymer mass is transformed into gaseous HCI. The
chlorination of both ZnO and PbO by HCI are thermodynamically favourable, resulting in
the formation of water leachable chlorides (ZnClz and PbCl2). However, the chlorination
of Fes0Os4 is also thermodynamically possible in the temperature window 0 — 580 °C,
yielding soluble FeCl during water leaching step. To prevent the chlorination of FezOs, it
must be oxidised to Fe»O3. Fe2Oz is impervious to chlorination and its reaction with HCI
has AG values higher than zero above 120 °C. The kinetics of FesO4 oxidation, however,
are known to be strongly temperature dependent [54, 55], such that increasing the
temperature increases the reaction rate. Hence, efficient elimination of FesO4can only be
achieved at elevated temperatures. The utilisation of the microwave magnetic field allows
targeting FesOs alone without heating the other constituents. FesOs can be heated

selectively and oxidised efficiently (fast kinetics) to Fe.Oz prior to any polymer
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decomposition into gaseous HCI. In contrast, using microwave electric field will heat up
the entire EAFD-PVC mixture which causes the polymer to degrade before appreciable
oxidation of FesO4 has taken place. This can negatively impact the extraction selectivity of

other valuable metals such as zinc and lead.

The selective magnetic heating of FesO4 present in appreciable quantities in EAFD, in
presence of O, will potentially contribute to more effective and sustainable recycling for
this hazardous waste. Further investigation, however, is required to examine the

implication of the reported results toward selective separation of zinc and lead from EAFD.
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5 Conclusions

Dielectric characterisation and microwave heating of the main EAFD constituents in

isolated electric and magnetic fields was carried out in this work. The main findings are

the following:

In the electric field maxima, ZnO, ZnFe;04, Fe3O4, and graphite were found to be
the main contributors to the microwave heating of EAFD, while Fe»O3, CaCOs,
SiO2, and PbO were found to be the minor contributors to the overall heating
(especially SiO2 and PbO).

The selective heating of Fe3O4 can be achieved by exposing it to a microwave
magnetic field. Magnetic hysteresis loss mechanism is believed to be the source of
heating up to the curie temperature (580 °C) above which eddy currents due to
relatively high electrical conductivity are believed to be the source of heating.

At temperatures above 600 °C, conduction loss becomes the dominant heating
mechanism for the heating of ZnO, ZnFe204, and Fe;Oz as evident from their

measured dielectric properties.
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