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Abstract

Herein, the underpinning mechanisms associated with the microwave thermal treatment
of electric arc furnace dust (EAFD) with polyvinyl chloride (PVC) in terms of their
response to the electromagnetic radiation in the microwave frequency band and the
effect of EAFD pure constituents on the thermal degradation kinetics of PVC have been
studied. Such data provide a foundation based on which the co-thermal treatment of
EAFD and PVC can be realised using microwave energy as an alternative disposal

strategy for these wastes.

The separation of the microwave electromagnetic fields was achieved in a TE1o cavity
by means of using small cylindrical samples with a 4 mm diameter along with the
correct positioning of the sliding short circuit such that the electric or magnetic field
was solely passed through the sample. Heating experiments suggests that ZnO,
ZnFe>04, Fe30a, and graphite are the major phases that contribute to the microwave
heating of EAFD with ZnO having the highest heating rate (~ 37 °C/s) among zinc and
iron bearing oxides. Moreover, only FesO4 and graphite heated in the magnetic field
suggesting the possibility of selective heating of these phases by the microwave

magnetic field maxima.

The non-isothermal kinetic analysis performed on the thermogravimetric scans of metal
oxides/PVC mixtures suggests a catalytic activity for both ZnO and ZnFe2>O4 in which
both were found to react directly with the PVVC monomer resulting in a drop in the de-
hydrochlorination onset temperature from 272 to 214 and 235 °C, respectively. The
resulting products from this interaction is majorly zinc in its water soluble chloride form
(ZnCl,) which suggests that PVC can be utilised as a potential additive for the recycling

of metallurgical waste (e.g., EAFD). To provide a selective chlorination of zinc in



ZnFe;O4 while leaving iron in its stable oxide form (Fe2Os3), the pyrolysis should be
performed at temperatures as low as 235 °C. This is because the presence of parallel
reactions with different energy barriers results in reaction channelling favouring the
chlorination of zinc while the resulting Fe2O3 remains untouched due to its slow
reaction kinetics with Hz in that temperature range (i.e., iron remains as stable Fe>Os

instead of transforming to active Fe3Oa4).

The reaction of FesO4 and Fe;O3 (after reduction to Fez04) with PVC was found to
occur by reacting with gaseous emitted HCI, contrary to ZnO and ZnFe>O4 which react
directly with the PVC monomer. The onset de-hydrochlorination temperature of PVC
was thus not affected when PVC was mixed with FezO4 and Fe.O3. The capturing of
the emitted gaseous HCI resulted, however, in slowing the rate of the de-
hydrochlorination stage since HCI is a known catalyst for PVC de-hydrochlorination
which was seen in the form of an increase in the activation energy associated with that

stage.

Combining the observations from both an electromagnetic and kinetic perspective, it is
believed that utilising microwave energy can result in a fast selective heating of zinc
bearing oxides over iron bearing compounds. This, in turn, would allow PVC in contact
with ZnO and ZnFe>O4 to heat at a faster rate leading to channelling the chlorination
reactions towards zinc oxides, which enhances the chlorinating selectivity, especially
that all the chlorine will be abstracted by “high temperature” ZnO and ZnFe2O4 before

PVC decomposes normally into gaseous HCI and solid polyene.
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CHAPTER ONE

Introduction

1.1 Background

Electric arc furnace dust (EAFD) is one of the major waste materials generated from the
steelmaking industry. Currently, electric arc furnaces (EAFs) account for more than 30% of
steel manufactured globally [1]. From these furnaces, quantities of 10 — 20 kg of EAFD is
generated for every 1 ton of produced steel [2]. The huge production volume of steel results in
the generation of EAFD at an alarming rate. EAFD is considered a hazardous material due to
the presence of toxic heavy metals such as Pb and Cd [3]. Hence, the disposal/storage of this
waste material in landfill has become an undesirable option. For example, according to the
Environmental permitting (England and Wales) Regulations 2010 (legislation.gov.uk), the
stored amount of EAFD in a secure place should not exceed 2500 tonnes (at any one time) for
a period that does not exceed three months. This storage is also subject to the following

conditions:

1. EAFD should be stored indoors.
2. It should be stored at a dock prior to being exported or after being imported.
3. EAFD should arrive at the storage place in bags and must be stored there in bags or

drums.

The storage of this material in accordance with country legislation is a costly practice, which
makes finding a sustainable recycling route necessary. Recycling of EAFD back into EAFs on
the other hand, can be considered a reliable practice only if EAFD is rich with ferrous oxides
and lean with other non-ferrous species. In the case of excess levels of non-ferrous species,

recycling can induce many problems such as [4]:
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1. Increasing energy input requirements for reduction reactions.

2. Formation of slag that can attack the furnace refractory lining.

3. Some of the non-ferrous elements can be retained in the molten steel bath which results
in the formation of steel of undesirable chemistry with mechanical and physical

properties that do not meet specifications.

Pyrometallurgical treatment of EAFD relies on the difference in the vapour pressure of ferrous
and non-ferrous species resulting in the selective volatilisation of non-ferrous species, leaving
iron in the residue. The most commonly applied pyrometallurgical technique for the treatment
of EAFD is the Waelz process [5-7]. In this process, metal oxides in EAFD are reduced at high
temperatures (1100-1200 °C) to their elemental forms resulting in a selective evaporation of
non-ferrous metals, principally zinc, which is then oxidised and collected as ZnO. Despite the
industrial applicability of this process, it still has some limitations. In order for the process to
be economically justified, the concentration of zinc in EAFD should be at least 16% [8].
Moreover, the process is extremely energy intensive, and it requires complicated and expensive

dust/gas filtration systems [9].

Much research has been devoted to the extraction of zinc from EAFD using hydrometallurgical
techniques [10-14]. The main forms in which zinc is present in EAFD are zincite (ZnO) and
franklinite (ZnFe,QO4) [15]. The extraction of zinc from ZnO is not problematic by any of the
hydrometallurgical techniques. ZnFe>Oa, in contrast, showed a refractory behaviour when
leached [14, 16] which results in low zinc extraction. The hydrometallurgical approach, in
general, suffers from either low extraction yield or the contamination of the leaching liquor

with other impurities which complicates the extraction of zinc at a high purity.

Plastic waste materials are accumulated in large amounts around the globe. Among all plastic

types, polyvinyl chloride (PVC) is one of the most widely used halogenated plastic with a
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production and consumption amounts of 61 and 38.5 million tons, respectively in 2013 [17].
In 2020, the plastic converters demand of PVC in Europe was 4.7 million tons [18]. A
simulation study [19] estimated that in China alone, the amount of accumulated PVVC will reach
up to 600 million tons by the end of 2050. The abundance of this material at the end of useful
life makes its disposal a significant challenge [20]. In the past, the landfilling and incineration
of PVC were the most prevalent disposal routes. In recent years, however, landfilling has
become increasingly difficult due to the strict regulations imposed by the Environmental
Protection Agency (EPA) and the scarcity of landfill sites [21]. Incineration, is also deemed an
unsuitable disposal method due to the harmful emissions during pyrolysis, such as hydrogen

chloride and chlorinated hydrocarbons (dioxins) [22, 23].

The thermal treatment of EAFD with halogenated plastics has gained an increased attention [9,
15, 21, 24, 25]. This is because the metal oxides present in EAFD are able to capture emitted
HCI from the pyrolysis of PVC, as well as their ability to supress some of the organic emissions
resulting from the thermal cracking of the polymer [26-32]. Aside to the fact that EAFD is able
to capture acidic emissions from halogenated plastics, it was also reported by Al-Harahsheh et
al. [20, 24, 25] that valuable metals such as zinc and lead can be extracted by the leaching of
the post pyrolysis residues of EAFD and PVC. This, in turn, makes the co-thermal treatment
option of EAFD with PVC an excellent candidate to mitigate their environmental footprint,
while simultaneously enabling the extraction of valuable metals; the co-thermal treatment of
EAFD with halogenated plastics have been done using both conventional [24, 25, 33-35] and

microwave energy [20, 36].

Evidence in literature (sections 3.3.4.3 and 3.3.4.4) shows a significant variation in the
chemistry and mineralogy of EAFD from one country to another and from one plant to another.
This means, the response of EAFDs from different sources to microwave energy will vary
appreciably depending on its chemical components. Moreover, the effect of EAFD on the
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kinetics and the thermal degradation behaviour of PVC will also vary greatly based on the
mineralogy of EAFD. Hence, sound predictions of the microwave response of EAFDs from
different sources can only be made when detailed knowledge of the dielectric properties of the
main EAFD components and their heating behaviour in different electromagnetic fields is
established. Moreover, the effect of different EAFDs with different chemistries on the thermal
decomposition behaviour and pyrolysis kinetics of PVC can only be made with the existence
of a database which reports the effect of the major EAFD constituents on the kinetics of PVC

degradation along with the thermal behaviour at different pyrolysis temperatures.

1.2 Aims and objectives

The aim of this research is to provide a greater understanding of the fundamental interaction of
microwave energy with EAFD and PVVC during their thermal co-treatment. The thesis also aims
to establish a kinetic database for the thermal degradation of PVC in the presence of the major

constituents of EAFD. To achieve these aims, the following research objectives were set:

1. Extract the dielectric properties of the major EAFD constituents and PVC under a broad
temperature range to use them in an electromagnetic model. This model was then used
to be able to introduce the samples to separated microwave electric and magnetic
microwave fields.

2. Study the interaction of the major EAFD constituents presented by ZnO, ZnFe;Og,
Fe>Os3, Fes04, PO, CaCOs, SiO2 and Graphite with separated electromagnetic
microwave fields (electric and magnetic) to test the possibility for selectively heating
magnetic components such as FesO4 in the microwave magnetic maxima. This, in turn,
can potentially contribute towards improving the chlorination selectivity by oxidising

Fes04 back to stable Fe,Os.
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3. Extract the temperature independent kinetic parameters (activation energy, frequency

factor and reaction model) associated with the thermal degradation of PVC in the

presence of zinc and iron bearing compounds present in EAFD: ZnO, ZnFe;04, Fe20g,

and FesOs. These parameters allow predicting reaction rates associated with the

degradation of PVC at any temperature and helped in understanding the reaction

mechanisms of the zinc and iron bearing oxides with PVC, which ultimately affects the

choice of the optimum temperature for highest chlorination selectivity towards zinc.

Below, a summary is provided showing how this thesis approached the gaps present in

literature and how it implemented the objectives to produce an output which meets the project

aims:
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Paper 1: “Microwave selective heating of
electric arc furnace dust constituents toward
sustainable recycling: Contribution of
electric and magnetic fields”

ﬁper 2: “Thermal degradation kinetic“
of polyvinyl chloride in presence of zinc
oxide”

Paper 3: “Thermodynamic, pyrolytic,
and kinetic investigation on the thermal
decomposition of polyvinyl chloride in
the presence of franklinite”

Paper 4: “A thermo-kinetic investigation
on the thermal degradation of polyvinyl

chloride in the
\@sence of magnetite and hematite” /

Figure 1: A schematic illustration showing the research gap, thesis objectives and thesis output.
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CHAPTER TWO

Introduction to microwave heating principles

2.1 Overview

Microwave radiation is considered a part of the electromagnetic spectrum occupying its lower
frequency end with frequencies ranging from 300 MHz to 300 GHz [37]. This range of
frequencies is divided into three main bands: ultra-high frequency UHF (300 MHz — 3 GHz),
super-high frequency SHF (3 — 30 GHz) and extremely high frequency EHF (30 — 300 GHz)

[38]. An image showing the electromagnetic spectrum is presented in Figure 2.

UH: Ultra high
SH: Super High
EH: Extremely High

Wavelength
8 _Visi Ultaviolet X-ray Gamma-ray
(meters)

105 1 103 106 7to 4-107 108 1011 10-12
Frequency JIt 390W
(Hz) 103 108 310° 3.1011 4.1014 7.101 1016 1019 1020

Temperature of bodies

emitting the wavelength () em——————

(°K) 1 10? 104 106
Figure 2: Electromagnetic spectrum from low (radio) frequency to high (gamma-ray) frequency [38].

There are a set of frequencies allocated for industrial, scientific, and medical (ISM) purposes.
This is due to the versatile usages of microwave radiation in different applications such as
power transmission, radar, and communication which can be affected by the waves generated
in the ISM region [39]. Microwaves can be utilised for heating in many industrial sectors such
as food processing, wood drying, treatment of plastics and rubbers, and ceramic pre-heating
[40]. It has many advantages over conventional heating, such as providing higher heating rates,
uniform heating, reduction in harmful emissions, smaller equipment size, and selective heating

[37, 40, 41].
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There are three types of materials according to their interaction with microwaves (Figure 3)
[42]. Transparent materials, also known as low loss materials, allow microwaves to pass
through without absorbing energy [43]. Conductors are materials which prevent microwaves
from penetrating through causing them to reflect off the external surface [43], while absorbing

materials are those which dissipate microwave energy as heat [43].

Material type Penetration
_: > TRANSPARENT Total
»> (no heat) transmission
CONDUCTOR None
(no heat)
> ABSORBER Partial to
. (materials are total absorption
heated)

Figure 3: Interaction of microwaves with different types of materials [42].

In the following sections, microwave heating mechanisms, dielectric properties and their

measurement techniques, and microwave equipment are discussed.

2.2 Microwave heating mechanisms

The heating action of microwaves depends on the type of the material and the frequency of the
electromagnetic radiation. Materials which respond to the electric component of the
electromagnetic wave are either dielectrics or electrically conducting materials. In the former,
charged particles in the material polarise (charge displacement from equilibrium position to
another) in response to an external electric field resulting in the formation of what is called
induced dipoles [44]. Induced dipoles are a result of electronic and atomic polarisation [44].
Here, we will focus on polar dielectrics; materials containing permanent dipoles such as water.

These materials have an asymmetric charge distribution on their molecules making them
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responsive to external alternating electric fields in a process called reorientation polarisation

[44] which sometimes referred to as dipolar polarisation.

2.2.1 Dipolar polarisation loss

In this mechanism, when an external electric field is applied, permanent dipoles try to align
themselves with that field by rotation [37]. The alignment of the molecules (dipoles) with the
field is called the polarisation and is denoted as P which is a measure of the displacement of

charge inside the material (Figure 4).

AN

Figure 4: Movement of a permanent dipole when exposed to an external electric field (adapted from [45]).
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The molecular alignment does not occur instantaneously, instead, molecules show some inertia
which is a function of the molecular size, temperature and viscosity of the medium [46].

Because of this inertia, the polarisation vector P lags the external electric field E which makes
the polarisation current Z—i have a component with the electric field, thus generating heat in the

material. The power dissipated in the material from this mechanism is given as [44]:

1
Poy = EEmameax(‘)COSQO (1)

Such that, P,, is the average power dissipated in the material, E,,,, IS the amplitude of the

electric field, B,,,, is the amplitude of the polarisation vector, w is the angular frequency, and
6, is the phase angle between Z—I; and E. Hence, if P is in phase with E, the value of 8, will be

90° leading to zero power dissipation.
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2.2.2 Dielectric properties and the Debye equations

The degree of a material’s response to a microwave’s electric field can be quantified by its
dielectric permittivity: real permittivity (¢") and imaginary permittivity (¢"") [47]. The real
permittivity represents the charge polarisation ability of the material, while the imaginary
permittivity represent how much of the stored energy is dissipated as heat [44, 48, 49]. These

two parameters are linked together through the complex permittivity as follows [50]:

e=¢ —je" 2

Where j = vV—-1.

For a liquid medium with permanent dipoles, the Debye model [46] was able to describe the

real and imaginary parts of Equation 2 mathematically as follows:

) ) g’

€ =&t 1+S-a)2:; @)
rr (5' - )(l)T

&= @

Where &, is the permittivity at low frequency, ¢, is the permittivity at high frequency, and t is
the relaxation time, defined as the time needed for a molecule to change orientation from one
equilibrium position to another. The relaxation time was described by Debye’s model [46] and

was given as follows:

anrdn

T= 5)

kpT

Where: n is the viscosity of the medium, r is the radius of rotating dipole, kj, is Boltzmann’s

constant, and T is the temperature in Kelvin (K).
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Equations 3 and 4 show that the real and imaginary permittivities depend on the frequency of
microwaves and the type of material. For a certain material with fixed properties, the behaviour

of €" and €"" with frequency of an electromagnetic wave is shown qualitatively in Figure 5.

A

£ and €

Frequency, f
Figure 5: The dispersion of the real and imaginary permittivities with electromagnetic frequency (adapted from

[44]).

To find the frequency at which the imaginary permittivity shows a maximum value, we take

the derivative of " with respect to w and equate it with zero [51]:

de”’
=0 (6)

Applying the derivative in Equation 6 to Equation 4, we obtain the frequency at which

maximum loss factor is obtained [51]:
« 1
w == )
Equation 7 suggests that maximum &’ is obtained in the material when the frequency of a

microwave equals the reciprocal of the relaxation time of the permanent dipoles of this
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material. Substituting Equation 7 in Equations 3 and 4 we obtain the values of €" and €"" at a

maximum loss factor [51]:

£ (o) == ®)

£ () == ©)

At a maximum imaginary permittivity, the real permittivity has a value equals the average

value of €’s and €',.

2.2.3 Electric conduction loss

When a material is exposed to a microwave field, translational motion of charge in the form of
electrons or ions also contribute significantly to microwave heating due to electrical resistance.
Such heating effect can be seen in metallic powders, ionic solutions, and ceramics. For metallic
powders and ionic solutions, heating may occur from room temperature since the electrical
conductivity of these materials is high. Most ceramics, in contrast, heat by this mechanism only
at high temperatures [47]. This is because, at elevated temperatures, atoms in the lattice become
thermally excited obtaining sufficient amount of energy to leave the lattice in the form of ions
[52, 53]. The imaginary permittivity associated with conduction loss mechanism is given as

follows [50]:

(o2

€ conduction = Eow (10)

Where, ¢ is the electrical conductivity of the material and &, is the permittivity of free space.
Equation 10 suggests that the imaginary permittivity from the conduction effect is directly
related to the electrical conductivity of the material and inversely related to the frequency of

the microwave field.
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2.2.4 Magnetic loss

In addition to the electric component of a microwave, the magnetic component also contributes
significantly to the heating. In order for a material to heat in a magnetic field, it has to be either
electrically conductive or magnetic [47]. The two main mechanisms associated with

microwave magnetic heating are magnetic hysteresis and eddy currents.

2.2.4.1 Magnetic hysteresis loss

Electricity and magnetism are related to one another. The spinning of electrons around their
own axis and around the atomic nuclei is equivalent to an electric current which, in turn,
produces a magnetic moment [54]. In magnetic materials, these magnetic moments are aligned
in the same direction in zones called magnetic domains. The magnetic domains are randomly
oriented, cancelling each other’s magnetic moment, resulting in a zero net magnetisation [55].
When exposed to an external magnetic field, the magnetic moments in these domains align to
the same direction and the material becomes magnetised [55]. In order to demagnetise the
material, an opposite direction magnetic field is needed and a magnetisation hysteresis loop is

formed [47]. The magnetisation hysteresis loop is shown in Figure 6.
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v

Figure 6: Magnetisation hysteresis loop for a magnetic material inside an alternating magnetic field where M and
H are magnetisation and magnetic field intensity, respectively (adapted from [55]).
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The amount of heat released in the material is proportional to the area inside the hysteresis loop

[56]. For magnetic materials, a complex permeability is defined as [50]:
p=p —ju’ (11)
Such that the real permeability (u") represents the material’s ability to store magnetic energy

as magnetisation, while the imaginary permeability (u"’) is the ability to release this energy as

heat [47].

2.2.4.2 Eddy currents loss

According to Faraday’s law, whenever a changing magnetic field passes through a conducting
loop, an electromotive force is formed around this loop resulting in the formation of an electric
current. Hence, for a solid conducting material positioned in an alternating microwave
magnetic field, circular densely packed currents are formed in the material which are referred

to as eddy currents (Figure 7).

B(t)

Leday

o — _r_ ¢ R
| |
= Z

z

Figure 7: Formation of eddy currents in an electrically conducting disk positioned in an alternating magnetic field
(B(t) time dependent alternating magnetic field).

The power dissipated per unit volume due to eddy currents can be given according to the

following equation:

0Bo?wR?
16

p= (12)
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Where P is the power dissipated per unit volume, R is the radius of the disk, and B, is the

intensity of the magnetic flux.

2.3 The power equation and volumetric heating
The equation used to describe the power dissipation in materials originates from the Poynting
vector, which is defined as the power carried with an electromagnetic wave per unit area and

is given by the cross product of the electric and magnetic fields:

-

p=ExH (Wm? (13)

The power through a closed surface area can be given by integrating the Poynting vector over

the surface area [44] which may be written as [57]:
P = §(E x H)dS (14)

Where dS is an infinitesimally small area. Equation 14 coupled with Maxwell’s equations lead

to the final equation describing the power dissipation in the material [44]:
P = wEO‘g”efszrmsV (15)

Where E,,.s i the root mean square of the intensity of the electric field, V is the volume of the
material, and ", is the effective loss factor which accounts for the contribution of different

heating mechanism together [47]:

€ eff = € conduction T € polarisation (16)

In case of magnetic dielectric materials, Equation 15 should be modified to the following form

given in [44]:
P = weoguefszrmsV + w.uo.u”effHZrmsV (17)

28



Where 1", is the effective permeability loss factor, y, is the permeability of free space, and

H,,s is the root mean square of the intensity of the magnetic field.

The equations above, show that the main parameter affecting the power dissipation in materials
is the value of the imaginary part of permittivity (dielectric materials) and permeability

(magnetic materials).

2.4 Microwave measurement and heating equipment

2.4.1 Microwave measurement technique

Here, only the cavity perturbation measurement technique will be discussed. This technique
relies on measuring an electromagnetic signal in a resonant cavity with and without a sample
inside it. The main advantages of this technique are the non-contact measurement type and the
requirement of a very small power input (power level of approximately 1 mW) [58]. Other
advantages of this technique are the requirements of a very small sample size and the possibility
to perform the measurements at high temperatures above 1000 °C [47, 50]. Most cavity
perturbation systems are composed of cylindrical cavities containing a TM,,, Sstanding
electromagnetic wave used for the measurements. The resonant frequency and the Q-factor
inside the cavity are initially measured with an empty sample holder. The Q-factor is given as

[44]:

Energy stored

Q=2m (18)

Energy lost per cycle

This means, the smaller the Q-factor is, the more energy is dissipated in the sample. Afterwards,
the sample is loaded in the sample holder and then the sample holder and the sample are
inserted into the resonant cavity. The shift in the resonant frequency (4f) and the change in
the Q-factor value are used to calculate the complex relative permittivity according to the

following equations [59]:
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, Vo fo—fs
& =1+ 22, () 22 (19)

e =% Xim) Z—: (Qis - Qio) (20)

Such that, J; is the 1%t order Bessel function, X, ,,, is the root m" of the 1% order Bessel function,
V, is the volume of the cylindrical cavity, V; is the volume of the cylindrical sample, f; is the
resonant frequency of the unloaded cavity, f; is the resonant frequency of the loaded cavity, Q;
and Q, are the Q-factor of loaded and unloaded cavity, respectively. The main limitation of
this technique is that it requires small sample size to maintain the electromagnetic configuration
of the fields inside the cavity [60], it requires certain sample shape in order for the derived

equations to be usable [60] and it is only accurate for low loss materials, typically with loss

tangent not higher than 0.1 (loss tangent is i—)

2.4.2 Microwave heating equipment
A microwave heating setup is composed of many pieces each perform a different task. The

most basic components of a microwave heating setup are microwave generators, waveguides,

waveguide termination, and microwave applicators.

2.4.2.1 Magnetrons
A schematic diagram of a typical magnetron oscillator is shown in Figure 8 [61]. A magnetron

consists of a cylindrical cathode in the centre, surrounded by an anode containing several
cavities that are spread around in circular fashion. In this device, an electron beam is generated
inside vacuum tubes and is directed using a combination of electric and magnetic fields [61].
A voltage is applied between the electrodes (anode and cathode) along with a simultaneous
magnetic field such that the electric and magnetic fields are perpendicular to one another [61].
The presence of the magnetic field makes the electrons emitted from the cathode follow a spiral
trajectory in their way towards the anode [62]. With high enough magnetic fields, electrons do

not reach the anode, instead they form a “rotating space charge” [61]. Rotating electrons
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interact with the resonant cavities in the anode resulting in increasing or decreasing their
velocity, leading to the formation of electron bunches moving around at microwave frequencies
[61]. This, in turn, results in self-sustaining oscillations in the cavities where a portion of the
microwave power is extracted using a coupling loop (Figure 8) [61]. Magnetrons were first
invented in 1921, allowing the generation of a continuous or pulsed microwave signal with
powers up to a few megawatts, a frequency span 1 to 40 GHz, efficiency of around 80%, and

a life span of approximately 5000 hours [61].

Resonator

Coupling loop

Figure 8: Schematic diagram of a magnetron (adapted from [61]).

2.4.2.2 Solid state generators
A solid state microwave generator is a transistor based amplifier which augments the input

power in steps [63]. This means, lower voltages need to be used compared to magnetrons
making then safer to operate. However, this type of generator is an evolving technology and to
this point is still limited to low powers compared to magnetrons. The major advantages of
solid-state generators over magnetrons is their stable power output, ability to produce

microwaves with precise frequency, and a longer life-span.
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2.4.2.3 Waveguides
The generated microwave power needs to be directed towards the material of interest for

heating. This can be done using waveguides which are considered an important component of
a microwave setup. Waveguides, most of the time, are rectangular ducts made of a highly
electrically conductive material (usually aluminium or copper) through which microwaves
travel from the microwave source to the processed sample. A typical rectangular waveguide is

shown in Figure 9.
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Figure 9: A typical rectangular waveguide with co-ordination system [62].

One of the most important factors to be taken into account when deciding to transfer a
microwave signal through a waveguide, is the value of the cut-off wavelength. A cut-off
wavelength is the maximum wavelength an electromagnetic wave can propagate with without
attenuation. For the commonly used mode transverse electric TE,,, the cut-off wavelength in

a rectangular waveguide can be given as follows [62]:

A, = 2a (21)

Where, A, is the cut-off wavelength and “a” is the width of the waveguide (see Figure 9). It is
also important to point out that waves propagating inside a waveguide have a larger wavelength
than its corresponding free-space wave. The relation between the two can be given for a TE;,

as follows [62]:
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=4 _1 (22)

Where, A, is the guided wavelength and 4, is the wavelength in free space.

2.4.2.4 Waveguide terminations
Before proceeding to microwave applicators, it would be useful to first consider the last piece
connected to a microwave setup (terminal piece). The last piece connected to a waveguide

could either be a perfect load (dummy load) or a metallic wall (short circuit).

2.4.2.5 Load termination

In this type of termination, all the microwave power pushed through the waveguide is absorbed
and none of it is reflected. This, in turn, affects the electromagnetic configuration inside the
waveguide, such that the electromagnetic field inside the waveguide corresponds to a travelling
wave type of field distribution. Such configuration allows the sample to be exposed to both the
electric and magnetic fields simultaneously, which could be useful for the heating of dielectric

magnetic materials. The equations describing a travelling electromagnetic wave can be written

as [64]:
E(z,t) = Epgysin [ZT[ (i - %)] (23)
H(z,t) = HpqySin [211 G — % )] (24)

Such that z is the direction of propagation, t is the time, and T is the period. Equations 23 and
24 suggest that a sample located in the direction of propagation of a travelling wave will be

simultaneously exposed to both the electric and the magnetic fields.

2.4.2.6 Short circuit termination
In this type, the last piece connected to the waveguide is a highly conductive metallic wall

(aluminium or copper) which is used to reflect microwaves. Usually, this wall is adjusted

within the waveguide with a plunger, such that it can be moved forward and backward inside
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the waveguide which essentially helps in positioning the correct electromagnetic field (electric
or magnetic) on the sample of interest, and thus greatly enhancing impedance matching for a
better power absorption. Since microwaves are reflected off this wall, the waveguide in such
configuration contains two travelling waves in opposite directions (forward and backward).
The interference of these two waves yields a standing wave which can be described by the

following equations [64]:

E = 2E, 4C0S [%] sin [% (25)
H = 2H,,4,Sin [%] cos [% (26)

In Equations 25 and 26, it can be seen that when the electric field is maximum, the value of the
magnetic field is zero and vice versa. Hence, in a standing wave, when the sample is positioned
correctly, it will be exposed to one field at a time. For the simple case of a TE,, a boundary
condition exists on the metallic wall of the short circuit where the value of the electric field at
the wall is zero and that of the magnetic field is maximum. Thus, by moving the plunger
(outwards or inwards), the positions of the fields is displaced by the same amount of
displacement of the plunger. This, in turn, helps in maximising the intensity of the

electric/magnetic field at the sample position.

2.4.2.7 Microwave cavities (applicators)
There are two types of microwave applicators:

1. Single mode applicators.

2. Multi-mode applicators.

A single mode resonant applicator is a microwave reflective metal enclosure into which the
electromagnetic wave is exposed to many reflections in preferred directions [44]. The

interference of the forward and reflected power, as mentioned earlier, will yield a standing
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wave of a known configuration. Samples are then introduced into this cavity using an opening
in the applicator which is referred to as “choke”. A choke is usually a circular opening on the
top of the waveguide (applicator) which extends through a circular waveguide. The diameter
of this choke must be significantly smaller than the cut-off wavelength which allows

introducing the sample into the system without microwave leakage.

The best example of a multi-mode microwave cavity is the domestic microwave oven. A multi-
mode microwave cavity is an enclosed metallic box the dimensions of which should be several
wavelengths long in at least two co-ordinates [44]. The name of such configuration comes from
the fact that such cavities are capable of providing several resonant modes in a certain
frequency range. The formation of different modes is produced from the
constructive/destructive interference of the reflected electromagnetic waves from all directions
which yields a standing wave pattern carrying different microwave resonant modes. The main
disadvantage that might be encountered in such a setup is the heating homogeneity. For this,
samples to be heated can be placed on microwave transparent rotating tables which helps in
exposing the same part of the material to different microwave modes which maximises the

heating.

2.5 Some engineering challenges of microwaves
2.5.1 Penetration depth
In microwave processing, one of the main challenges faced by engineers is the penetration

depth of microwaves into materials. A penetration depth D,, is defined as the distance from the
surface of the material at which the power drops to a value of é of that measured at the surface

[44]. Usually, the effect of the magnetic part is neglected and the penetration depth maybe

written as follows [65]:
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o= 2+ G -1

2m(2&)2

Where A, is the wavelength of the free space propagating wave. In a study conducted by Peng
et al. [65], it was concluded that in some magnetic materials, the penetration depth can even be
smaller due to heat dissipation from the magnetic part of the electromagnetic field. The general

penetration depth which accounts for all electromagnetic fields was given as [65]:

1
A rr rr ror ror rrorr roorr rr s 1_5
Dp=2\/g—n€ﬂ —ew +[(Eu)?+ w2+ () + (e H)Z]z] (28)

In general, whether the magnetic effect is taken into account or not, it can be seen from
Equations 27 and 28 that the penetration depth increases with an increase in the wavelength
Ao- Hence, usually, at an industrial scale, the used frequency is 915 MHz instead of 2.45 GHz

which is needed to achieve higher penetration depths.

2.5.2 Heating homogeneity

Since the essence of microwave heating relies on the direct interaction between the electric
field carried by the microwaves and the material in question, in some cases, the electric field
passes through a certain portion of the material resulting in heating a specific part while leaving

the rest unheated. An example of such a phenomenon can be seen in Figure 10.
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OD = 6 mm
ID =4 mm

Figure 10: A graphite sample in a single mode TE;, cavity before (A) and after (B) heating at a power of ~ 118
W and a frequency of 2.47 GHz showing localised heating (OD and ID are outer and inner diameter, respectively).

It is seen in Figure 10 that the heating was localised at the upper portion of the sample while

the rest was heated by thermal conduction resulting in a thermal gradient.

2.5.3 Thermal runaway
The volumetric heating power equation shown in section 2.3 shows a direct relation between

the amount of power dissipated and the loss factor (imaginary part of permittivity) of the
material. As an example, when applying microwaves as an energy source for metallurgical
processing, one might encounter a thermal runaway problem. This is because, the imaginary

permittivity (loss factor) associated with ceramic materials contained in ores (e.g., metal

37



oxides/sulphides) increases rapidly after a certain temperature usually referred to as “critical
temperature” [50]. At the critical temperature, the permittivity of the material rises rapidly [50]
which makes controlling the temperature in that range quite challenging when the sample is
exposed to microwave energy. An example of this phenomenon can be seen in Bobicki et al.

[50] and in the manuscript attached to Appendix 1.
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CHAPTER THREE

An overview of electric arc furnaces, electric arc furnace dust and
polyvinyl chloride

3.1 Overview

Understanding the factors affecting the formation and the chemistry of EAFD is important to
assess the current practices followed for its treatment and to make sound proposals for
mitigating its environmental impact. Hence, a brief introduction to EAFs, EAFD and PVC is
presented. Types and construction of EAFs are presented and the raw materials used in EAFs
are listed. For EAFD, the material is defined, and its hazard nature is shown. The formation
mechanisms and the minimisation of EAFD formation is mentioned. The characteristics and
the treatment methods of EAFD are also summarised. Finally, alternative treatment methods
of PVC are summarised, along with the mechanisms reported in literature for its thermal
decomposition. All researches tackling the co-thermal treatment of EAFD and PVC are

presented, assessed, and summarised at the end of this chapter.

3.2 Electric arc furnaces

EAFs are used for the production of special steels by means of heating using electrical energy.
Chemical energy, however, also contributes significantly to heating during the process of
controlling the chemical composition, where oxygen is injected and result in exothermic
oxidation reactions [66]. One of the principal advantages of EAFs is that the feedstock consists
mainly of scrap and cold pig iron. This makes the amount of needed reducing agents much
smaller in contrast to when iron ores are used [67]. EAFs have many advantages including the
ability to process a wide variety of feed stock, good control of heat generation by controlling
the electric currents, and smaller emissions, since heat is supplied by electricity. In contrast, it

still has some limitations, where the usage of these furnaces become economically unjustified

39



in regions where electricity is expensive. A preview of electric arc furnaces types, construction,

and raw materials will be summarised in the following sections.

3.2.1 Types of EAFs

There are two types of electric arc furnaces: Alternating current (AC) and Direct current (DC)
furnaces. The interest in the development of DC furnaces began in the 1990s [68]. Most of
EAFs are of AC type [68], however, some DC installations can be seen in Europe, North
America, and Japan [69]. This interest in the development of DC furnaces was manifested
because of the advantages shown by this type such as the lower energy and electrode
consumption, as well as less flickering [68]. According to Elizarov et al. [70] small to medium
capacity DC furnaces can show less electrode consumption in the order of 5 — 6 kg/ton of
molten steel. In their work, it was also stated that the usage of DC furnaces results in a decrease
of charge losses, ferroalloys consumption, and the amounts of emitted dust at 5 — 7%, 15 —
20%, and 6 — 8 times, respectively [70]. Figure 11 (A) and (B) show typical DC and AC electric

arc furnaces, respectively.

(A)

i Water-cooled roof
]

DC upper electrode Water-cooled panels

(cathode)

Eccentric bottom taphole
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(anode) /

Tilting device ”
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(B)
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Figure 11: (A) DC electric arc furnace with a single electrode [68] and (B) AC electric arc furnace with 3
electrodes [71].

3.2.2 Construction of an EAF

Discussion in this section will be limited to the common type of EAFs which operates in the
AC mode and comprises of three electrodes. A typical EAF mainly consists of a refractory
lined shell which acts as the body of the furnace, a water cooled retractable roof which has
three holes and from which electrodes are introduced, and a rocker which is used to adjust the
tilt of the furnace [68, 72, 73]. Figure 12 shows the main constituents of an AC electric arc

furnace.

L

front section view exterior side view

Figure 12: Main components of a typical AC electric arc furnace: 1. Furnace body, 2. Furnace roof, 3.sledge, 4.
Purging cradle, 5. Operating door, 6. Electrodes, 7. Water cooled copper rings, and 8. Rocker [73].

The shell which contains the molten bath is made from steel and is lined with a refractory

material to withstand the high temperatures inside and to minimise heat losses. The material of
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construction of the refractory lining is either magnesite or stabilised dolomite and in some cases
silica brick [73]. The second main part of an EAF is the roof; it is retractable so that charged
scrap and other additives can be added to the furnace. The roof is important to reduce the heat
losses during the smelting process. In some furnaces, roofs are protected by silica bricks or
chrome magnesite [73]. In other furnaces, however, roofs are protected by cooling using water

panels which reduce refractory lining consumption [68, 74].

Electric current, which is considered the largest contributor to heating in EAFs (aside to
chemical energy from combustion reactions), is supplied via graphite electrodes [74]. Graphite
is well-known for its high electrical and thermal conductivity, which makes it suitable for this
purpose. Typically, the size of an electrode range from 38 to 76 cm in diameter and the length
of the electrode is in the order of 3 meters [74]. The diameter of electrodes in large DC furnaces

are in the upper range of diameters up to 80 cm [68].

3.2.3 Raw materials
EAFs can take all sort of feed stock such as ferrous scrap, hot briquetted iron (HBI), direct
reduced iron (DRI), and pig iron. However, the choice of the feeding material to the furnace is

mainly controlled by two factors [68, 74]:

1- The grade and the desired chemistry of the produced steel.
2- The region where the smelting process is taking place which has an effect on the

abundance of recycled scrap.

The composition of the scrap metal used specifies the chemistry of the final product. For
instance, when ductile steel production is of concern, the content of residual metallic materials
such as Cu, Cr, Ni, and Mo should not exceed 0.2% [75]. The problem with these elements is
that during the refining process, they do not oxidise and do not go to slag, but instead they

remain in the molten bath and carried over to the final product [75]. Hence, when specific
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concentration of tramp elements should not be exceeded, scrap of well-known chemistry or

virgin materials, such as iron from blast furnaces or DRI should be used [75, 76].

The second factor which affects the type of the charged materials is the region of origin. In
developed countries, steel scrap accounts for 100% of the raw materials charged to EAFs [68].
In other countries, however, this is not the case. The quantities of scrap in these countries is
less than the required amount for the smelting batch, and hence, the disparity is compensated

by direct reduced iron (DRI), hot briquetted iron (HBI), and pig iron [68].

From the discussion above, it can be seen that the chemistry of EAFD generated from EAFs in
different countries can vary greatly due to the variation in the type of the raw materials used as

a feedstock.

3.3 Electric arc furnace dust (EAFD)

Among many of the hazardous wastes accumulated worldwide, EAFD is considered one of the
most troubling due to the severe toxicity of its constituents to human health and the wider
environment. Currently no sustainable disposal method is available for this material which
either does not leave negative environmental footprint or is economically feasible. The number
of studies devoted for the understanding of the mechanisms involved in the formation of EAFD
is limited [77-81]. The lack of a mechanistic understanding of EAFD formation limited the
adoption of suitable practices in the steel industry to minimise its formation [80]. The amount
of formed EAFD can reach up to 1 — 2% of the charge which is collected in dust baghouses
[82]. Consequently, this waste material will continue to accumulate becoming a major issue to
steel manufacturers. In this section, the formation mechanisms of EAFD, the minimisation of
its emission, conventional disposal routes, its characteristics, and the methods used for its

treatment will be discussed in detail.
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3.3.1 Formation of EAFD
Limited studies were devoted for the identification of the mechanisms associated with the

formation of EAFD. According to Birat et al. [78] the main mechanisms behind the formation

of EAFD are:

1. The volatilisation of metallic species.
2. The formation of liquid droplets from the bursting of CO bubbles on the surface of the

molten bath inside the EAF.

These two mechanisms account for 27% and 60% of formed EAFD, respectively [78]. Muller
et al. [79] studied the formation of particles from the “gas bubbling mechanism” using a bench
scale model steel bath. It was concluded that the main factors that affect the formation of dusts
from metallurgical processes in general are the velocity of the bubbling gas, the size of the
bubbles, the surface tension and the viscosity of the liquid steel [79]. More recently, a detailed
study was conducted by Guézennec et al. [80] to specify the main mechanisms involved in the
formation of EAFD. Their study was based on observations using a high speed camera of a
molten steel bath, which resembles the conditions in a typical EAF and in which argon gas was
bubbled through and burst at the surface [80]. The morphology of the collected particles in the
filters was studied which helped in the interpretation of the causing mechanism. The following

EAFD formation mechanisms were suggested (see Figure 13) [80]:

1) Volatilisation close to the arc (point 1) and close to the oxygen jet (point 1') which
represent the hottest spots in the bath.

2) Formation of liquid droplets at the impact points between the arc (point 2) and the
oxygen lance (point 2').

3) Emerging of fine liquid drops from the bursting of CO bubbles (point 3) produced from
the decarburisation process.

4) Bursting of the liquid droplets in the oxidising environment above the steel bath.
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5) Finally, the direct fly-off of solid particles from the charging stream (point 5) such as

coal (for slag foaming), scrap and fluxing agents.

. Q)® c‘Qg"'OO (>\
,.O
¥

Figure 13: Mechanisms of EAFD emission in electric arc furnaces [80].

Based on the morphological analysis of the collected particles, it was concluded that CO bubble
bursting (3@ mechanism) on the surface of the bath is the main mechanism for the formation

of EAFD [80].

3.3.2 Minimisation of EAFD formation

Several studies suggested suitable practices for the reduction of EAFD formation [80, 83, 84].
It was suggested that decreasing the CO bubble size in the range 1 — 4 mm would strongly
reduce the amount of formed EAFD [80]. It was also stated that the same level of
decarburisation can still be achieved by favouring the nucleation of bubbles over their growth.
Huber et al. [83] suggested to limit adding the additives (coal and fluxes) from the top of the
furnace, but instead, introduce them from the bottom which would reduce the amounts of the

large irregular particles seen in EAFDs.

3.3.3 Conventional treatment routes
A number of potential disposal routes for EAFD have been investigated, which some were
applied at a large scale. Current practices for the disposal of EAFD are: pyrometallurgical

treatment, recycling back to the furnace, and disposal in landfills. In pyrometallurgical
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treatment, the Waelz process is the most commonly applied method for the treatment of EAFD
[85]. According to Suetens et al., 80% of recycled EAFD is treated in the Waelz kiln [7]. Some
nascent pyrometallurgical methods such as the Rotary Hearth Furnace (RHF) and Primus
process are also able to treat EAFD for the production of enriched zinc oxide (ZnO) and hot
metal (Fe) which has a grade similar to the one produced from conventional blast furnaces

(BFs) [7, 86]. More details about these methods are mentioned in section 3.3.5.

Recycling EAFD back to EAFs is another route for its disposal. The main purposes of recycling

EAFD back to EAFs are [67]:

1. Lowering the overall amount of EAFD generated from the process.

2. Increasing the zinc content in generated EAFD.

Despite the significant decrease in the amount of emitted EAFD by using this technique, the
main potential benefit for recycling EAFD back to EAFs is the enrichment of the produced
dust with zinc which in some references was referred to as “Secondary Dust” [4]. Increasing
the zinc content in EAFD is important to the Waelz process and provides zinc-rich EAFD to

other potential recycling techniques such as hydrometallurgical processing.

In Mantovani et al. [4] the concentration of zinc ranged from 3.54 to 19.76% in the EAFD
samples collected from EAFs in which only scrap was used as the feeding material. However,
when EAFD was recycled back to the furnace, the collected EAFD sample contained zinc with
a percentage up to 27.07% [4]. According to Yang and Gustafsson [87] recycling EAFD back
to EAFs resulted in the increase of the zinc content by 11%. Lopez and Lépez-Delgado [88]
reported that increasing the zinc content in EAFD from 26 to 51% can be achieved by mixing

EAFD with a reducing agent followed by briquetting and recycling back in EAFs.

The landfill strategy is one of the most commonly used options for the disposal of EAFD. There

are two types of landfilling sites [21]:
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1. Conventional municipal landfills.

2. Secure landfills.

Both these types of landfills follow the Environmental Protection Agency (EPA) standards in
landfilling in which the former requires EAFD to be stabilised before its disposal [21, 88]. In
the past, the disposal of EAFD in landfills was the cheapest option [67]. However, with time,
the legislative specifications of the disposed materials are becoming stricter, and the prices of
landfilling are rising [67]. Such strict regulations render the landfill strategy a non-sustainable

option for the disposal of EAFD.

3.3.4 Characteristics and properties of EAFD

The physical and chemical properties of EAFD are strongly affected by the practices followed
in the steel manufacturing process. The quality of the produced and recycled steel, the feeding
procedure to EAFs, the power input to the furnace, the characteristics of the gas flow in the
extraction system, and the procedures followed in controlling the melting process and the
chemistry of the bath are the major process aspects affecting the properties of EAFD [80, 84,
86, 89]. In literature, the most important studied properties were particle size, density, chemical
composition, mineralogical composition, and morphology of EAFD. This section will include

a brief survey of the properties of EAFD from different sources worldwide.

3.3.4.1 Particle size

The particle size of EAFD is an important parameter since it affects how the material should
be handled. Many EAFD characterisation papers reported the particle size distribution of
EAFD [4, 12, 90-92]. In general, the size of EAFD particles ranges from lower than 20 pum
(fine particles) to thousand microns (large particles) [80]. Table 1 shows the reported particle

size of EAFD from different references.
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Table 1: Particle size distribution of EAFD from different references.

Reference Particle size, um
Li and Tsai [77] 0.3 — 1.0 which agglomerate to 3.0 — 20
Sekula et al. [93] 0.75-4.7
Menad et al. [94] More than 70% < 15
Mantovani et al. [4] <10and 20 — 80
Sofili¢ et al. [90] From “<50” to “> 1257
Guézennec et al. [80] < 0.2 to few thousand microns
Machado et al. [91] 0.04 — 36
Lee and Song [33] 0.1-22
Da Silva et al. [92] 0.04 - 40
Oustadakis et al. [12] 0.06 — 0.8, 0.8 — 120 and 200 — 550
Rizescu et al. [95] <2and10-100

3.3.4.2 Density
EAFD has a powder form, and hence, its density is reported in literature as either bulk or true
(skeletal) density. The true density of EAFD is relatively high due to the presence of heavy

metals. Table 2 shows the true density of EAFD from different references.

Table 2: True density of EAFD from different references.

Reference True density, g/lcm?®
Mantovani et al. [4] 2.96 — 4.12 for six different samples
de Vargas et al. [96] 4.23

Barreneche et al. [97] 4.93
Lanzerstorfer [98] 3.91

The bulk density was reported by Nyirenda [99] at 1.1 — 2.5 g/cm?.

3.3.4.3 Chemical composition

The most important property for the proper handling, disposal, or recycling of EAFD, is its
chemical composition. The chemical composition of EAFD is strongly affected by the
chemistry of the feeding material, the type of the steel produced, the operating conditions, and

the extent of EAFD recycling back to EAFs [86, 90, 100, 101]. The feeding material to EAFs
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is affected by the region in which the furnace is operating [68]. In developed countries, scrap

alone can meet the requirements of the melting batch. In emerging countries, due to scrap

deficiency, the required amount for the heat is met by supplying hot briquetted iron (HBI),

direct reduced iron (DRI), and pig iron in addition to the scrap [68]. In view of these variations

of the feed stock from one country to another, the chemical composition of EAFD is expected

to vary greatly based on the region of its production. Table 3 shows the chemical composition

of EAFD from different references from different countries.

Table 3: Chemical composition as a weight% of EAFD from different references.

§ f Element
it c
5] >
5 3 .
(04 Zn Fe Pb Ca Si Mn | Mg | Al Na K
Mantova
] 12.16 | 43.04 | 1.49 - - - - - 0.81 | 1.02
ni et al.
[41°
Machado 9.24 | 48.96 - 3.28 - - 1.65 - - -
et al.
[91]
Brazil
Da Silva 13.4 42 1.3 4.3 1.3 1.9 1.6 0.3 0.7 1.6
et al.
[92]
Dutra et 12.2 | 37.08 | 1.72 | 2.19 - - - 0.41 - -
al. [102]
Xia and
Pickles | Canada | 24.93 | 12.81 | 2.28 - - - - - - -
[16]°
Sofili¢ et
al. [90]° Croatia | 551 | 4479 | 1.31 | 409 | 202 | 553 | 238 | 0.23 | 0.53 | 0.81
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Oustadak
is et al.
[12]

Montene
gro etal.
[103]

Greece

20.32

5.58

27.05

14.40

3.81

13.3

1.44

1.00

1.30

1.30

1.62

Al-
Harahshe
h et al.
[34]°

Jordan

32.4

23.0

3.5

5.6

2.4

1.3

8.1

1.0

3.3

1.5

Sekula et
al. [93]

Poland

20

30

6.8

2.1

2.5

Li and
Tsai
[77]°

Taiwan

23.8

22.7

2.14

2.64

1.49

2.94

1.38

n.r

2.32

1.36

Salihogl
u and
Pinarli
[104]

Turkey

19.05

11.58

2.48

6.65

1.62

4.09

0.22

0.2

0.48

Keyser et
al. [105]°

USA

18.3

31.3

2.02

4.19

1.81

3.29

1.68

0.25

0.99

0.66

Tsubouc
hi et al.
[106]f

Japan

26.83

30.51

0.49

2.02

2.08

1.05

0.65

1.72

1.63

1.32

Havlik et
al. [107]

Luxem

bourg

20.9

27.8

2.7

4.3

2.1

3.2
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Zhang et | cpina | 314 | 276 | 016 | 24 | 101 | 0.88 | - ; - | 18
al. [108]

a: Concentrations are averaged from four different samples.

b: Concentrations are from washed EAFD.

c¢: Reported concentration is averaged from 12 different samples collected over a year.

d: Concentrations are averaged from nine carbon steel manufacturing mills in Taiwan.

e: Mean concentration from seven plants in the USA.

f: Mean concentration from 6 collected samples.

3.3.4.4 Mineralogical composition

The mineralogy of the major elements in EAFD was reported in many references in literature
[15, 33, 91, 92]. Knowing the mineralogical phases in which a certain element is present is
very important since it determines how EAFD will behave under different treatment
procedures. For instance, it was reported in literature that zinc can easily be extracted from
EAFD using acidic and basic leaching when present in EAFD as ZnO, while its extraction from
ZnFe>Oq4 is difficult [14, 16, 109, 110]. Another example on the importance of knowing the
mineralogy can be seen in pyrometallurgical treatment procedures. For example, the required
stoichiometric amount of carbon used to reduce the iron bearing oxides would vary appreciably
based on the oxidation state (FeO, Fez04, or Fe2Oz) of iron. Finally, it was reported by Al-
Harahsheh [15], that the chlorination of FesO4 by HCI is thermodynamically favourable, while

the chlorination of Fe>Os is thermodynamically not possible. Table 4 summarises the main

phases in which the major elements are present in EAFD.

Table 4: Mineralogical content of EAFD from different references.

Fe Zn Pb Mg Ca Mn Source
Fe203 Zn0O, Not MgFe2O4 | Not reported MnO Da Silva et
FesO4 ZnFe;0y4 | reported al. [92]

ZnFez04
MgFe204
CrFe204
Fe20s ZnO PbO MgO CaOo Not Lee and
reported Song [33]
Fes04
ZnFe;04 ZnO, Not Not Cao.15Fe2.8504 Not Machado
FeCr,04 ZnFez0q4 | reported | reported reported etal. [91]
Cap.i5Fe28504

51



Fe203 ZnFe204 | PbO MgO CaOo MnO Oustadakis
etal. [12]
Fe203 ZnO PbO MgO CaOo MnO Xia and
ZnFez04 Pickles
[16]
Fe203 Zn0O PbO MgO CaCO3 MnO- Al-
FesO4 ZnFez04 CaSOq4 Harahsheh
ZnFex04 [15]
CaCOs
FesOa4 Zn0O Pb3SiOs Not CaOo (Zn,Mn,Fe) | Havlik et
ZnFez04 ZnFez04 reported | CaS0,4.0.5H,0 | (Fe,Mn)204 | al. [111]

3.3.4.5 Morphology of EAFD

Different particle morphologies were reported in the literature. A fraction of EAFD appears as

spherical particles and the other fraction has irregular shapes [80]. The spherical particles can

be divided mainly into three types:

1. Spinel ferrite [77].

2. Zinc oxide (ZnO) monocrystals [80].
3. Slag droplets [80].

An example of spherical particles is presented in Figure 14 which was reported in Li and Tsai

[77].

4

Figure 14: SEM micrograph of spinel ferrite spherical particles with particle size -270/+400 mesh [77].
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Guézennec et al. [80] reported the presence of spherical particles in the form of extremely fine
zincite monocrystals and large sized (20 — 200 um) particles which contains slag components

(Ca, Al, Fe, Si...).

Irregular particles were also observed [80] and their presence was attributed to “direct dust fly-
off”. The chemistry of these particles indicate that they are formed from coal and lime [80].

Figure 15 shows a SEM micrograph of these particles [80].

\
N :

AccV SpotMagn Det WD Exp F———————"— SO0um

5.0 kV 3.0 536x SE 1381 cli%-graphite .

Figure 15: An example of an irregular shape particle in EAFD [80].

3.3.5 Pyrometallurgical treatment of EAFD

The pyrometallurgical treatment of EAFD relies on the carbothermic reduction of non-ferrous
components, namely zinc oxides (ZnO and ZnFe20g4), followed by the selective evaporation of
their elemental components over iron. Unlike hydrometallurgical processes, pyrometallurgical
techniques witnessed commercial application such as the Waelz process, Primus process, and
the Rotary Hearth Furnace (RHF) [112]. All these techniques rely on the principle of the
carbothermic reduction; however, they vary only regarding the used facilities and the applied

techniques [113, 114].

3.3.5.1 The Waelz kiln process
Among many pyrometallurgical techniques, the Waelz kiln process accounts for 80% of the

recycled EAFD [7]. In this process, EAFD is homogeneously mixed with reducing and fluxing
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agents and the mixture is then made into pellets [115]. These pellets are then heated to a
temperature of 1100 — 1200 °C resulting in the reduction and volatilisation of zinc and lead
separating them from the charge [115]. These vapours are then oxidised and collected in their
oxide forms (Waelz oxide). While metallic iron is oxidised in the charge forming what is called

Waelz slag [116]. A schematic illustration of the Waelz kiln process is shown in Figure 16.

Silo truck ﬁ’_‘_;_ Production bins
’ K41 Y'Y Y %
T T Raw material storage

Pelletlzmg plant .
Water
_i
Waelz kiln Process air
Water ‘

Dust
chamber

Coke Slags
Cooler Filter

RAERALE SR

Waelz oxide Used adsorbent
Figure 16: A schematic illustration of the Waelz kiln process [117].

3.3.5.2 Primus process

In this process, a multi-hearth-furnace is utilised for the metallisation of fine EAFD [118]. The
furnace in this process is different from that of the Waelz process. The furnace is composed of
a cylindrical chamber fixed on a vertical axis and contains several circular compartments that
are stacked on top of each other [115]. Pulverised EAFD and coal are mixed and loaded from
the top (upper most hearth) and then transported to the next hearth by means of scrapers [115].
The temperature of this furnace reaches 1100 °C by means of coal burning and the burning of
generated CO gas from reduction reactions [115]. At these high temperatures, zinc and lead
oxides are reduced into their elemental forms. The elemental zinc and lead are then oxidised
inside the furnace and removed through the exhaust to the bag filter with a recovery up to 95%.

At the bottom, direct reduced iron or iron rich residue with a metallisation level of 90 — 95%
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are discharged and cooled which can then be used in Blast Furnaces (BF) or EAFs for steel

making [119]. A flowchart of this process is shown in Figure 17.
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Figure 17: A flowchart of PRIMUS process for the treatment of EAFD [118].

3.3.5.3 Rotary Hearth Furnace (RHF)

The RHF is a coal based reduction method for the recycling of EAFD [120]. Initially, EAFD,
additives, and reducing agents are mixed and pelletised [121]. These pellets are then moved to
the heating zone inside the RHF where the mixture is heated up to 1000 °C after which the
pellets are transported to the reaction zone having a temperature of 1300 °C where series of
chemical reactions take place [115]; metal oxides are reduced into their elemental forms.
Elemental zinc and lead are then separated by vaporisation and are then collected through the
exhaust pipe [115]. These vapours are then oxidised and are eventually collected in the dust
collector as soot [115]. The iron oxides are reduced to DRI with a reduction percentage of up

to 90% in 15 — 20 mins [122]. A flow diagram of the RHF process is shown in Figure 18.
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Figure 18: RHF process used for the recycling of EAFD [123].

3.3.5.4 Challenges and obstacles of pyrometallurgical treatment of EAFD
While this technique showed a good potential for EAFD recycling and was in fact applied at
an industrial scale, the pyrometallurgical approach still suffers from many

problems/complications.

3.3.5.4.1 Energy requirements

One of the major limitations of the pyrometallurgical approach for the recycling of EAFD is
the energy consumption. Furnaces, in general, operate in the temperature range 1000 — 1300
°C to improve the kinetics of the reactions which is needed to achieve certain metallisation
levels. Also, a significant portion of the energy is consumed to compensate for the endothermic
nature of the reduction reactions whereby metallic oxides are transformed into their elemental
counterparts. All these factors combined, render the pyrometallurgical approach energy

intensive.

3.3.5.4.2 The final product and process economics
Unlike hydrometallurgical methods, the products generated from the pyrometallurgical
methods are in their oxide forms. These oxides need further processing in hydrometallurgical

techniques followed by electrowinning to produce metals in their pure form. This, in turn, can
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affect the economics of the process giving the relatively low price of the product along with

the high energy consumption.

3.3.5.4.3 Requirements of the feeding material

In some pyrometallurgical processes such as the Waelz kiln, the concentration of zinc should
not be less than 16 wt% in order for the process to be economically justified [124]. In newer
installations such as the RHF, low zinc EAFD (< 5 wt%) can be used as a the feeding material,

however, zinc oxide blockage can be encountered when high zinc content is used [1].

3.3.5.4.4 The environmental impact

Finally, one of the major drawbacks of the pyrometallurgical approach is the emission of the
greenhouse gases. Since these processes rely on the carbothermic reduction of metal oxides,
large amounts of CO and CO; are emitted from these processes, with associated detrimental

environmental impacts.

3.3.6 Hydrometallurgical treatment of EAFD

The high zinc content and the small particle size of EAFD are the most attractive features for
exploiting it as a source of zinc using hydrometallurgical techniques. The hydrometallurgical
approach, in general, is not energy intensive [13] and makes it possible to recycle the leaching
residue back to EAFs due to the reduction in the amount of non-ferrous species it contains
[125]. However, despite these advantages, this treatment technique still has many limitations
such as incomplete zinc recovery under ambient conditions, contamination of the pregnant
solution with iron, and the requirement for costly equipment to resist the harsh acidic and basic
medias [14, 103, 126]. In this section, a brief review of hydrometallurgical research conducted

on the extraction of zinc from EAFD is presented.
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3.3.6.1 Acidic leaching

Generally, acidic leaching is known to have faster kinetics generating solutions that are easier
to recycle, and the need to use less concentration solutions compared to alkaline solutions
[126]. The most common acidic leaching reagents are sulphuric acid (H2SQO4), hydrochloric

acid (HCI), and nitric acid (HNO3).

3.3.6.1.1 Sulphuric acid

Much research has been conducted on the extraction of zinc from EAFD using sulphuric acid
as a leaching reagent. Kukurugya et al. [126] studied the response of zinc, calcium, and iron
containing species upon the treatment of EAFD with sulphuric acid solutions. The highest zinc
extraction achieved was 87% using a solution of 1 M H2SOs, a temperature of 80 °C and a
liquid to solid ratio of 50. Also, they concluded that the dissolution of zinc from ZnO was
controlled by diffusion, while the dissolution from ZnFe>O4 was controlled by the rate of the
chemical reaction [126]. This result was also mentioned in a work done by Cruells et al. [127].
In that work [127], the non-magnetic part of EAFD was leached at different temperatures, solid
to liquid ratios and acid concentrations. They observed that zinc can be extracted up to 80%
under optimal conditions [127]. Montenegro et al. [103], used a multistage leaching approach
in which the last stage used was a pressurised leaching to maximise the extraction of zinc by
attacking the zinc ferrite mineral (ZnFe2Oa). It was stated that the maximum possible extraction
of zinc was 99% achieved after exposing EAFD to two ambient leaching stages followed by
pressure leaching at 200 °C [103]. Hence, it was concluded that the optimal leaching conditions
for an iron-free solution with zinc extraction of 60% are: room temperature, 1 M H2SOs acid
concentration, and a leaching time of 20 minutes [103]. Havlik et al., published three different
researches on the extraction of zinc from EAFD using sulphuric acid [10, 107, 109]. In the first
work [107], they investigated hydrothermal extraction of zinc from EAFD (i.e., high

temperature/pressure leaching); it was found that the maximum possible extraction of zinc was
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84% which was obtained at a temperature of 150 °C, a pressure of 4.1 bar, leaching time of 10
minutes, and a concentration of 0.4 M [107]. In the subsequent studies, the leaching of EAFD
was done under atmospheric pressure conditions; the maximum zinc extraction achieved was
67% leading to the conclusion that operating up to a pressure of 4.1 bar positively affects the
zinc yield, yet it adversely affected the leaching selectivity due to the increased iron dissolution
[10, 109]. Oustadakis et al. [12] tested three different parameters on sulphuric acid leaching of
EAFD: acid concentration, temperature, and solid to liquid ratio. It was reported that zinc can
be extracted up to a percentage of 80% under the following conditions: acid concentration of
1.5 M, temperature of 60 °C and solid to liquid ratio of 10% [12]. Under these conditions,
however, iron was extracted at 44.55% [12]. From this work, it can be seen that sulphuric acid
is capable of extracting zinc to fairly high percentages. An advantage which discriminates
sulphuric acid from other leaching reagents is that the acid is inherently capable of precipitating
calcium and lead in the form of lead and calcium sulphates which positively affects the
selectivity [10, 12, 103, 107, 109]. Nonetheless, iron is significantly leached from EAFD in all

the aforementioned works if high zinc recovery is of concern.

3.3.6.1.2 Hydrochloric acid

Studies on the extraction of valuable metals from EAFD using HCI leaching are quite scarce.
Teo et al. [128] studied the possibility to extract zinc and iron from EAFD using agqueous
solutions of HCI under different temperatures, acid concentrations and EAFD to acid ratio. The
highest zinc and iron extraction achieved in that work were 70% and 60% respectively using 5
M HCI solution, EAFD to acid ratio of 3 g to 100 mL, temperature of 70 °C and leaching time
of 15 minutes [128]. It was evident from the X-Ray diffraction pattern of the leaching residue
that zinc ferrite (ZnFe204) persisted leaching even under optimum conditions, while ZnO was
completely dissolved [128]. Earlier to that work, Langova et al. [11] studied the extraction of

zinc from tandem furnace sludge (TFS) and from synthetic ZnFe>O4 under atmospheric and
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hydrothermal leaching conditions. It was concluded from that work that ZnFe>O4 can be
dissolved using 0.3 M < HCI solution, when operating at a temperature and pressure of 250
°C < and 85 bar [11]. The maximum zinc recovery obtained from synthetic ZnFe>O4and TFS
were 90% and 99% respectively, hence, concluding that atmospheric leaching is insufficient to

extract zinc from ZnFe2O4, which is in agreement with the data published by Teo et al. [128].

3.3.6.1.3 Nitric acid
The usage of nitric acid for metal extraction is very limited due to the high cost and the danger

associated with the nitrous oxide emission [21]. The only two studies were conducted on the
extraction of valuable metals from EAFD using HNO3 are those performed by Shawabkeh et
al. [129] and Yucel et al. [130]. Shawabkeh et al. [129] studied different acids (H2SOa4, HCI,
HNO:s) for the extraction of zinc from EAFD. It was shown that zinc can be extracted at 21.3%
g Zn/g EAFD which translates to 73% Zn/Total zinc in EAFD in a HNOs solution with a
concentration of 5 M and a temperature of 50 + 2 °C [129]. In the same study, zinc was
extracted at 74.9% in H2SO4 at the same conditions except at a concentration of 2 M [129].
Under the same conditions of HNO3 mentioned above, HCI extracted zinc with a recovery of

79.4% [129].

Yicel et al. [130] studied the effect of HNOz concentration, leaching temperature, and the
stirring speed on the extraction of both zinc and iron. It was concluded that increasing the
temperature and HNOgz concentration led to an increase in the extraction of zinc [130]. The
maximum extraction achieved was 97% when using a concentration of 4 M HNOs3, a
temperature of 80 °C and a stirring speed of 300 [130]. Under these conditions, however, ~93%
of iron was extracted. It was concluded that the optimal leaching conditions are: 0.5 M HNO3

and 60-80 °C to minimise iron dissolution and to obtain zinc at 85-93% [130].
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3.3.6.2 Alkaline leaching

A number of studies have reported the extraction of valuable metals from EAFD using alkaline
solutions [14, 16, 131-133]. The main advantage of alkaline leaching is its superior selectivity
for zinc over acidic leaching [133]. In the work done by Al-Makhadmeh et al. [14] the leaching
of zinc from EAFD using NaOH as a leaching reagent was studied. NaOH concentration,
contact time, temperature, and the Solid to Liquid Ratio (SLR) were the studied parameters
[14]. It was reported that both temperature and NaOH concentration significantly affect zinc
recovery [14]. From the XRD results, it was confirmed that the extraction of zinc from ZnFe;O4
is very difficult and therefore the recovery of zinc was calculated based on the reactive zinc
mineral (ZnO) [14]. The maximum zinc recovery obtained in that work was 92.9% using 6 M
NaOH, SLR = 20 mg/mL, 60 °C, and 3 h leaching time [14]. Zhang et al. [108] attempted to
totally extract zinc from EAFD using two stages leaching with NaOH. In the first stage,
leaching was performed under atmospheric pressure and the following parameters were
investigated: temperature, NaOH concentration, time, and Liquid to Solid ratio (L/S ratio)
[108]. Only ZnO was dissolved in the first stage and the highest recovery was achieved at a
temperature of 70 °C, 5 M NaOH concentration, 15 mL/g liquid to solid, and 2 h leaching
[108]. The residue from the first stage (mainly ZnFe>O4) was exposed to pressure leaching in
presence of starch as a reducing agent. When the residue from the first leaching stage was
subjected to pressure leaching, the total extraction of zinc reached 89.7% and the final leaching
residue was rich with magnetite (FesO4) which was confirmed by both XRD and Vibrating
Sample Magnetometer (VSM). Dutra et al. [102] studied the extraction of zinc from EAFD
using different leaching conditions: 1) conventional agitation leaching, 2) pressure leaching, 3)
microwave treatment followed by leaching and 4) leaching aided with ultra-sonic agitation.
The aim of the microwave pre-treatment and the ultra-sonic agitation was to form cracks and

break up agglomerates, which can enhance the leaching efficiency [102]. However, it was
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reported that no enhancement on the zinc recovery was achieved when these methods were
followed and the maximum zinc recovery of 74% was achieved under these conditions: 6 M

NaOH, 90 °C and 4 h leaching time [102].

From the discussion above, while the alkaline leaching showed a high selectivity towards zinc
extraction (i.e., leaving iron in the solid residue) it was not efficient enough due to the

chemically resistive nature of ZnFe;Oa.

3.3.6.3 Salt leaching
3.3.6.3.1 Hexahydrate ferric chloride (FeCls.6H20)

In the previous section, it was shown that ZnFe>O4 showed a refractory behaviour when leached
in alkaline medias. Hence, attempts have been made utilising salt solutions to dissolve ZnFe>O4
for higher zinc recovery [8, 124, 134]. Leclerc et al. [8] used a solution of FeCl3.6H20 to extract
zinc from synthetic ZnFe>Oa4. The effects of temperature, leaching time and the molar ratio of
FeCl3.6H20/ZnFe;O4 were the studied parameters [8]. It was concluded that zinc can be
completely extracted when the leaching was done at a temperature of 150 °C, time of 8 h, with
a molar ratio of 10 [8]. Wang et al. [134] produced a similar work in which it was confirmed
that using FeClz.6H>O solution at a temperature of 150 °C with leaching time of 2 h and
FeClz.6H20/ZnFe>04 mass ratio of 15:20 can result in a zinc extraction efficiency of 97.2%

and a leaching liquor almost completely free of Fe®* ions [134].

3.3.6.3.2 Ammonium chloride NH4Cl

Miki et al. [110] studied the behaviour of zinc, calcium, and iron in raw EAFD and a “CaO
pre-treated EAFD” upon leaching using NH4Cl solutions. It was shown in another work [135]
that ZnFe>O4 can be converted to ZnO and CazFe>Os upon the thermal treatment of EAFD with
CaO at temperature of 1100 °C for 5 h under air. This, in turn, can improve the leaching
selectivity since ZnO is amenable to leaching while ZnFe;O4 is impervious. Hence, a
comparison was established between the leaching of raw EAFD and CaO treated EAFD for the
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extraction of zinc [110]. It was reported that the leaching of raw EAFD and the CaO pre-treated
EAFD using 2 M NH4Cl solution, at a temperature of 70 °C, and a leaching time of 2 h results
in the extraction of zinc at < 50% and ~ 97%, respectively [110]. This result was attributed to
the resisting behaviour of ZnFe>O4 present in the raw EAFD which was absent in the “CaO
pre-treated EAFD” [110]. Moreover, it was reported that almost all of the iron was retained in
the leaching residue rendering this process to be superior in terms of selectivity for zinc over
iron. However, the pre-treatment step is very energy intensive which might affect the

justification of applying this process at a larger scale.

3.3.6.3.3 Ammonium Carbonate (NH4).CO3

The applicability of ammonium carbonate ((NH4)2COs) leaching of EAFD was mentioned in
two works [111, 136]. Nyirenda et al. [136] studied the behaviour of three different EAFD
samples from different suppliers. It was reported that the extraction efficiency of zinc ranged
from 60-80% based on the type of EAFD [136]. This result is mainly attributed to the different
mineralogical forms in which zinc is present in one EAFD sample to another (i.e., different
ZnFe>O4 content). ZnFeo.O4 was reported to be refractory to leaching using ammonium
carbonate solutions [136]. Following that statement, Havlik et al. [111] utilised this idea for
the quantification of ZnO mineral in EAFD. In that work [111], the leaching efficiency of zinc
was reported to be 65%. This amount of leached zinc is believed to be solely from ZnO making
this leaching procedure a powerful method in determining the percentage of ZnO and ZnFe;04

in any EAFD sample.

3.3.7 Challenges and opportunities of hydrometallurgical treatment of EAFD

The application of hydrometallurgical treatment methods is still limited to laboratory scale and
has not yet been scaled up to an industrial level. Nonetheless, hydrometallurgical treatment of
EAFD has high potential of being applied at a larger scale. This can be attributed to the fact

that hydrometallurgy, in general, is less energy intensive and more environmentally sound
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compared to the pyrometallurgical approach. However, several challenges need to be addressed

in order to realise this approach commercially.

3.3.7.1 Process economics

The process economics for a hydrometallurgical process can be governed by many aspects
including the degree of metal extraction, the possibility to operate under ambient conditions,
the material of construction for the leaching reactors, selectivity towards the metal of interest,

and the concentration of the leaching reagent.

3.3.7.1.1 The extent of zinc extraction

From the summary of previous hydrometallurgical studies presented in the sections above, it
is clear that obtaining a high zinc recovery required a pre-treatment (high temperature) step
such as that reported by Miki et al. [110] where EAFD was pre-calcined with CaO at a high
temperature of 1100 °C to transform ZnFe2O4 into ZnO before being leached in NH4CI. The
other approach followed to maximise the extraction of zinc was to operate under hydrothermal
conditions, whereby the leaching solution is heated to a temperature higher than its normal
boiling temperature by means of pressurising it [8, 11, 107]. In other ambient condition studies
shown above, a significant portion of zinc presented in the form of ZnFe,O4 was not leached

out due to its chemically resistive nature.

These techniques suffer from either large energy consumption during the calcination process
in the pre-treatment approach or the contamination of the leaching liquor with undesirable

elements such as iron.

3.3.7.1.2 The material of construction
High zinc extraction can only be achieved by the aid of hydrothermal approach [8, 11, 107]
where the leaching reagent is superheated above its normal boiling point by performing the

reaction in high pressure chambers. This method if applied at a large scale, will require special
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and expensive equipment. Moreover, the hydrometallurgical approach relies on acidic, basic,
or salt based leaching reagents. All these mediums are chemically reactive and would require
special alloys or cladded reactors to withstand their high reactivity. Most of the resistive

materials are expensive which can affect the process economics.

3.3.7.1.3 Process selectivity

The extraction of zinc at a high percentage can be achieved at the expense of extracting other
undesirable metallic species such as iron. Iron can act as an impurity during the electrowinning
processes, especially that it has a higher reduction potential making the selective deposition of
zinc a real challenge. Moreover, one of the major beneficial side products of the
hydrometallurgical processing of EAFD is the iron-rich post processed EAFD. However, when
the selectivity towards zinc is lacking, the solid residue will not have much iron left, making

its recycling back to EAFs not useful.

3.3.7.1.4 The concentration of the leaching reagent
One of the parameters which can greatly affect the process economics is the concentration of
the leaching reagent. High concentrations are sometimes required to achieve a high zinc

extraction. This, in turn, can negatively affect the economics of the hydrometallurgical process.

3.3.7.2 The variability of EAFD composition

As mentioned earlier (section 3.2.3) , steel production plants in various regions/countries
follow different smelting practices. This then introduces a great variation in the chemical
composition of EAFD. Hence, one of the major obstacles facing the hydrometallurgical
treatment procedure is the variation of the mineralogical composition of EAFD from different
plants/countries which can affect decisions in the hydrometallurgical extraction procedure such
as the SLR, the controlling mechanism of dissolution which subsequently affect the optimum

operating temperature. Moreover, the absence of sufficient amount of data for the
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standardisation of the treatment of EAFD from different sources makes it challenging to adopt
the hydrometallurgical approach at least internationally where different EAFDs with different

qualities are imported.

3.3.8 Carbothermic reduction of EAFD using microwave energy

Several studies were conducted on the carbothermic reduction of EAFD using microwave
energy as the heating source [137-140]. In the study conducted by Zhou et al. [137] EAFD
from stainless steel and carbon steel industries were carbothermally reduced by graphite using
microwave energy. The removal efficiency of zinc oxide was about 95%, while the reduction
efficiency of iron oxide was 80%< for a mixture containing 84 wt% EAFD and 16 wt% graphite
heated under microwaves with power of 10 kW for 20 minutes [137]. Ye et al. [139] studied
the carbothermic reduction of EAFD with biochar using microwave irradiation. In the same
study, a comparison was made between the reduction efficiency with microwaves and with
conventional heating [139]. It was concluded that for a mixture of 1:4 Biochar to EAFD heated
to 1050 °C for 15 minutes with a microwave power of 1.5 kW, the metallisation degree of iron
was 94.7% compared to 67.6% obtained from conventional heating [139]. Additionally, the
volatilisation degree of zinc and lead under microwave irradiation was 99.6 and 92.9%,
respectively [139]. In conclusion, the reduction efficiency obtained with microwave heating
was found to be higher and was attributed to the volumetric heating effect of microwaves
preventing the formation of a “cold centre” present in conventional heating [139]. A study
conducted by Omran et al. [138] addressed the possibility of the selective separation of zinc
from EAFD by means of carbothermic reduction with graphite under a microwave field. A
microwave generator with a power of 1.1 kW and a frequency of 2.45 GHz was used to
thermally treat pellets of EAFD and graphite at temperatures of 750, 850, and 950 °C [138].
Results from that work suggest that a temperature of 750 °C was not enough to evaporate zinc

while a temperature of 950 °C resulted in a high zinc removal percentage of 94% [138]. The
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residue from the thermal treatment mainly contained metallic iron and calcium ferrite which

can be recycled to steelmaking furnaces [138].

3.4 Polyvinyl Chloride plastic

3.4.1 Overview
Polyvinyl chloride (PVC) is one of the most used thermoplastics and is ranked the third (after

polypropylene and high and low density polyethylene) in terms of plastic demand from
converters in Europe at 4.7 million tons in 2020 [18]. A study conducted by Zhou et al. [19]
suggested that up to 600 million tons of PVC will be accumulated in China alone before the
year 2050. These high numbers can be attributed to the versatile usages of PVC in many
applications such as pressure piping, packaging, simulated wood house siding, and disposable
gloves [141]. The disposal of this material is considered a principal challenge faced by
environmental engineers. Landfilling and incineration of PVC are the most prevalent disposal
routes [17, 142]. Recently, however, landfilling has become an unsustainable option since PVC
does not decompose and can cause soil undermining [143]. Moreover, the high stability of PVC
results in vast dump areas with a consequential increase in landfill cost, rendering this disposal
route economically unjustified. Incineration, on the other hand, was deemed unsustainable
solution due to the harmful emissions such as hydrogen chloride and chlorinated hydrocarbons
(dioxins) [144]. Moreover, during the thermal degradation of PVVC, significant amount of CI

containing oils are evolved which were reported to be corrosive to handling equipment [17].

3.4.2 Alternative treatment methods of PVC

Some alternative nascent technologies were developed for the treatment of waste PVC. Despite
the existence of these alternative treatment methods, none of these processes is mature enough
to be applied worldwide. This section will include a brief summary of the alternative treatment
methods and a detailed discussion on the thermal degradation of PVC including reaction

mechanism and kinetics.
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3.4.2.1 Vinyloop PVC recycling process

While this method involves the dissolution of PVC and its additives, it is classified as a
mechanical recycling method since it does not involve the cracking of the polymer [145]. In
this process, PVC contaminated with other materials is selectively extracted using an organic
solvent [146]. The solvent used by the vinyloop process was the Methyl Ethyl Ketone (MEK)
with n-Hexane as a co-solvent [147]. After the dissolution, PVC is then precipitated by means
of evaporation using steam [146]. The PVC is also filtered and dried while the organic solvent
is recovered and returned to the process [148]. Since the process was unable to separate PVC
completely from the other additives such as phthalate ester plasticiser [146], the plant
established in Ferrara, Italy in 2002 was shut down in 2018 [146]. A schematic diagram of the

Vinyloop process is presented in Figure 19 [146].
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Figure 19: A schematic diagram of the Vinyloop process; (A) PVC waste collection, (B) PVC selective
dissolution, (C) contamination filtration, (D) steam distillation, (E) solvent recovery, and (F) recycled PVVC [146].

3.4.2.2 The NKT pyrolysis process
This process was financed by the Danish environmental protection agency and the NKT

holding, ECVM and the Norwegian company Norsk Hydro [145]. Initially, other materials
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such as polyethylene, polypropylene, wood, sand, iron, brass, copper are separated from PVC
[145]. The thermal decomposition of PVC takes place in a reactor at a pressure and temperature
of 2 —3 bar and 375 °C (max), respectively [145]. The filler added with PVC during the thermal
degradation is limestone (CaCOs3) [148]. The PVC reacts with the filler producing calcium
chloride [148]. After the separation of the gas, liquid, and solid phases, the major products are
[145]: Calcium chloride ( < 1 ppm lead), Coke, Metal concentrate (up to 60 wt% lead) and
Organic condensate. The metal concentrate and the presence of lead can be attributed to the

presence of stabilisers in the original recycled PVC.

3.4.2.3 Stigsnas PVC recycling process

In this process, PVC cables are exposed to leaching using spent caustic soda solution [148].
After the course of the reaction, PVC is completely dechlorinated and a solution of NaClag) is
obtained. The product is then neutralised using hydrochloric acid and evaporated to concentrate
the solution [148]. The organic solid residue is then subjected to four post heating stages to

produce gaseous and oil organic fractions which can be used for energy extraction [148].

3.4.2.4 MVR Hamburg (municipal solid waste incineration)

This plant is able to treat PVC with municipal waste and chlorine is eventually recovered as
hydrochloric acid to a quality that meets industrial specifications [148]. In this process, two
incineration lines are present each fitted with a grate and a steam generator [148]. The flue gas
is then passed through an acid scrubber to capture halogen compounds (HCI, HF, HBr, HI)
[148]. 10 — 12% HCI solution is produced from passing the flue gas through the acid scrubber
[148]. The major products generated from this process are [148]: Electricity, Steam,
Hydrochloric acid, Metals (steel (major) and non-ferrous metal), Gypsum, and Slag. More

information on this process is presented in detail in Kreil3ig et al. [148].
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3.4.3 The thermal degradation of PVC
Knowledge of how PVC behaves under thermal excitation is important for its recycling. Here,

the reaction mechanism, pyrolysis products, and previous literature on the kinetics of PVC
degradation will be presented. Literature on the effect of the major oxides present in EAFD on

the thermal degradation of PVC will also be covered.

3.4.3.1 Reaction mechanism of PVC de-hydrochlorination

The precise mechanism of the thermal dissociation of PVC is still a subject of debate. PVC is
known to have a lower dissociation temperature when compared to the other plastics such as
polyethylene (PE), polyethylene terephthalate (PET), polystyrene (PS), and polypropylene

(PP) (Figure 20) [17].
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Figure 20: Thermogravimetric analysis of PE, PP [149], PET [150], PS and PVC [149] at a heating rate of 10
°C/min (data collected and presented in [17]).

This thermal instability of PVC was mainly attributed to the presence of thermally labile-
sites/defects in the polymer chain [151, 152]. According to Ivan [153] and Starnes [151], the
thermal dissociation of PVC starts from sites that contain allylic and tertiary chloride atoms
generated during the polymerisation process. Minsker [154], in contrast, attributed the poor

thermal stability of PVC to the presence of ketoallylic chlorine atoms (—CO(CH=CH),CHCI—)
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produced from incidental oxidation during the plastic production. Crawley McNeill [155]
suggested that the instability can be associated to the head to head structure in the polymer
chain. Despite the absence of consensus on the initiator of the thermal decomposition of PVC,
allylic and tertiary chlorine were considered the most important suggested causes [156]. Based
on the suggested reasons of the thermal instability, many mechanisms were proposed for the
degradation of PVC. The thermal degradation of PVC, in general, involves the
dehydrochlorination of the polymer chain by the emission of hydrogen chloride (HCI) gas,
followed by thermal cracking of the PVC backbone into low molecular weight organic
compounds and the formation of char [9]. Some debate within the literature concerns the
number of stages involved in the dissociation of PVC under an inert environment (pyrolysis).
Miranda et al. [157] reported three dissociation stages of PVC under nitrogen, which was
apparent from the presence of three derivative thermogravimetric (DTG) peaks. Other
researchers, in contrast, reported the presence of only two degradation stages [9, 142, 158]. It
was reported by Miranda et al. [157] that this contradiction can be assigned to the variation of
experimental conditions, such as sample mass and heating rate. There is an agreement,
however, on the mechanistic steps occurring during the degradation. In the first (two
overlapped) stage, it was reported that the mass loss is between 63-65% and it extends from
~200 °C to ~375 °C [9, 30, 142, 157]. The reported mass loss is higher than the stoichiometric
amount of HCI (58.3%) in PVC. Hence, in the first stage, it is believed that all HCI is removed
from the PVC chain along with low molecular weight organics, mainly aromatics [27, 159].
The solid residue from the first stage, on the other hand, consists mainly of conjugated double
bonds chain (polyene structure) and a cross-linked hydrocarbon structure [9]. The chemical

reaction in the first stage is represented as follows [160]:

(—CH,—CHCl—)y — (—HC=CH—CH=CH—), + HCI (1)
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The formed alternating single and double bond structure then dissociates partially to form

aromatics, such as benzene (Figure 21).
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Figure 21: Schematic showing the formation of a benzene ring from PVC degradation [161].
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The above reactions describe the overall events happening in the first stage at a macroscopic
level. In literature, however, the discussion is more detailed. Three initiation mechanisms are

reported for the de-hydrochlorination of PVC [162]:

1. Unimolecular de-hydrochlorination mechanism [163].
2. Free radical de-hydrochlorination mechanism [164].

3. lonic de-hydrochlorination mechanism [165].

3.4.3.1.1 Unimolecular de-hydrochlorination mechanism

This mechanism was introduced by Braun and Bender [163]. The mechanism suggests that
transition states with cyclic forms in the PVVC chain can result in its de-hydrochlorination [162,
163]. This de-hydrochlorination then yields HCI as a gaseous emission. A schematic showing

the mechanism is presented in Figure 22.
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Figure 22: Schematic illustration of the unimolecular mechanism for PVVC de-hydrochlorination (adapted from
[162]).

It was also suggested that the formation of allylic chlorine positions in the PVC chain can
promote this mechanism leading to the “zipper elimination” effect which generates polyene

sequences (alternating single-double bonds) at the end [162, 163].

3.4.3.1.2 Free radical de-hydrochlorination mechanism

This mechanism was proposed by Winkler [164] and Stromberg et al. [166]. The mechanism
suggests that a chlorine free radical (Cl¢) abstracts a hydrogen atom from a methylenic position
in an intact PVC chain forming HCI and leaving behind an active radical site on the carbon
atom [162, 164, 166]. A chlorine atom adjacent to the carbon free radical then dissociates
forming a new chlorine free radical and a carbon-carbon double bond on the PVC chain [162,
164, 166]. The newly formed (Cle) then attacks another hydrogen atom and the sequence
continues. A schematic showing how the free radical mechanism works is presented in Figure

23.
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Figure 23: Free radical mechanism for the de-hydrochlorination of PVC.

The de-hydrochlorination in a PVC chain terminates when the formed Cle attacks another PVC

chain.

3.4.3.1.3 lonic de-hydrochlorination mechanism

The mechanism proposed by Rieche et al. [165] suggests that the charge separation in the
chlorine-carbon bonds intensifies when certain allylic cites are formed relative to the chlorine
atom [162, 165]. This, in turn, results in the loss of chloride (CI") and hydrogen (H*) ions which
then react together to form HCI, leaving behind carbon-carbon double bonds [162, 165]. The
formed double bond then results in the activation of a new allylic chlorine site, which then

allows the mechanism to proceed to completion.

3.4.3.2 Polyene thermal cracking stage

The second decomposition stage of PVVC extends from 325 °C to 520 °C [9]. During this stage,
the formed polyene structure from the first stage decomposes further to low molecular weight
organics; mainly unsubstituted and alkyl aromatics [27]. The final mass% after the two
degradation stages was reported to be ~ 9%, which mainly consists of char [142]. The total

dissociation of PVC is shown in Figure 24.
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Figure 24: Total thermal degradation of PVC [27].

3.4.3.3 Kinetics of PVC degradation

Much research has been devoted to calculating the kinetics parameters of the first and second
stage of PVC dissociation [9, 23, 28, 158]. Obtaining the activation energy and the frequency
factor of the degradation stages, contributes to determining the rates of reactions that are
necessary for performing mass and energy balances on reactors. The main technique used in
studying the kinetics of PVC degradation stages is the non-isothermal technique, where the
mass of the sample is recorded versus temperature at a fixed heating ramp. A number of
methods were proposed by several authors for the non-isothermal kinetics TGA analysis such
as: Ozawa-Flynn-Wall (OFW), Kissinger-Akahira-Sunose (KAS), and Friedman methods
[167-171]. Other models such as a the Coats and Redfern method [172] were also used.
However, data obtained from single temperature programme methods such as the Coats and
Redfern should be used with extreme caution as they can generate large errors for complicated
multi-stage processes. Depending on the model used, a plot of a special function for each
method versus the reciprocal of temperature should produce a straight line. The slope and the
intercept of that line should provide values of the activation energy and the frequency factor
respectively. Table 5 shows values of the activation energy and frequency factor of PVC

degradation from different sources.
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Table 5: Kinetics parameters of PVC degradation from different references.

Kinetics parameter
Reference Activation energy, kJ/mol Pre-Exponential factor, s
1% stage (de- 2" stage 1% stage (de- 2" stage
HCI) (polyene HCI) (polyene
thermal thermal
cracking) cracking)
Ahmad and Manzoor [173]? 160.5 - 2.94 x 10% -
Zhang et al. [30] 173.0 - - -
Sivalingam et al. [31]° 147.7 177.4 5.25 x 10 6.44 x 102
Miranda et al. [157] 200.0 243 2.18 x 108 6.47 x 106
Kim [23]° 129.9 282.05 1.82 x 10% 1.58 x 10%
Marcilla and Beltran [158]° 135.8 234 1.18x 102 | 4.43x10%

a: Coats and Redfern method.
b: Friedman method.
¢: Waste PVC was used in this work.

The variation in the values of the kinetic parameters in Table 5 may be attributed to the fact
that the authors above used different kinetic methods and probably due to variations in the P\VC
type (polymerisation degree, stabilised/un-stabilised PVC, plasticised/non-plasticised, etc.).
The difference in the Kinetics data might also be attributed to different analytical
instrumentation used during the analysis from one study to another. In any case, the data
presented above show that the activation energy for the first stage is always smaller than that
of the second stage which is in line with the fact that the first stage starts at an appreciably
lower temperature.

3.4.3.4 Interaction of PVC with metal oxides

During the incineration of PVC, pure PVC exhibited different degradation behaviour compared
to PVC with additives. The main PVC additives are stabilisers, plasticisers, fillers, and
pigments [174]. Metal oxides are used as stabilisers and pigments in plastic manufacturing.
The presence of metal oxides as stabilisers helps in preventing the degradation of P\VVC when
exposed to heat and UV light in addition to the mitigation of hydrogen chloride emission [174].

In addition to the chlorine fixing ability, some metal oxides were reported to have excellent
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ability in supressing aromatic emissions produced from the cracking of the PVVC backbone [27].
A summary on the effect of the main metal oxides present in EAFD on PVC degradation is

presented in the following sections.

3.4.3.4.1 PVC and ZnO

A number of studies were conducted on the effect of zinc oxide addition to the behaviour of
PVC degradation [27, 30, 32]. Ballistreri et al. [27], studied the effect of metal oxides addition
on the suppression of the unsubstituted and alkyl aromatics emission. It was observed that the
addition of ZnO drastically decreased the evolution of aromatics such as benzene, toluene, and
naphthalene [27]. Moreover, this addition also significantly reduced the onset temperature of
the de-hydrochlorination stage. The reaction between PVC and ZnO was proved by the
detection of ZnCl> by a mass spectrometer, suggesting that ZnO can be considered an HCI
fixator [27]. Masuda et al. [32] studied the effect of many metal oxides on the degradation
products of PVC. The results of that study were close to those reported by Ballistreri et al. [27]
such that the addition of ZnO significantly suppressed the emission of benzene and toluene
[32]. In addition, it was shown that ZnO can also significantly prevent the emission of
chlorinated hydrocarbons such as chlorobenzene which is considered one of the main
precursors of the toxic polychlorinated dibenzo-p-dioxins (PCDDs) [32]. In the same study,
around 51% of the initial amount of CI in PVC was reported to be captured by ZnO [32].
Finally, the chlorine fixing ability of ZnO was also reported by Zhang et al. [30]. In the same

study, the effect of ZnO on the onset decomposition temperature was also reported [30].

3.4.3.4.2 PVC and PbO

A number of studies investigated the ability of PbO to suppress the emission of HCI and low
molecular weight organics from PVC dissociation [32, 175, 176]. lida et al. [175], confirmed
the ability of PbO to suppress the emission of unsubstituted aromatics. However, aliphatic,

alkyl aromatics, and chlorobenzene emissions were promoted in the presence of PbO [175].
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More importantly, PbO was reported to have superior chlorine fixing ability [32, 176] forming
PbCl> in the process [176]. According to the study done by Masuda et al. [32], it was reported
that only 30% of the initial chlorine in PVC escaped as HCI in the presence of PbO and the rest

was captured.

3.4.3.4.3 PVC and Fe 03

Many studies were performed on the effect of the addition of Fe2.Oz on the thermal behaviour
of PVC degradation [181, 31, 32, 35]. In literature, it is believed that the metal chlorides
resulting from metal oxide chlorination are responsible for affecting the de-hydrochlorination
of PVC [31]. According to Al-Harahsheh [15], however, the chlorination of Fe,Oz to FeClz by
HCI is thermodynamically not possible, yet it was found that Fe,Osz does significantly affect
PVC degradation [27, 177]. For instance, it was observed that Fe>Os resulted in the promotion
of chlorobenzene emission, yet significantly reduces the emission of unsubstituted aromatics
and alkyl aromatics [27, 32, 175]. According to Uegaki and Nakagawa [177], the interaction
between Fe2O3 and PVC can be attributed to an ionic mechanism, whereby the iron atom is
believed to be responsible for facilitating the detachment of the chloride anion from the PVC
chain. However, no further evidence supporting this theory on the chlorination of Fe.O3 can be

seen in literature.

3.4.3.4.4 PVC and ZnFez04

Only the study performed by Zhang et al. [30] addressed the effect of ZnFe>O4 on the thermal
behaviour of PVC. In that work, the formation of iron oxides at different oxidation states (FeO
and Fe3O4) was also detected as a result from the chlorination of Zn by the emitted HCI [30]
and the subsequent reduction of formed Fe>Os to lower oxidation states by emitted H and
carbonaceous materials. It was also observed that ZnFe>O4 resulted in lowering the onset de-

hydrochlorination temperature of PVC [30].
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3.4.3.4.5 PVC and Fe304

The only study undertaken investigating the effect of FesO4 on the thermal behaviour and
pyrolysis products of PVC degradation was done by Ye et al. [178]. In that work, different
Fe304-PVC ratios (10, 20, 50, and 75 wt% of FesO4) were studied [178]. It was concluded that
the amount of HCI escaping is strongly dependent on the FesO4 content in the Fe30s-PVC
mixture [178]. For instance, the mixture containing 75 wt% Fe304 captured 97.6% of the HCI
content present in PVC [178], while the mixtures containing 50, 20, and 10 wt% Fez04 captured
80.8, 56.2, and 50.2%, respectively[178]. The study also confirmed the formation of iron

chloride in the tetrahydrate form [178].

3.5 Literature on the co-thermal treatment of EAFD with PVC

From the work reported in the previous section, it can be seen that many metal oxides have the
ability to capture emitted HCI during de-hydrochlorination of PVVC. Waste EAFD contains
large quantities of metal oxides in the form of ZnO, ZnFe;04, Fe304, and Fe203. Hence, in this
section, an overview of the literature on the interaction of EAFD-PVC is presented in terms of

kinetics, thermodynamics, and metal extraction under both inert and oxidative conditions.

3.5.1 The kinetics of PVC degradation in the presence of EAFD

The kinetics of PVC dissociation with EAFD was only studied by Al-Harahsheh et al. [9].
Some other studies, however, addressed the kinetics of PVC degradation with pure metal
oxides [28, 30, 31]. It was reported that the addition of some metal oxides catalysed the de-
hydrochlorination of PVC and resulted in lower values of the activation energy, while some
other metal oxides such as CuO, Co30s, Cr.03, M0Os, and PbO- did not have a catalytic effect
[28, 31]. There is a fair degree of consensus in literature that the catalysis of the de-
hydrochlorination is in fact a result from the interaction of the formed metal chlorides with the

chlorine atoms in the PVC chain which facilitates the degradation [31, 173]. It was reported

79



that PVC chlorinates the metal oxides to form metal chlorides, and the formation of metal

chlorides, in turn, results in further catalysis of the dissociation of the polymer [31].

In the work performed by Al-Harahsheh et al. [9], the effect of EAFD on the thermal
degradation kinetics of PVC was studied. Coats and Redfern [172], Van Krevelen [179],
integral [180], and KAS [167, 171] methods were used and compared for the extraction of the
kinetic parameters for the degradation of PVC and its mixtures with EAFD with ratios of 1:1,
1:2,and 1:3 (E-PVCL1, E-PVC2, and E-PVC3). A summary of the activation energy associated
with the thermal degradation of PVC in the presence of different ratios of EAFD can be seen

in Figure 25.
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Figure 25: Activation energy of PVC dehydrochlorination (first stage) and backbone cracking (second stage) in
the presence of EAFD at different ratios and heating rates [9].
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Figure 25 shows that EAFD affected the kinetics of both the first and the second PVC
degradation stages. It is also important to note that the heating rate showed a large effect on the
value of the activation energy of the first stage, but not the second one. Such a result suggests
that the de-hydrochlorination of PVC in the presence of EAFD involves more than one
stage/reaction (i.e., a multi-step process); each process controlling the degradation to a varying
extent depending on the heating rate. The polyene thermal cracking, in contrast, showed an
almost constant activation energy when the heating rate was changed, suggesting the possibility

that a single process is controlling the mass loss in that stage.

Considering the 10 °C/min graphs, it can be seen that the activation energy of PVC de-
hydrochlorination (1% stage) was lowered from ~ 160 kJ/mol when pure to 75-90 kJ/mol for a
1:1 EAFD to PVC ratio. The same “metal chloride” catalysis mechanism, might be applicable
in the case of EAFD-PVC, since it was shown in Al-Harahsheh 2017 [15], that most metal
oxides in EAFD are prone to chlorination by the emitted HCI as will be shown in the next

section.

3.5.2 The thermodynamics of the chlorination of EAFD constituents
Al-Harahsheh [15] reported the thermodynamic data of the co-thermal treatment of EAFD with
PVC. The following are the expected reactions occurring during the thermal treatment of

EAFD with PVC and the Gibbs free energy plot associated with each reaction (Figure 26) [15].

Fe203¢) + 6HCl(g) — 2FeCl3s,,g) + 3H20(g) (2
ZnFe;04(s) + 8HCl(g) — ZnCl, + 2FeCl3zg) + 4H20¢,g) (3)
Fe3Os) + 2HCl(g) — FeClygs)y + Fe203(s) + H20(g) 4)
PbOs) + 2HCl(g) — PbClysy + H20(g) (5)
CaOg) + 2HCl(g) — CaClygy + H20(g) (6)
ZnOg) + 2HCl(g) — ZnClys ) + H20(g) (7
ZnFez04¢) + 2HClg) — ZNnClys),g) + Fe203) + H20(g) (8)
PbOHCl) + HCl(g) — PbClzs,ig) + H20(g) 9)
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2Fe304s) + 1/202 — 3Fe203¢ (10)

PbOgs) + 4HCl(g) + 1/202 — PbClys,i,g) + 2H20(g) (1)
6Fe203(s) + Cs) — 4Fe304s) + CO2 (g (12)
ZnClys) + Fe3Oas) — ZnFe204s) + FeClag) (13)
2FeCla) + Zn;SiO4s) — FezSiOags) + 2ZNnCly) (14)
ZnFe204 + FeClas) — ZnClygy + FeaOas) (15)
4Fe304(s) + O2(g) — 6Fe203() (16)
Cs) + Oz(g) = CO2(g) 17
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Figure 26: Gibbs free energy of the chlorination (A) and non-chlorination (B) reactions (FactSage 7.0) [15].

The chlorination of the zinc containing species ZnO and ZnFe>O4 according to Reactions 7 and
8 is thermodynamically favourable in the temperature window 0 — 1000 °C. Nevertheless,
ZnFe204 shows equilibrium behaviour in the temperature range from ~ 650 to 950 °C.
Likewise, PbO shows amenability towards chlorination forming PbCl, or PbCls according to
Reactions 5 and 11 respectively over the entire temperature range. This thermodynamic data,
suggests that the chlorination of zinc and lead species is possible upon the thermal treatment
with PVC [15]. In contrast, iron species show different behaviour. Iron is present in EAFD in
three main species: hematite (Fe2.O3), magnetite (Fe3O4) and franklinite (ZnFe>04). While the
chlorination of iron from Fe3O4 is possible in the temperature range 0 — ~570 °C, the

chlorination of iron in Fe;O3 and ZnFe;O4 becomes thermodynamically unfavourable above
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125 °C and 250 °C, respectively (Reactions 2 and 3). It is important to note that HCI gas was
reported to be released from the pyrolysis of PVC at temperatures from 230 — 370 [9], which
makes the formation of ferric chloride (FeCls) from Fe>Osz and ZnFe;O4 unlikely. Hence, it is
believed that if iron was present in the form of Fe3Oa, the selectivity of zinc and lead extraction
will be negatively affected due to the formation of FeCl, according to Reaction 4 which is
water soluble. It is important to note that in the presence of reducing agents such as CO and H>
the formation of FeCl, from Fe2O3 and ZnFe2O4 can also become thermodynamically possible.
From this point, the introduction of oxygen to the system is believed to have a positive effect
on suppressing the formation of FeCl> by oxidising FesOs to Fe2Os and by converting any

formed FeCl, back to Fe2Os.

3.5.3 Metal extraction from EAFD in the presence of PVC
In literature, many studies reported the extraction of metals (mainly zinc and lead) from EAFD

by its co-thermal treatment with PVC [20, 24, 25, 33, 35]. The thermal treatment in these
studies were either conducted under oxidative [24, 35] or pyrolytic [20, 25, 33] conditions both
of which affected the percentage of metal extraction. The thermal treatments were also
conducted using either conventional heating [24, 25, 33, 35] or microwave energy [20]. A
summary of these studies is presented below, after which a commentary on limitations and

future potential is provided.

3.5.3.1 Metal extraction under pyrolytic conditions

3.5.3.1.1 Conventional energy as the heating source
In the study done by Lee and Song [33] EAFD-PVC (EPVC) mixture was pyrolysed under

argon at different heating rates, EPVC ratio, and holding temperatures. It was reported that
increasing the heating rate significantly increased the amount of formed and volatilised FeCls
due to an increase in the in-situ pressure/concentration of released HCI [33]. Changing the
percentage of PVC in the mixture from 10 to 45% with a 5% step also had an impact on the

recovery of the metals [33]. The recoveries of both zinc and lead increased from less than 40%
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at a PVC percentage of 10% to recoveries higher than 95% at a PVVC percentage of 45% [33].
The recovery of cadmium, however, remained almost unchanged ranging between 95 and
100% at all PVC percentages [33]. Finally, heat treatment at 1000 °C was not recommended
since a portion of iron chloride volatilises (which is not desirable since it affects the selectivity)
and since the particles at that temperature become sintered which can hinder the extraction by

leaching [33].

EAFD in Lee and Song work [33] was studied without any pre-treatment. A new study
conducted by Al-Harahsheh et al. [25] studied the effect of EAFD pre-washing on the recovery
of metals when treated with PVVC under pyrolytic conditions (nitrogen). The EPVC mass ratios
of 1:1, 1:2 and 1:3 were also studied along with heating rates of 1, 5, 10 and 30 °C/min [25]. In
these experiments, however, low temperature of 300 °C was used along with a holding time of
only 20 min. In the EAFD collected from a Jordanian smelter, it was reported that soluble
chlorine was present at 8.32% mainly from halite (NaCl) and sylvite (KCI) [25]. The recovery
of zinc was reported to be 100% for both washed and unwashed EAFD when mixed with PVC
at a ratio of 1:2 [25]. However, at a higher ratio (1:3) the recovery of zinc was reported to be
higher for the washed at 100% compared to 48% for the unwashed (these values were obtained
using a heating rate of 10 °C/min and a holding temperature of 300 °C) [25]. The washing of
EAFD had a positive impact on lead recovery for the ratios 1:2 and 1:3 as well; recovery was
61 and 76% for 1:2 and 40.5 and 61.5% for 1:3 for unwashed and washed EAFD, respectively
[25]. For the 1:1 EPVC ratio, however, washing had a negative impact on the recovery of both
zinc and lead [25]. Since the thermal treatment was performed under pyrolytic conditions, no
good control was possible to achieve on iron recovery; the recovery of iron was as high as
63.5% for washed 1:3 ratio [25]. However, it was reported that oxidising Fe2+ in the leaching

liquor can result in a reduction in the iron recovery [25].
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3.5.3.1.2 Microwave energy as the heating source
Al-Harahsheh et al. [20] utilised microwave energy to perform the thermal treatment of EPVC

mixtures. Two EPVC ratios of 1:1 and 1:2 were studied [20]. In that work, the complex relative
permittivity for both EAFD and PVC was measured to determine the suitability of microwave

treatment; figures are shown below [20]:
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Figure 27: The complex relative permittivities (real and imaginary) of EAFD against temperature at the two
frequencies 911 MHz and 2.47 GHz reported in Al-Harahsheh et al. [20].
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Figure 28: The complex relative permittivities (real and imaginary) of PVC against temperature at the two

frequencies 911 MHz and 2.47 GHz reported in Al-Harahsheh et al. [20].

It can be seen in Figure 27 and Figure 28 that EAFD causes the heating initially (at low

temperatures) due to its higher value of loss factor. However, from a temperature of 100 to 250
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°C, the loss factor of PVC increases appreciably making it the major microwave absorbing

species in that range.

Results from the pyrolysis using microwave energy suggested that zinc can be extracted at a
percentage as high as 97.14% [20] when the EPVC ratio 1:2 was used. However, at the same
conditions, iron was extracted at 57.37% [20] which can complicate the extraction of zinc at
high purity. The major advantage of this work (microwave) over the one reported earlier
(conventional) is that the thermal treatment using microwaves was completed in 2 — 3 min

compared with 20 min in conventional heating.

3.5.3.2 Oxidative thermal treatment of EAFD-PVC blends
The thermodynamics data presented earlier (section 3.5.2) reported by Al-Harahsheh [15]

asserted the huge advantage of oxygen introduction in the co-thermal treatment of EAFD with
PVC. The results confirmed that the presence of oxygen can minimise iron extraction while
the extraction of both zinc and lead can be enhanced [15]. The effect of oxygen is either
attributed to the oxidation of FezO4 to stable Fe>Os or the oxidation of any formed FeCl> back

to Fe20s.

This theoretical data was confirmed experimentally by two separate studies performed by Al-
Harahsheh et al. [24, 35]. In the first work [24], the effect of the oxygen partial pressure on
metal extraction was studied as the main parameter. Other factors such as holding temperature,

holding time, and pH of the leaching solution were also addressed [24].

In that study [24] a systematic drop in iron recovery was seen with an increase in oxygen partial
pressure; recovery dropped from 33% at 0 kPa to 21.6% at an oxygen pressure of 21 kPa. It
was also reported that increasing the thermal treatment holding time from 30 to 60 min and the
holding temperature from 250, to 300, 350 and 400 °C resulted in a drop in iron recovery [24].
The pH of the leaching solution was also reported to have a profound effect on the recoveries

of both iron and lead; such that at a pH above 4, a significant reduction in recovery was
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observed [24]. However, the lowest iron extraction with normal leaching water was reported
to be 12.5% [24]. In the study that followed [35], it was noticed that to minimise iron recovery
further, it is essential to increase the contact surface area of reactants with the surrounding gas
(i.e., oxygen). Hence, EPVC mixtures were exposed to the thermal treatment in the form of
thin discs or as powder, which increased the oxygen-solids contact surface area greatly [35].
Results from that work suggested that zinc could be extracted at 100% while iron recovery was
minimised to ~ 0% [35]. The recovery of iron was 21.6, 8.6, and 0.26% for long cylinder, think
discs, and loose powder forms (see paper for shapes) [35]. These results confirmed the validity
of the thermodynamics data reported by Al-Harahsheh [15] on the importance of the presence

of oxygen during the thermal treatment of EAFD and PVC.

3.6 Summary

Both EAFD and PVC pose a significant threat to the environment due to their alarming rate of
generation along with the absence of an environmentally sound or economically justified
treatment procedure. Both the hydrometallurgical and pyrometallurgical approaches suffer
from various limitations. In the former, the complete extraction of zinc cannot be achieved
under ambient conditions, while the extreme hydrothermal leaching can result in a limited
extraction selectivity towards zinc. Expensive resistive material of construction for reactors is
also needed for the hydrometallurgical approach. Pyrometallurgical methods presented earlier,
on the other hand, while being applied at a larger scale, they still suffer from many several
drawbacks such as large amounts of greenhouse emissions, large energy consumption, and

process justification in case of low zinc concentration in raw EAFD.

PVC is principally disposed of to landfills. The incineration of this material in the absence of
emission fixators is hazardous practice due to the release of corrosive hydrogen chloride in

large amounts along with toxic chlorinated hydrocarbons. In the sections above, the potential
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of the recycling of PVC with emission fixators (e.g., metal oxides) has been explained. This
entails the extraction of valuable metals in EAFD along with the mitigation of hazardous

emissions during the thermal treatment of PVC.
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CHAPTER FOUR

Microwave selective heating of electric arc furnace dust constituents
toward sustainable recycling: Contribution of electric and magnetic fields

(paper 1)

4.1 Overview

The potential thermal recycling of waste EAFD and PVC has been reported for the purpose of
metal extraction [20, 24, 25, 33, 35]. This, in turn, contribute towards mitigating the wider
environmental footprint of these wastes while simultaneously utilising them for producing
useful products. Among these studies, Al-Harahsheh et al. [20] reported the high potential of
using microwave energy for the thermal treatment of these two wastes mixed together in a short
time of 2 — 3 min. In that work, the complex permittivity of these materials was reported along
with the recovery percentages of major metallic elements in EAFD from the post water
leaching of the pyrolysis residues (zinc, lead, iron, cadmium, etc.) [20]. In another study
conducted by Ye et al. [139] the complex permittivity was also reported for EAFD. The
reduction of EAFD with biochar using microwave energy was also reported in that work [139].
The EAFDs used in these studies were collected from different sources and hence, a significant
variation in the chemistry of EAFD can be seen (see sections 3.3.4.3 and 3.3.4.4). For instance,
the average zinc and iron concentrations were 26.28 and 5.65 wt% (zinc) and 17.31 and 52.54

wt% (iron) from Al-Harahsheh et al. [20] and Ye et al. [139], respectively.

EAFDs with different mineralogy can thus exhibit different response to microwaves in terms
of impedance matching (which affects the heating rate) due to the difference in the complex
permittivity of each individual constituent in it. For example, the complex permittivity (real
and imaginary) for FesO4 is higher than ZnFe2O4. Thus, it would be expected for an EAFD
sample containing higher concentrations of FesO4 to exhibit an overall higher values of the real

and imaginary relative permittivity than a sample containing more Fe in the form of ZnFe2Oa.
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Herein, the major components of EAFD were exposed to microwave testing whereby the
complex relative permittivity for each component were extracted at frequencies 2.47 GHz and
912 MHz. The response of these components was also studied under the influence of separated
microwave electric and magnetic fields. This data helps in predicting the behaviour of any

EAFD sample to microwaves depending on its mineralogy.

Appendix 1. contains the manuscript titled “Microwave selective heating of electric arc furnace
dust constituents toward sustainable recycling: Contribution of electric and magnetic fields”
detailing the dielectric characterisation of the major EAFD constituents over a wide
temperature range for the extraction of the real and imaginary parts of permittivity. The
manuscript also provides details about the heating of these constituents in separated
electromagnetic microwave fields (electric and magnetic), a feature which can be utilised for

selective microwave heating of certain materials.

4.2 Dielectric characterisation
To visualise how the constituents of EAFD exhibit significantly different permittivity values,
the loss tangent (tand) of the major EAFD components is shown in Figure 29; The loss tangent

is defined as the ratio between the imaginary to the real permittivity:

tans = = (29)
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Figure 29: The loss tangent of the major EAFD components against temperature at a frequency of 2.47 GHz.

Data in Figure 29 shows that ZnO and Fe>Os3, for example, show a large difference in the value
of the loss tangent over the entire temperature range. Thus, making judgments on the dielectric
susceptibility of EAFD cannot be generalised based on a measurement of a single EAFD
sample. Instead, characterising the complex permittivity of the major components of EAFD
can help in making sound predictions of the complex permittivity of EAFD samples based on
relative composition. The complex permittivity of all these components is presented in detail

in the published manuscript in Appendix 1.

Since the main goal (section 1.2) is to assess the microwave recycling possibility of EAFD
mixed with PVC, the relative permittivity of two PVC samples are also presented in Figure 30
(A) and (B). The real and imaginary parts for both pure (Figure 30 (A)) and waste PVC (Figure
30 (B)) follow a very similar trend. Below 400 °C, the imaginary part for both pure and waste
PVC show a peak between 200 — 250 °C. The increase, however, starts at a temperature of

around 100 °C which is close to the glass transition temperature of PVC. Such a behaviour
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suggests that molecules of PVVC can now polarise in the direction of external electric field, thus
promoting the value of the imaginary part. After the de-hydrochlorination of PVC (350 °C <
T), polyene is formed (see Appendices 2, 3 and 4). Figure 30 (A) and (B) suggest that formed
polyene is microwave transparent with loss factor values close to zero up to a temperature of
550 °C. Above 550 °C, char is formed, and both the real and imaginary parts increase for pure

and waste PVC (Figure 30 (A) and (B)).

13 18
] 10 05 ——¢g" 912 MHz (A)
. —=—g’ 2.47 GHz [ 16
2.5 ] w -
PP 04 = -+ -£" 912 MHz
Z 20 ] z I
£ o3 E £ 2.47 GHz 1
0] £ E
E 1.5 4 - “a ]
= rl o
g » \ £ 02 = .
w 1 E M N £ 2
w [+ ’ \ o >
= 05 3 7 \ F 01 = =
£ g ' P2 \ E g
% 00 Lo c0=" L NP JA 0 E
E 7 0 100 200 300 400 g
@ Temperature, °C o
L s 2
o o
) £
x [=)
5 L 6 g
4 ]
L 4
3 -
L 2
2
1 - e = *- == - - - 0
0 100 200 300 400 800

Temperature, °C

93



10 13

25 06 —s—g" 912 MHz B
. 12
9 —e—£" 2,47 GHz
L 0.5 .
.20 . - & -7 912 MHz 11
- ‘I-l
= L 04 2 - & -g7 247 GHz
8 £ 15 g 10
E - -
@
7 % 1.0 A ; 9 |
. & h4 ,’-.\:‘ F02 = =
- L = 8 B
- \] =
F 05 e Y g E
> g g)’l 4 F 01 = E
E \ T E
E 00l sqe =27 Srcer——e a
2 0 100 200 300 400 § B
= & Temperature, °C E
-] o
5 ®
E

] _ _ e mm === [ .,

100 zm 300 400
Temperature, °C

Figure 30: The dielectric properties of pure PVC (A) and waste unplasticized PVC (B) in the temperature window

25-700 °C.

4.3 Heating in separated electric (E) and magnetic (H) microwave fields

4.3.1 Electromagnetic simulation and the experimental setup
A single mode TE;, microwave applicator was used to perform the heating. This applicator is

connected from one end to a solid-state microwave generator and tuning stubs and from the
other end to a metallic short circuit plunger. A 4 mm internal diameter quartz tube was used to
introduce the sample to the cavity and this tube was purged with nitrogen at 99.9992% purity.

An image of the experimental setup is shown in Figure 31.
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Figure 31: A photo of the experimental setup used to perform the electric/magnetic microwave heating.

The extracted relative complex permittivity of EAFD components were then inserted into an
electromagnetic model using COMSOL Multiphysics which allowed specifying the relative
positions of the microwave electric and magnetic fields inside the waveguide to be determined.
The presence of a metallic short circuit at the end of the waveguide results in the formation of
a standing wave such that at certain positions there is a maximum electric field and at a quarter
wavelength away from that position there is a maximum magnetic field. A sample from the
electromagnetic model is shown in Figure 32 in which the standing wave pattern of a
microwave at a frequency of 2.47 GHz inside a WR340 waveguide was utilised to expose the
samples once to the electric field (Figure 32 (A)) and once to the magnetic field (Figure 32
(B)). More details on the setup (methodology) of the heating rig is presented in detail in the

manuscript attached to Appendix 1.
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Figure 32: A top view of the waveguide showing the position of a ZnO sample in the maximum electric (A) and
maximum magnetic (B) fields with a power input of 118 W.
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4.3.2 Microwave heating profiles of metal oxides exposed to separated electric and magnetic

fields

As a representative example from the heating runs, the heating curves for a pure dielectric

material (ZnO) and for a dielectric magnetic material (Fe3Oa) are presented in Figure 33 (A)

and (B). When ZnO was placed in the electric field maxima, a very rapid heating (~37 °C/s)

was obtained, while placing it in the magnetic field did not cause any heating. In contrast, Fe304

heated in both the electric and magnetic fields yielding even higher temperatures in the

magnetic field (Figure 33 (B)). The results appearing in Figure 33 can be assigned to the

difference in the values of permittivity and permeability of these two materials as shown in

Table 6. Data associated with the heating of other EAFD components are presented in more

detail in the manuscript (Appendix 1).

Table 6: Permittivity and permeability data for ZnO and Fe3;04 at room temperature and a frequency of 2.47 GHz.

Material Permittivity Permeability
Real, €’ Imaginary, €”’ Real, p’ Imaginary, u”
Zn0O 2.7 0.14 Non-magnetic | Non-magnetic
Fes04 12.6 0.9 1.28 0.52
a: data was collected from Hotta et al. [181].
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Figure 33: Response of ZnO (A) and Fe;O4 (B) to pure electric and pure magnetic microwave fields in a single
mode TE,, cavity under a microwave power of 118 + 12 W (E is electric field and H is magnetic field).

The results above show a very powerful property of microwaves which is its ability in
selectively heating magnetic components while other dielectrics being inert to heating. With a
sufficient supply of oxygen, heated FesO4 can be converted to Fe.Oz which could be useful in
promoting the chlorination selectivity when EAFD is thermally treated with PVC. Further
details on the thermodynamics of these reactions are presented in the manuscript in Appendix

1.

4.4 Summary

A detailed investigation on the response of each EAFD component to the electric and magnetic
microwave fields have been presented here. It was shown that materials with magnetic
susceptibility or higher electrical conductivity (see manuscript appendix 1) are the only ones
that heat when exposed purely to the magnetic field. Other dielectrics, in contrast, respond only
to the electric field making them “inert” to heating at the magnetic maxima. Such a property

can be utilised to achieving selective heating of certain components in a bulk sample.
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The work presented here also reported the dielectric data for each EAFD component at the
industrially used frequencies of ~ 2.47 GHz and 912 MHz and in a large temperature span.
Such data can be used to make predictions of the response of different EAFD samples from
different sources with different chemistry/mineralogy instead of generalising the relative

permittivity data of a bulk EAFD sample to other samples world-wide.
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CHAPTER FIVE

The effect of zincite (ZnO) and franklinite (ZnFe>O4) as major zinc bearing
oxides in EAFD on the thermal decomposition Kinetics of polyvinyl chloride
(papers 2 and 3)

5.1 Overview

Both ZnO and ZnFe»04 are considered major sources of zinc in EAFD [15]. Hence, several
researches have focused on the possibility of extracting zinc from EAFD by the co-thermal
treatment with PVC [20, 24, 25, 33, 35]. While these studies made a major contribution
reporting the percentage of metal extraction upon the thermal treatment with PVC, none
reported the mechanistic reaction pathway of PVC with zinc bearing oxides. Hence, some
studies addressed the effect of these compounds (ZnO and ZnFe20.) in their pure form on the
degradation of PVC in terms of organic emissions and chlorine fixation [27, 30, 32, 182]. The
only study which reported the kinetics of PVC-ZnO nanocomposite degradation was that done
by Alfannakh [183]. In that work, however, only the KAS and FWO models [167, 169, 171]
were used which both utilise an oversimplified approximation of the temperature integration.
Moreover, no mentioning on how the frequency factor was calculated which could possibly be
based on a presumed reaction model which could lead to significant errors when calculating
the reaction rate [183]. Finally, the reaction model associated with the degradation was also

not reported [183] and the reaction sequence and products were also not identified [183].

No systematic investigation was provided on the effect of ZnO and ZnFe2O4 on the degradation
kinetics of PVC whereby all the kinetic parameters (activation energy, frequency factor and

reaction model) and reaction sequence and products were identified.

Herein, a non-isothermal thermogravimetric study was carried out which allowed the extraction

of the temperature independent kinetic parameters. These parameters can then be used to
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calculate reaction rates at different temperatures thus allowing the determination of processing

times and temperatures required to achieve certain conversion levels.

Appendices 2 and 3 contain the manuscripts titled “Thermal degradation kinetics of polyvinyl
chloride in presence of zinc oxide” [184] and “Thermodynamic, pyrolytic, and Kinetic
investigation on the thermal decomposition of polyvinyl chloride in the presence of franklinite”
[185] detailing the thermal behaviour and the kinetics of the decomposition of polyvinyl
chloride in the presence of stoichiometric quantities of ZnO and ZnFe>O4 (as major zinc

sources in EAFD).

5.2 Pyrolysis and thermal stability

The thermal behaviour of pure PVC and its stoichiometric mixtures with ZnO and ZnFez04 is
presented in Figure 34. A clear effect of these oxides can be seen on the thermal stability of
PVC. Using the tangent method, the onset de-hydrochlorination temperature dropped from 272
°C in case of pure PVC to 214 and 235 °C for ZnO-PVC and ZnFe>04-PVC, respectively. Such
a result is apparent from the derivative signals appearing in Figure 34 where the ZnO mixture
shows a derivative peak before all the other systems, followed by ZnFe;Os mixture. This
behaviour suggests a significant change in the de-hydrochlorination initiation pathway towards
lower stability which can be assigned to the direct abstraction of Cl from the PVC monomer
by these oxides at temperatures well below the normal de-hydrochlorination temperature (272
°C). This direct reaction appeared in the de-hydrochlorination stage in the form of DTG
triplet/doublet as can be seen for both ZnO and ZnFe,O4-PVC mixtures (absent for the DTG
of pure PVC). The CI abstraction was accompanied by the formation of zinc chloride species
(anhydrous, hydrate and oxy/hydroxide chloride) which was confirmed by several analytical

techniques including XRD and are shown in detail in the published manuscript in Appendix 2.
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Figure 34: The thermal behaviour of pure PVC, ZnO-PVC (39.4 wt% ZnO), and ZnFe;04-PVC (32.5 wt%
ZnFe;0.) under a nitrogen flow of 100 mL/min and a heating rate of 10 °C/min.

SEM analysis was also utilised to analyse the chemistry and morphology of the reaction

products. SEM scans of the post pyrolysis residue of ZnO-PVC at a temperature of 370 °C is

shown in Figure 35.
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Figure 35: Chemistry and morphology of a particle in the pyrolysis residue of ZnO-PVC mixture at a temperature
of 370 °C.

The crystal appearing in Figure 35 consists mainly of Zn and CI suggesting that it can

potentially be related to ZnCl, (atomic ratio close to 1 : 2). The deviation of the atomic
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percentage in the table in Figure 35 from the theoretical one of ZnCl; could be assigned to the
three dimensional nature of the sample which can potentially affect the electron count. The
presence of contaminants affects the value of the atomic ratio making it deviate from theoretical
value. Oxygen appearing in the table in Figure 35 can be attributed to the presence of other
crystals in the vicinity of the crystal of interested and possibly due to adsorbed water on the
surface. However, the maps presented in the supplementary material of the manuscript attached
in Appendix 2 show that some star-shaped crystals are associated only with Zn and CI. The
data presented in Appendices 2 and 3 are in agreement with the thermodynamics results
reported by Al-Harahsheh [15], such that the Cl in PVC is believed to be destroying these
minerals and transforming them into their chloride counterparts; a result which can be utilised

for the extraction of zinc from EAFD by means of post pyrolysis water leaching.

5.3 The kinetics of PVC de-hydrochlorination in the presence of ZnO and
ZnFe;0q

Knowledge of the temperature independent Kinetic parameters (activation energy E,,
frequency factor A, and reaction model) makes it possible to make predictions of reaction rates
at any arbitrary temperature. Moreover, it becomes possible to choose the optimal temperature
at which zinc can be extracted selectively. In Figure 36, the activation energy and the natural
logarithm of the frequency factor associated with the de-hydrochlorination of PVVC alone and
with stoichiometric quantities of ZnO and ZnFe>O4 are presented. Different activation energies
can be seen when ZnO and ZnFe>O4 are mixed with PVC. The former yielded lower values
(compared to pure PVC) up to a conversion of 0.4 after which it increases above pure PVC
between 0.5 — 0.7 then becomes smaller again at conversions 0.8 and 0.9. A detailed description
of the mechanisms involved in generating such behaviour is presented in the manuscript

attached to Appendix 2.
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Figure 36: The activation energy (A), the natural logarithm of the frequency factor (unit of A is min') (B), and
the rate constant at a temperature of 200 °C (C) associated with the de-hydrochlorination of PVC, ZnO-PVC, and
ZnFe;04-PVC under a nitrogen flow of 100 mL/min (kinetic parameters reported using Friedman method) [168].

In contrast, a drastic increase in the activation energy is seen when stoichiometric amount of

ZnFe>04 is added to PVC. The main reason behind such an increase (which was not seen for

Zn0) is the reduction of Fe2O3 generated as a side product from the chlorination of ZnFe;04

by Hz into FesOa4. Fe3O4 then captures any emitted HCI forming FeCl> thus preventing HCI

from catalysing the de-hydrochlorination according to the mechanism reported by Starnes and

Ge [186]. The reaction sequence can be written as follows:

ZnFez04 + 2(C2H3Cl)y — ZnClz + Fe203 + 2(C2H2)n + H20

PVC — HCI + H; + Polyene + organic volatiles [178]

3Fe203 + Hz — 2Fe304 + H20 AG =-43.3 kd/mol, T =240 °C

Fe3O4 + 2HC1 — FeCl: + Fe203 + H20 AG =-44.2 ki/mol, T =240 °C

(18)

(19)

(20)

(21)
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The evidence of this reaction sequence and the chlorination is shown in detail in the manuscript
attached to Appendix 3. The morphology of formed FeCl; is shown in Figure 37 along with
the chemistry using EDS analysis. For a complete representation of kinetics, the effect of the
frequency factor should also be taken into account. By combining the frequency factor and the
activation energy, one can generate the values of the rate constant k(T) which is the most
important parameter in determining reaction rates. The rate constant equation can be given

according to the Arrhenius function:
-E
k(T) = A.exp (E) (30)

And enters in the overall rate equation as follows:

da

= k- f(a) 31)

dat
Such that, % is the reaction rate, k(T) is the rate constant, R is the universal gas constant and

f () is the reaction model.

4um

SE/BSE MAG: 13871 x HV: 15.0 kV WD: 13.1 mm
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Figure 37: The morphology and chemistry of formed FeCl, during the pyrolysis of ZnFe,0.-PVC (32.5 wt%
ZnFe;0,) at a temperature of 650 °C and under a nitrogen flow of ~ 5 mL/min.

According to Figure 36 (C), the addition of ZnO produced the highest rate constant over the
conversion 0.1 — 0.9 followed by pure PVC and then ZnFe>O4-PVC at a temperature of 200
°C. Again, while ZnFe;O4 initially catalysed the de-hydrochlorination causing the onset
temperature to drop, it eventually can cause the degradation to slow down which can be seen
from the lower values of the rate constant which keeps dropping with conversion, contrary to
pure PVC. This can be explained by the mechanism suggested above where FezO4 can capture

released HCI preventing it from catalysing the de-hydrochlorination.

More details on the reaction models and the mechanisms involved in the mass loss of these

mixtures are presented in the manuscripts attached to Appendices 2 and 3.
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The reliability of the extracted kinetic data presented in Figure 36 was confirmed by comparing
the reaction rates calculated using the kinetic data presented here with the reaction rate obtained
experimentally (see Figure 38). Clearly from Figure 38 (A), (B) and (C) there is an excellent
agreement between experimental rate and the rate calculated using the kinetic data presented

here.
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Figure 38: A comparison between experimental and model based de-hydrochlorination rate of (A) PVC, (B) ZnO-
PVC mixture (39.4 wt% ZnO) and (C) ZnFe;04-PVC mixture (32.5 wt% ZnFe,0Oa) using data extracted from
Friedman model.
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5.4 Summary

An investigation on the co-pyrolysis of ZnO and ZnFe>Os with PVVC was reported in this
chapter. This included performing non-isothermal thermogravimetric scans, pyrolysis of the
solid mixture at different temperatures, and characterisation of the solid products from the
pyrolysis. These experiments/measurements allowed for identifying the underpinning reaction
mechanisms involved in the thermal degradation of PVC in the presence of these oxides. The
kinetic data associated with the degradation were also extracted for pure PVC and for PVC in

the presence of stoichiometric quantities of ZnO and ZnFe20a.

The presence of ZnO resulted in a catalysis of the de-hydrochlorination while ZnFe>O4 resulted
in an initial catalysis only which both caused the onset de-hydrochlorination temperature to
drop from 272 °C (pure PVC) to 214 and 235 °C for ZnO-PVC and ZnFe,O4-PVC,
respectively. According to the Kkinetic calculations, the rate constant associated with ZnO-PVC
at a low temperature of 200 °C exhibited higher values throughout the degradation (conversion
range 0.1 — 0.9) compared to pure PVC. In contrast, the presence of iron bearing compounds
in the ZnFe>O4 resulted in an overall reduction in the rate of de-hydrochlorination which can
be assigned to the ability of Fe304 to capture gaseous emitted HCI thus preventing it from
catalysing the de-hydrochlorination further. This caused the activation energy to increase,
which in turn, resulted in an overall lower value of the rate constant at the low pyrolysis
temperature of 200 °C. Finally, it was shown that both ZnO and ZnFe204 can be completely
removed by the chlorine present in PVVC and transformed into their chloride counterparts. Such
a behaviour suggests that zinc extraction via the co-thermal treatment of EAFD with PVC can
be a viable option; a process which can be optimised using the kinetic data extracted in this

work.
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CHAPTER SIX

A thermo-kinetic investigation on the thermal degradation of polyvinyl
chloride in the presence of magnetite and hematite (paper 4)

6.1 Overview

Among many potential iron phases, magnetite (FesOs4) and hematite (Fe2Os3) (aside to
franklinite mentioned in the previous chapter) are considered the major mineralogical forms in
which iron is present in EAFD. These oxides can have a huge impact on the choice of
processing temperatures and holding times needed to achieve certain PVC degradation
conversion levels since they affect its the thermal degradation Kinetics. Several attempts were
made in literature to extract zinc and lead selectively from EAFD by the co-thermal treatment
with PVC [20, 25]. However, in these studies, iron was also extracted with these metals which
can complicate the downstream processing for obtaining them at high purity. Hence, the
mechanistic understanding of how PVC interacts with the iron bearing oxides individually can
greatly facilitate any attempt concerned with the extraction of zinc and lead selectively. For
that, several studies addressed the impact of the addition of both FesO4 and Fe;Os on the
thermal decomposition of PVC [30, 32, 178, 182]. Zhang et al. [30] studied the effect of Fe;O3
on the de-hydrochlorination onset temperature of PVC and the gaseous emissions during the
degradation. Masuda et al. [32] studied the emissions from PVC degradation (liquid and
gaseous) in the presence of several metal oxides. It was shown that the addition of Fe;Os
appreciably suppressed liquid products from PVC degradation [32]. This was attributed to the
potential formation of a small catalytic amount of FeCls despite the fact that no iron chloride
phases were detected using XRD [32]. Meng et al. [182] reported the chlorine capturing
capability of several metal oxides including Fe2Os. The study also reported the effect of these
oxides on CI distribution, thermodynamics, kinetics of PVVC de-hydrochlorination, and the

percentages of formed volatiles [182]. Finally, Ye et al. [178] studied the effect of FesO4 on
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the gaseous emissions of PVC during its degradation. Their study also reported the solid
products from these reactions (organic and inorganic) [178]. None of the aforementioned
studies addressed systematically the effect of both FesO4 and Fe2Oz on the kinetics of PVVC de-
hydrochlorination. Herein, the effect of both FesO4 and Fe2O3 on the decomposition Kinetics is
studied systematically using non-isothermal thermogravimetric scans coupled with iso-
conversional techniques for the extraction of the temperature independent kinetic parameters

(activation energy, frequency factor and reaction model).

The manuscript titled “A thermo-Kinetic investigation on the thermal degradation of polyvinyl
chloride in the presence of magnetite and hematite” in Appendix 4 shows a detailed
investigation on the thermal stability, pyrolysis behaviour, reaction products and kinetic
parameters of PVC de-hydrochlorination in the presence of stoichiometric quantities of FezO4
and Fe203 powders (mixed with PVC). In that study, mixtures of Fes04-PVC and Fe;O3-PVC
were pyrolysed at different temperatures and analysed using appropriate analytical techniques.
Thermal analysis was used to extract the kinetic parameters associated with the mass loss of

these mixtures.

6.2 Pyrolysis and thermal stability

The thermal behaviour of pure PVC, Fe30s-PVC and Fe>03-PVC mixtures is shown in Figure
39. Contrary to zinc bearing oxides (Chapter 5), the onset de-hydrochlorination temperature of
PVC was not affected appreciably by the presence of iron oxides and remained at around 272
°C. Despite this similarity, the initiation mechanism involved in the de-hydrochlorination was
clearly affected by the presence of these oxides. Such a result is confirmed from the significant
difference in the values of the activation energy of pure PVC and its mixtures with Fez04 and
Fe»>O3 at a conversion of 0.004 with values of 109.9, 204.2, and 215.1 kJ/mol for pure PVC,

Fe304-PVC, and Fe;03-PVC, respectively. Unlike zinc compounds, Fez0a is believed to react
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with gaseous HCI which can be confirmed from the absence of DTG doublet/triplet (seen
earlier for zinc compounds); further confirmation on this is present from the kinetic data. Fe2O3,
in contrast, is thermodynamically stable and does not chlorinate [15] before being reduced into

Fe304 by the H, emitted during the de-hydrochlorination step.
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Figure 39: The thermal behaviour of pure PVC, Fe304-PVC (31.6 wt% Fes04), and Fe203-PVC (29.9 wt% Fe;03)
under a nitrogen flow of 100 mL/min and a heating rate of 10 °C/min.

After the de-hydrochlorination stage of Fes04-PVC and Fe2Os-PVC, chlorides of FeCl. and
FeCl2.2H>0 were detected by XRD and are shown in the manuscript attached to Appendix 4.
The morphology and the chemistry of these compounds were also revealed using SEM

analysis. An example of this IS shown in

Spectrum: unknown 5726

Element unn. C norm. C Atom. C Compound norm. Comp. C Rel. error
[wt.%] (wt.%] [at.%] [wt.%] (1 Sigma), %
Oxygen 14 16 36 16 14
Chlorine 21 25 25 25 03
Tron 50 59 39 59 03
Total 85 100 100
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Figure 40 and Figure 41 showing the chemistry and morphology of formed chlorides at a

temperature of 600 °C for a mixture of Fe203-PVC.
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Spectrum: unknown 5726

Element unn. C norm. C Atom. C Compound norm. Comp. C Rel. error
[wt.%] (wt.%] [at.%] [wt.%] (1 Sigma), %
Oxygen 14 16 36 16 14
Chlorine 21 25 25 25 03
Tron 50 59 39 59 03
Total: 85 100 100

Figure 40: The morphology and chemistry of a crystal obtained from the pyrolysis of Fe;O3-PVC mixture at a
temperature of 600 °C which is potentially related to FeCl,.2H,0.
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Spectrum: unknown 5729

Element unn. C norm. C Atom. C Compound norm. Comp. C Rel. error
[wt.%] [wt.%] [at.%] [wt.%] (1 Sigma), %
Oxygen 02 02 06 02 23
Chlorine 41 50 58 49 03
Iron 40 48 36 48 03
Total: 83 100 100

Figure 41: The morphology and chemistry of FeCl, obtained from the pyrolysis of Fe,O3-PVC mixture at a
temperature of 600 °C.

The deviation of the atomic percentages in the tables in

Spectrum: unknown 5726

Element unn. C norm. C Atom. C Compound norm. Comp. C Rel. error
[wt.%] (wt.%] [at.%] [wt.%] (1 Sigma), %
Oxygen 14 16 36 16 14
Chlorine 21 25 25 25 03
Tron 50 59 39 59 03
Total 85 100 100

Figure 40 and Figure 41 from the theoretical atomic percentage of these minerals can be
assigned to the three dimensional nature of the sample and the contamination by other crystals
which affects the electron count. All the details regarding the reaction mechanisms are
presented in detail in the manuscript attached to Appendix 4 which also includes a
thermodynamics assessment of all the reduction reactions associated with the de-

hydrochlorination stage.

A further increase in temperature of these mixtures results in a sequence of reduction reactions
by the Hz and the char generated from the thermal cracking of the polymer. At the end, iron is

present in its elemental form as a-Fe along with iron carbide FesC (see Appendix 4).

6.3 The kinetics of PVC de-hydrochlorination in the presence of FezO4 and
Fe203

On a fundamental level, knowledge of the kinetic parameters allows making predictions of

reaction rates at any processing temperature, hence assessing the thermal stability of reactive
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systems. The temperature independent kinetic parameters represented by the activation energy
and the frequency factor are presented in Figure 42 (A) and (B). Both Fe3zO4 and Fe>O3 result
in a significant increase in the values of the activation energy. In the case of Fe>O3, however,
the increase is drastic especially in the conversion range 0.4 — 0.6. The reason for the increase
in the activation energy can be assigned to the ability of these oxides (FezOa) and (Fe.O3 after
reduction) to capture HCI; a material identified before as an accelerating agent for the de-
hydrochlorination [186]. The evidence for this can be seen in Appendix 4 where peaks of FeCl»
and FeCl2.2H,0 can be seen for both the reaction systems of Fez0s-PVC and Fe;Os-PVC

suggesting the capturing of HCI.

To properly assess reaction rates and thermal stability, the effect of the frequency factor should
also be taken into account. According to the compensation effect explained in the manuscripts
in Appendices 2, 3, and 4, the frequency factor should follow a similar trend to that of the
activation energy. Thus, the same spike for Fe2O3-PVC mixture is seen for the frequency factor
in the conversion range 0.4 — 0.6. The huge increase in the activation energy and frequency
factor for Fes04-PVC and Fe2O3-PVC in that conversion range can be assigned to the capturing

of HCI thus causing a shift in the overall controlling mechanism.
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Figure 42: The kinetic parameters (A) activation energy and (B) frequency factor (units min) associated with
PVC de-hydrochlorination alone and in the presence of stoichiometric quantities of Fe304 (31.6 wt% Fe304) and
Fe,03(29.9 wt% Fe,0s3).
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Due to the high activation energy associated with Fe3O4-PVC and Fe>O3-PVC degradation,
they can be considered as “temperature demanding” processes. This can be confirmed by taking
a look at the value of the rate constant at different temperatures of 200 and 300 °C (Figure 43
(A) and (B)). At 200 °C, the rate constant for PVC is significantly higher at all conversion
values. However, a temperature increase up to 300 °C yields a rate constant of Fe.O3-PVC
higher than that of PVC in the conversion range 0.4 — 0.6. This is because, the energy barrier
is overcome by the high vibrational activity at high temperature along with a large increase in
the frequency factor (from the compensation effect) yielding a rate constant with a larger value
than that of pure PVC. This, however, does not necessarily mean that the rate associated with
Fe203-PVC degradation is higher at that temperature since the reaction model f(a) can also
have an impact on the overall rate. A detailed comparison on the rate constant and reaction

rates is presented in the paper attached to Appendix 4.
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Figure 43: The rate constant at temperatures of 200 (A) and 300 °C (B) for the de-hydrochlorination of PVC alone
and in the presence of stoichiometric quantities of Fe304 (31.6 wt% Fe304) and Fe,03 (29.9 wt% Fe;0s).
To confirm the reliability of the kinetic data shown in Figure 42 (A) and (B), the experimental
rate and the rate generated from these kinetic data were compared and are presented in Figure

44,
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Figure 44: A comparison between experimental and model based de-hydrochlorination rate of (A) Fe304-PVC
(31.6 wt% Fe304) and (B) Fe.03-PVC (29.9 wt% Fe,O3) mixtures using data extracted from Friedman model.

A good agreement can be seen between the rate obtained from the kinetic data and the rate

obtained experimentally suggesting the reliability of the extracted kinetic parameters.
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6.4 Kinetics of the carbothermic reduction of FesO4 and FeO by the char
generated from PVC degradation

For the Fes04-PVC mixture, in the temperature window 575 — 615 °C, a mass loss of about
4.0% can be seen (Figure 39). The char formed from the thermal cracking of the polymer

backbone reacts with excess FesO4 (major reduction stage) forming FeO as follows:
Fe304 + C > 3FeO + CO (22)

The formation of FeO in large amounts is confirmed from the large XRD peaks shown in the
manuscript attached to Appendix 4. The kinetic data for this reduction stage is presented in
Figure 45 (A) and (B). The activation energy does not show large variation throughout the
conversion 0.1 — 0.9 averaging at 146.4 kJ/mol. Following the compensation effect, the
frequency factor also did not change appreciably with conversion suggesting a single
controlling mechanism with a reaction model of f(a) = a®** in the conversion range 0.8 —

0.9.
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Figure 45: The kinetic parameters (A) activation energy and (B) frequency factor (unit is min-*) associated with
the carbothermic reduction of Fe;O. to FeO by the char generated from PVC degradation.

With a further increase in temperature (655 — 750 °C), a second major reduction stage appears
which is related to the transformation of FeO to elemental iron (a-Fe). The kinetic data

associated with this stage is shown in Figure 46 (A) and (B).
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Figure 46: The kinetic parameters ((A) activation energy and (B) frequency factor) associated with the
carbothermic reduction of FeO to a-Fe by the char generated from PVVC degradation.

Clearly, the activation energies associated with these reduction stages especially the second
one are significantly higher than those associated with PVC de-hydrochlorination. This
explains why these processes occur at significantly higher temperatures. Moreover, the data in
Figure 45 and Figure 46 show comparable frequency factor values, however, with much higher
values of activation energy for the transformation of FeO into a-Fe which is also in line with
the fact that this reduction stage occurs at a significantly higher temperature. The reliability of
the data presented in Figure 45 and Figure 46 was confirmed by comparing the experimental

rate with the rate generated using extracted kinetic data (Figure 47 (A) and (B)).
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Figure 47: A comparison between experimental and model based carbothermic reduction rate of (A) Fe3O4to
FeO and (B) FeO to a-Fe using data extracted from Friedman model.

Experimental and model based data in Figure 47 (A) and (B) are in good agreement suggesting

that the extracted kinetic data are reasonably accurate.
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6.5 Summary

The effect of the major iron containing compounds in EAFD on the thermal degradation
kinetics of PVC was reported. Both Fe3O4 and Fe>O3 showed a good ability in capturing HCI
such that the former reacted directly with HCI while the latter was first reduced by H; evolved
from the de-hydrochlorination into Fe3Oa4 after which it was transformed into iron chloride.
The HCI scavenging ability of these oxides resulted in a drastic increase in the activation energy
associated with the de-hydrochlorination which upon combining with the frequency factor
yielded an overall lower value of the rate constant, especially at low pyrolysis temperatures
such as 200 °C. Such a result suggests that these oxides have an inhibiting effect on the

degradation of PVC.
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CHAPTER SEVEN

Conclusions and future work

7.1 Conclusions

The manuscripts attached in the appendices provide a foundation on which the potential
recycling of EAFD with halogenated plastics (namely PVC) can be based. Initially, the major
components of EAFD were analysed for their relative permittivity over wide temperature range
thus facilitating making predictions on the microwave interaction with any EAFD sample
carrying different chemistries/mineralogy. Afterwards, a fundamental phenomenon which is
the interaction of different electromagnetic microwave fields with these components was
addressed. This was achieved by inserting the dielectric properties of these components into an
electromagnetic simulation using COMSOL Multiphysics, thus allowing exposing these
materials to pure electric and pure magnetic microwave fields. This phenomenon can be
exploited to use microwave heating for the selective heating of certain components over the

others (depending on dielectric, magnetic and electrical conductivity nature of the material).

In the manuscripts that follow, the thermal behaviour of PVC mixed with the major components
of EAFD was studied. The effect of the following oxides: ZnO, ZnFe>04, Fe203, and Fe304
was studied. These studies involved reporting the fundamental parameters related to the
thermal stability of thermally stimulated materials: the activation energy, the frequency factor,
and the reaction model. Knowledge of these temperature independent kinetic parameters allows
making predictions of reaction rates of PVC mixed with EAFD with different chemistries at
different pyrolysis temperatures. Additionally, the optimisation of processes from a yield and

an economic point of view can only be done when accurate kinetic data are available.

The key findings derived from the work presented in each manuscript is summarised as

follows:
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» Electromagnetism manuscript (appendix 1):

1. The separation of microwave electromagnetic fields was achieved in a TE;, cavity
followed by the selective heating of the major components of EAFD using pure electric
and magnetic fields. When isolating the microwave electromagnetic fields, the
following points were also concluded as well:

a. An electromagnetic simulation is needed and the mere calculation of a quarter
wavelength from the short circuit position is not enough to precisely determine
fields distribution. This is because the chokes and the observation ports result
in a change in the positions of the electromagnetic fields due to scattering of the
waves through them.

b. In order to utilise each microwave field separately, a sample with a small
dimension needs to be introduced; in this study, the diameter of the sample was
2.3% of the wavelength of the guided wave inside the waveguide (microwave
at a frequency of 2.47 GHz was used in a WR340 waveguide).

c. The permittivity and permeability parameters of the material of interest need to
be introduced in the model to take into account its effect on the resonant
frequency inside the waveguide.

2. ZnO, ZnFe204, Fe304, and graphite were found to be the major components of EAFD
contributing to the overall microwave heating. Other components such as Fe203, SiOg,
CaCOs, and PbO were found to be poor microwave absorbents, especially PbO and
SiOo.

3. A very good agreement was seen between the heating behaviour and the extracted
permittivity data of materials; materials with low imaginary permittivity showed very

slow heating rates while those with high one exhibited fast heating rates when exposed
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to the electric component of the microwave (see the manuscript attached to Appendix
1).

. The selective heating of magnetic (FesOs) and electrically conductive (graphite)
materials present in EAFD was achieved using the magnetic component of microwaves;
a property can be used for the selective heating of magnetic and electrically conductive
components in EAFD. Other dielectrics in EAFD did not heat in the magnetic field
maxima of the microwaves.

Kinetics manuscripts (Appendices 2, 3, and 4):

. The addition of both ZnO and ZnFe;O4 reduced the thermal stability of PVC which
appeared as a drop in the onset de-hydrochlorination temperature from 272 °C to values
of 214 and 235 °C for the addition of ZnO and ZnFe,O4, respectively.

. Chlorine present in PVC resulted in a complete destruction of the stable structure of
ZnFe204 transforming it into its chloride counterparts which can be utilised for zinc
extraction.

Both ZnO and ZnFe>04 were found to react directly with the P\VC monomer abstracting
Cl via a direct reaction and thus changing the de-hydrochlorination initiation pathway.
This, in turn, reflected on the value of the initiation activation energy which changed
from 109.9 kJ/mol for pure PVC to 121.9 and 148.2 kJ/mol for ZnO-PVC and ZnFe,O4-
PVC mixtures, respectively.

. Since the overall activation energy decreased when ZnO was added to PVC, a higher
rate constant was calculated at all conversion levels at the low pyrolysis temperature
200 °C for the ZnO-PVC mixture.

For ZnFe;O4, the presence of Fe?* bearing oxides post chlorination and reduction
resulted in capturing of emitted gaseous HCI. This, in turn, yielded high values of

activation energy associated with the de-hydrochlorination when compared to pure
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PVC due to the capturing of gaseous HCI by FesO4 formed after the chlorination of
ZnFe>04 and the reduction of Fe,Os3 side product.

6. Fes04 and Fe2O3 were found to increase the activation energy of de-hydrochlorination
to values much higher than those related to pure PVC due to the capturing of emitted
gaseous HCI which is a known catalyst for the de-hydrochlorination. Operating at low
pyrolysis temperature of 200 °C yielded lower rate constants for both Fe304-PVC and
Fe203-PVC compared to pure PVC. This means that both Fes04 and Fe;Os can be
deemed as PVC de-hydrochlorination inhibitors.

7. The capturing of HCI by the iron bearing oxides resulted in the drastic increase in the

activation energy thus slowing the de-hydrochlorination stage.

7.2 Future work
In the previous section, the main conclusions arising from the attached manuscripts have been
reported. While a significant effort has been directed towards generating comprehensive data

related to the co-thermal treatment of EAFD-PVC, many gaps still need to be filled.

7.2.1 Microwave electromagnetic interaction with EAFD and PVC - selective heating using
separated microwave fields

On a fundamental level, the manuscript attached to Appendix 1 provided answers to the
phenomenon whereby different materials with different permittivities/permeabilities
responded in a different manner to different electromagnetic waves. Here, the microwaves were
introduced to the system at the high frequency 2.47 GHz. At an industrial level, however, this
frequency is not usually used as it provides low penetration depths, thus preventing the
operation at a larger scale. Moreover, the isolation of the electromagnetic field requires a
sample having a dimension smaller than a quarter of the wavelength of the guided wave. Hence,
trials using microwaves at a frequency of 912 MHz should be conducted which would allow

separating the electric and magnetic fields for a reasonably sized sample. At that level, studying

131



the concept discussed in the manuscript in Appendix 1 reflects more realistically to the
industrial applicability of the separated electric and magnetic fields concept. The major
challenge that will be faced when trying to operate at that scale, however, is that it will
potentially require using high power input to achieve a certain power/mass ratio. Powers at that
level are mainly generated using magnetrons which are not considered solid state generators.
Hence, a broad band of frequencies can also be generated with the frequency of interest, thus

complicating the procedure of separating the electric and magnetic microwave fields.

7.2.2 The effect of different EAFD components on the degradation kinetics of PVC
Several points still need addressing and has not been covered in this thesis:

1. Here, the studied PVC was of high purity and the effect of different additives was not
taken into account. Studying the kinetics of PVVC degradation from different sources
with different properties (stabilised, plasticized, coloured etc.) still needs to be
undertaken.

2. The produced models need to be combined and compared with the obtained kinetic data
from the degradation of PVC mixed with different EAFDs with different
chemistry/mineralogy.

3. The effect of synthetic mixtures of different EAFD constituents on the degradation
kinetics of PVC need to be studied and the results need to be reflected on real EAFD
samples.

4. Systematic iso-thermal kinetic studies need also to be carried out to further confirm the
data extracted from the iso-conversional methods reported here. This is because, in the
iso-conversional (non-isothermal) approach, different controlling mechanisms occur at
different temperatures leading to variation of activation energy and frequency factor

with conversion. Such a result sometimes is avoided when iso-thermal analysis is
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carried out, whereby a single controlling mechanism is obtained since the other

mechanisms were not thermally activated by increasing the temperature.
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Appendix 1: Microwave selective heating of electric arc furnace dust
constituents toward sustainable recycling: contribution of electric and
magnetic fields
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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, Fe304, 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>O4 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. Fe3O4 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 FesO4 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 halides [8, 16]. A problem
encountered in this approach, is the reaction of FezO4 in EAFD with the halogen acids, leading

to the formation of iron chloride/bromide, which is carried over to the final leaching solution
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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
Fe304is 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
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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].
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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.

Electric Field (E)

Magnetic Field (H)

Direction of
propagation

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 (&)

as follows [37]:
e=¢g —jg’ Q
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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, Ems 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 -~ 3

Where W 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.p".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
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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:

o

()

E . = —
conduction we,

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 = ;RD‘*. h.BOTw (7

Where D is the diameter of the disc, h is the disc thickness, By 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, Fe>0s3, PbO, C, and CaCO3 were
purchased from Fisher Scientific with purities > 99.99% except for CaCO3z which was at
99.95%. FesO4 and SiO2, 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
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The cavity perturbation technique was used for measuring the dielectric properties [42, 47]. A

schematic diagram of the apparatus is presented in Figure 2.

F

Heating elements

Tube furnace —— 5] : “—5 Hot

1 _| Y zone
Water cooled base

Copper TMOnO\

cylindrical :

cavity

Support stand —— Sample
Quartz

< sample

holder
Motorised
stage

Figure 2. Schematic diagram of the cavity perturbatﬁ 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).
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Measurements were performed in the temperature range of 25 — 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 FesO4 were purged through the lower portion of the quartz
sample holder with 99.9992 % pure N2 at ~ 10 mL/min. Since N2 gas contains trace amounts
of O, it was initially passed through a sacrificial FezO4 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 TEjo 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.
Quartz
] A tube
o B
) 1] Sample .
| Lz pre j Tuners, |Port ("Microwave generator
il I o
¢ T Network analyser
Short W _ dC::: IR signal to
circuit aveguide camera

Figure 3. Schematic diagram of the experimental setup for the electric and magnetic heating.

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.
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Figure 4. Vertical positioning of hematite (Fe,O3) sample inside a TE1o 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

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.
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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 FesO4) 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

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 ko 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].
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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

The dielectric properties of ZnO, Fe;03, and ZnFe>04 are presented in Figure 6. The behaviour
of the dielectric properties of ZnO, Fe20s, and ZnFe 04 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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Figure 6. Dielectric properties profiles as a function of temperature at frequencies of 2.47 GHz and 912/910 MHz
for (a) ZnO with a density of 1.89 g/cm?, (b) Fe.O; with a density of 0.58 g/cm? and (c) ZnFe,O4 with density of
1.09 g/cm?.

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]:

Uag

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

vV LlEwt+2

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 term
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U : D N
“—k ‘fr” which decreases the relaxation time. As the relaxation time drops, more molecules are
b

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
ZnFe;04 13.2+4.2
Fe203 36.6 +4.8
FesO4 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.

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
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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 ZnFe;O4 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.

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 CaCOs3 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 CaCOz are expected to make the
lowest contribution to the overall microwave heating of EAFD, while both ZnO and ZnFe204
can be classified as part of the major contributors to bulk heating. Fe.O3 might start

contributing significantly to heating at temperatures above 600 °C.
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Figure 7. Dielectric properties profiles as a function of temperature at frequencies of 2.47 GHz and 912 MHz for
(a) PbO with a density of 3.55 g/cm?, (b) SiO, with a density of 1.50 g/cm?® and (c) CaCOs with density of 0.50
g/cm?,

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 & and &, (Figure 8) in the
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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 Fe3Oa 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 Fe3O4 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.
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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
ZnO 37.1 30 846 No No No heating
heating heating
ZnFe;04 16.8 40 720 No No No heating
heating heating
Fe203 1.65 210 180 No No No heating
heating heating
FesOq4 10.8 70 374 16.5 70 506
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>04, 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, SiO2, CaCOs, and Fe.O3 all exhibited very low heating rates and final
temperatures (especially PbO and SiO2) 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 FezO4 and
graphite to the microwave magnetic field. Both FezO4 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

Fe304 and graphite, respectively. Heating of Fe3O4 can be attributed to magnetic hysteresis loss
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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 FezO4 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 FezO4 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 FesOa 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 FesO4 elimination
from EAFD on the selective extraction of zinc and lead upon the thermal treatment with
halogenated plastics such as PVC and TBBPA. The elimination of Fe3O4 is meant to be through
oxidising it to its higher oxidation state and more stable phase Fe2O3[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, Fe304, and Fe203 chlorination and the oxidation of FesO4 into Fe20Os3 [21].
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Figure 9. Change in Gibbs free energy of the main reactions of EAFD constituents with PVC 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 PbCl,). However, the chlorination of FezO4
is also thermodynamically possible in the temperature window 0 — 580 °C, yielding soluble
FeCl. during water leaching step. To prevent the chlorination of FezOa, it must be oxidised to
Fe>03. Fe20zis impervious to chlorination and its reaction with HCI has AG values higher than
zero above 120 °C. The kinetics of FesOs oxidation, however, are known to be strongly
temperature dependent [54, 55], such that increasing the temperature increases the reaction
rate. Hence, efficient elimination of FesO4 can only be achieved at elevated temperatures. The
utilisation of the microwave magnetic field allows targeting FezOs alone without heating the
other constituents. Fe3O4 can be heated selectively and oxidised efficiently (fast kinetics) to
Fe2O3 prior to any polymer decomposition into gaseous HCI. In contrast, using microwave

electric field will heat up the entire EAFD-PVC mixture which causes the polymer to degrade
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before appreciable oxidation of FesOs4 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 Oz, 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:
e In the electric field maxima, ZnO, ZnFe204, Fe304, and graphite were found to be the
main contributors to the microwave heating of EAFD, while Fe203, CaCO3, SiO», and
PbO were found to be the minor contributors to the overall heating (especially SiO2 and

PbO).

e The selective heating of Fe3sO4 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.

e At temperatures above 600 °C, conduction loss becomes the dominant heating
mechanism for the heating of ZnO, ZnFe>04, and Fe,Oz as evident from their measured

dielectric properties.
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Abstract

This work investigates the degradation kinetics and the pyrolysis behaviour of Poly (vinyl
chloride) (PVC) and its mixture with ZnO using thermogravimetric analysis under an inert
atmosphere. The investigation was carried out due to the increased interest in the co-thermal
treatment of the hazardous waste electric arc furnace dust (EAFD) which contains significant
quantities of ZnO with PVC. The degradation of pure PVC was characterised by three main
decomposition stages: PVC de-hydrochlorination (two overlapped stages) and subsequent
polyene thermal cracking, while ZnO-PVC mixture (ZPVC) demonstrated four
decomposition/volatilisation stages. The Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-
Sunose (KAS), and Friedman models were utilised for the extraction of the kinetic parameters.
The average activation energy for pure PVC de-hydrochlorination was calculated to be 119.8
+ 12.4 kJ/mol, which changed to 110.6 £ 11.2 kJ/mol when a stoichiometric quantity of ZnO
was added to it. The suggested mechanism for the ZPVC de-hydrochlorination starts by
chlorine abstraction on ZnO at temperatures well-below 272 °C with an activation energy
comparable to that of pure PVC de-hydrochlorination (115.8 kJ/mol). The chlorination of ZnO
then yields zinc oxy/hydroxide chloride phases (Zn,OCl,.2H>0/p-Zn(OH)CI) by the reaction
between ZnCl,, ZnO and emitted H>O. These phases then decompose at approximately 222 °C
into ZnCly, ZnO, and H20 with a relatively low energy barrier of 102.2 kJ/mol. Formed ZnCl>

then lowers the activation energy for the polyene thermal cracking of PVC from 218.4 + 17.7
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(PVC) to 87.3 + 9.7 kJ/mol (ZPVC) due to the physical contribution of volatilisation to the

overall mass loss.

Keywords: PVC, ZnO, polymer degradation, pyrolysis, TGA, non-isothermal kinetics

175



1. Introduction

Electric arc furnace dust (EAFD) is globally considered a major hazardous waste material
which is generated from steel manufacturing in electric arc furnaces (EAFs) [1]. Between 15
and 20 kg of EAFD is generated for every ton of recycled steel [2]. Each year approximately 8
million tons of EAFD are generated and this is predicted to increase to a minimum of 18 million
tons/year by 2050 [3]. This alarming production rate with the absence of a sustainable recycling
route poses a great challenge to environmental engineers. The major part of the feed supplied
to EAFs is steel scrap [4] and since a significant portion of this scrap is galvanised, high zinc
concentrations are usually seen in EAFD [2, 5-7]. This, in turn, rendered EAFD as a potential
secondary source for zinc. The conventional methods suggested in literature for the extraction
of zinc from EAFD can be categorised into hydrometallurgical [2, 8-11] and pyrometallurgical
[12-14]. The former approach, whilst typically lower in energy consumption and more
environmentally benign, suffers from incomplete extraction [15-17], harshness of the leaching
medium [16], and poor selectivity [16, 18]. Pyrometallurgical treatments, have found industrial
scale applications such as the Waelz kiln. However, this approach is highly energy intensive
(furnace operates above 1000 °C) and environmentally harmful and therefore requires

complicated gas/dust filtration systems downstream [1].

Parallel to accumulations of EAFD, polyvinyl chloride (PVC) is another waste stream
generated in huge guantities. This material is one of the most widely used plastics and it finds
use in a diverse range of applications including construction, packaging, piping, cable
insulation, and medical applications [19]. The global production and consumption capacity of
PVC in 2013 was 61 and 38.5 million tons [20] with an estimated annual rise in demand of
3.2% until 2021 [21]. Using this percentage (3.2%/year), today, a consumption rate of about
49.5 million tons is expected. Consequently, it has become increasingly important to address

the associated PVC waste streams which arise at the end of the life cycle of these various
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products. A Landfill strategy was the most prevalent disposal route, but over time, it has
become an obsolete option due to the decreased number of landfilling sites [22] and the
associated environmental burden. In addition, the high stability of PVC in landfills [23]
requires vast dumping areas which significantly increase the costs of landfilling. An alternative
to landfilling is the pyrolysis of PVC. This treatment, however, yields harmful emissions such
as hydrogen chloride (HCI) gas and chlorinated hydrocarbons such as polychlorinated dibenzo-

p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) [24, 25].

Recently, there has been a growing interest among researchers towards the co-thermal
treatment of waste EAFD with halogenated plastics such as PVC [1, 5, 7, 26, 27]. The metal
oxides present in EAFD proved to have remarkable fixing ability of the emissions generated
from the pyrolysis of PVC, especially HCI [7, 22, 27]. Masuda et al. [28] studied the HCI fixing
ability of eight metal oxides including ZnO. It was concluded that ZnO is capable of capturing
51% of the initial chlorine content of PVC when pyrolysed at a temperature of 400 °C.
Likewise, ZnO resulted in a significant reduction in the yield of chlorobenzene; one of the main
precursors of PCDD/Fs [28]. Ballistreri et al. [29] studied the effect of eight metal oxides on
the decomposition of PVC among which ZnO showed a very powerful supressing effect on the
emission of aromatic species. In the same study, the formation of volatilised ZnCl, was
detected by a mass spectrometer [29]. Zhang et al. [30], studied the decomposition of PVC in
the presence of ZnO, ZnFe;O4, and Fe;Oz and concluded that the degradation of PVC
proceeded at a lower temperature in the presence of ZnO. The chlorine fixation on ZnO was
also confirmed by the detection of H.O fragments evolved from chlorination using a mass

spectrometer [30].

Since the interest in the co-thermal treatment of waste EAFD and waste PVC grew for the
purpose of zinc extraction, and since a major portion of zinc in EAFD is present in the form of
Zn0O, a comprehensive Kinetics study on the effect of ZnO on the decomposition of PVC has
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become necessary in order to predict reaction rates at different holding temperatures and
conversions. This also helps in understanding the underpinning reaction mechanisms by means
of comparing the activation energy and the reaction mechanism f(a) for ZnO-PVC (ZPVC)
mixture and pure PVC. In this study, we present a complete non-isothermal kinetic study of
pure PVC and ZPVC mixtures in the temperature window 25 — 900 °C and under inert
environment. From this, the activation energy, the frequency factor, and the reaction
mechanism f (&) can be extracted using different iso-conversional kinetics models -namely the
well-known FWO, KAS, and Friedman [31-35] along with a linear fitting method. Pyrolysis
products of ZPVC mixture were also identified using X-Ray diffraction (XRD) and Scanning

electron microscopy (SEM) techniques to support the validity of the derived mechanisms.

2. Materials and method
2.1 Thermogravimetric analysis and differential scanning calorimetry

The ZnO used in this work was purchased from Fisher Scientific with a purity of 99.999%, and
powdered PVC was obtained from Sigma-Aldrich. A stoichiometric mixture of ZnO and PVC
(ZPVC) was prepared based on the stoichiometric amount of HCI in the PVC monomer; this
produced a mixture containing 39.4 wt% ZnO. Before mixing, ZnO powder was finely ground
using pestle and mortar to increase the homogeneity of the mixture and to increase the contact
surface area for the chemical reaction (see Figures S1 and S2 in the supplementary material).
The ZPVC mixture was then tumbled for 15 minutes in a glass vial containing stainless steel
balls in order to prevent particles agglomeration and make sure the particle size is uniform
throughout. An empty ceramic sample holder was first exposed to the thermal analysis to
produce a baseline for the heat flow signal. A sample of about 10 mg of pure PVC and ZPVC
mixture were then exposed to thermal analysis using a simultaneous differential scanning

calorimetry (DSC) and Thermogravimetric Analysis (TGA) instrument (SDT Q600). The
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thermal analysis was performed at three different heating rates (10, 30, and 50 K/min) in the

temperature window of 25 — 900 °C and under a nitrogen flow of 100 mL/min.

2.2 Pyrolysis of ZPVC mixture
A sample with a mass of 0.3 g (for 200 and 230 °C) and 0.5 g (for 370 °C) of ZPVC mixture

was loaded into a 4 mm quartz tube. The usage of two different masses for different pyrolysis
temperatures was because of the different mass loss at different temperatures. This, in turn,
ensures that a comparable amount of powder residue was obtained after the pyrolysis. The tube
was connected from one end to high purity nitrogen (99.9992%) to purge the ZPVC mixture at
a rate of ~ 5 mL/min, and the other end was vented into an extraction system. The powder was
surrounded from the top and bottom with ceramic fibre to prevent it from fluidising. The
bottom ceramic fibre also acted as a gas distributor (to distribute the gas evenly through the
powder). Prior to heating, the system was purged with nitrogen for at least 15 minutes to
confirm that the reactants are completely surrounded with a nitrogen blanket. The quartz tube
was then inserted vertically into a tube furnace. Three pyrolysis runs were performed at three
different temperatures of 200, 230 and 370 °C and the mixture was held at these temperatures
for 30 minutes. Products from each run were collected in a vial, purged with nitrogen, and

stored in a desiccator for characterisation.

2.3 Scanning electron microscopy analysis

A FEI Quanta600 MLA scanning electron microscope (SEM) coupled with Energy Dispersive
Spectroscopy (EDS) was used for the morphological and elemental analysis of the powder
before and after pyrolysis. A spot size of 4.5 and an accelerating voltage of 15000 kV were
used during the analysis. To enhance the electrical conductivity of the powder and avoid

charging during the analysis, powders were carbon coated.

2.4 X-ray diffraction analysis
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Residues generated from the pyrolysis were subjected to X-ray diffraction (XRD) for
mineralogical identification of products. To minimise the effect of moisture on the materials,
powders on the sample holder were covered from the top with a piece of tape to prevent fresh
air from being in contact with it. A Bruker D8 Advance with a LYNXEYE 2D detector and a
Cu ka source was used for the mineralogical analysis. The instrument was operated at a current
and voltage of 40 mA and 40 kV, respectively. Pyrolysis residues were scanned in the 26 range
5 —90° with a step size of 0.02° and a scan rate of 1.7 sec/step while pure ZnO was scanned at
0.1 sec/step due to its high purity and non-noisy signal. Data was interpreted using QualX 2.0

[36] and DIFFRAC.EVA V5.2 softwares which use COD and PDF-2 databases, respectively.

3. Non-isothermal kinetics model
3.1 General rate equation

The rate of solid decomposition (1) can be given by the product of the temperature dependent

rate constant k(T)and the temperature independent conversion function f(a) (reaction

model):
=g =kD.f(@ )

In which « is the degree of conversion and Z—‘: Is its derivative with respect to time.

The mathematical expression used for the f (a) function depends on the controlling mechanism
of the reaction. An empirical model introduced by Sestak and Berggren [37] for the form of

f(a) can be written as:

fl@)=a™1-a)"[-In(1-a)]? )

Where different combinations of m, n, and p result in different reaction models [38]. The

conversion « is calculated from the wt% data produced from the TGA profile as follows:

L Wo-w
a = Wo- W 3)
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Where W is the wt% at time ¢, W, is the initial wt% and W is the final wt%. The rate constant
in Equation 1 depends on temperature according to the Arrhenius function:

—-E

k(T) = A. erT 4)

Where A is the temperature independent frequency factor given in min™, E is the activation
energy in J/mol, R is the universal gas constant (8.314 J/mol.K) and T is the absolute
temperature in K. Combining Equations 1 and 4 and multiplying both sides with the reciprocal

1—

of the heating rate (B %) yields the following equation:

d A ZE
%A - ﬁ = e f(a) )
Equation 5 is the derivative form of the rate equation. Rearranging and integrating both sides

yields the integral form of the rate equation:

d AT ZE
g9(@) = [§ - =7 Jp eFrdT ©)

In which T, corresponds to a conversion of zero. The right-hand side of Equation 6 has no
analytical solution [39]. Thus, different methods were developed to either utilise the differential
form (Equation 5) or use estimations for the temperature integral in Equation 6 to calculate the
activation energy and the frequency factor. Among many Kkinetics methods, the iso-

conversional technique allows for a reliable prediction of the kinetic parameters [40, 41].

3.2 Model-Free methods
3.2.1 Calculation of the activation energy

The Flynn-Wall-Ozawa (FWO) method [33, 34] uses the Doyle [42] approximation of the
integration in Equation 6 for the calculation of the kinetic parameters. Their model can be

written as follows:
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AgEq
g(a)R

Eq
RT g

Inf; = In (S£%) — 5,331 - 1.052 (7

For a specific value of conversion (a), three different temperatures are obtained for three

thermograms at three different heating rates. A plot of Inpg; versus Ti should produce a straight

line with a slope of —1.052 %"‘ from which the apparent activation energy is obtained.

Kissinger-Akahira-Sunose (KAS) [31, 35] is another method that uses the integral form of the
rate equation for the calculation of the kinetic parameters. Their model can be written according

to the following equation:

Bi \ _ AqR \ _ Ea_
In (sz-) =In (Eag(a:)) RT g 8)
Likewise, a plot of In (T%) against Ti at a constant conversion for three different
at at

thermograms at three different heating rates must yield a straight line with a slope of — %.
Friedman method [32] uses the differential form of the rate equation. The model can be written
as follows:

Eq
RT 4

In (%) = InA + Inf(a) — (9)

Aplotof in da against L at a constant conversion for three heating rates produces a straight
at/; T ai

line with a slope of — %"‘.

3.2.2 Calculation of the frequency factor

The extraction of the frequency factor can be achieved using the compensation effect described
in Vyazovkin [43]. Fitting the experimental data (Equation 11) using a set of different reaction

models generates a set of values of activation energy and frequency factor. The activation
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energies and frequency factors can then be linearly correlated (see Figure S3 in supplementary

material) according to the following Equation [43]:
In(4;)) =aE; +b (10)

Such that a and b are constants obtained from linear regression. Activation energies obtained
from the model-free methods can then be inserted into Equation 10 to extract iso-conversional

values of In (A),.

3.3 Prediction of the reaction model

These methods, usually referred to as “iso-conversional” or “model free”, are useful when
calculating the activation energy, since the exact knowledge of the reaction model “f (a)” is
not required. Hence, these methods cannot be used to predict the reaction model. The re-

arrangement of Equation 5 into Equation 11 allows the prediction of the reaction model f(«)

by means of linear fitting of In (— ﬁ) agalnst =
n (G ) = I - (1)

The criteria followed for this method was that the accepted reaction model is the one that gives
the best linearity, and its slope should generate a value of activation energy that is as close as
possible to the average value obtained from the Friedman model on the studied conversion
range. When possible, the chosen reaction orders were those that generate a meaningful

reaction model, rather than random polynomials.

4. Results and Discussion
4.1. TGA/DSC analysis
4.1.1. TGA/DSC analysis of pure PVC

Figure 1 shows the TGA and Differential thermogravimetric (DTG) (derivative mass) profiles

for the decomposition of pure PVC at heating rates of 10, 30 and 50 K/min. PVC degradation
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follows three decomposition stages. The first two stages are overlapped while the third one is

well separated.
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Figure 1: TGA/DTG profiles for PVC decomposition at heating rates of 10, 30, and 50 K/min and under a nitrogen
flow of 100 mL/min.

The first two overlapped stages with an onset temperature of 272 °C have an overall mass loss
of 65%. This mass loss is assigned to the de-hydrochlorination of the polymer chain and the
evolution of hydrogen chloride gas (HCI) [44]. The theoretical HCI content in the PVC
monomer is 58.3%. The disparity between 65% and 58.3% was assigned to the emission of
volatile aromatic compounds, such as benzene, naphthalene, and anthracene [29]. At the end
of the first two stages, the PVC chain is stripped from its chlorine content and the remaining
solid is a conjugated polyene structure [20, 44]. The chemical reaction in the first two stages

can be written as follows [45]:
(—CH2-CHCI—CH>—CHCl—)y — (—HC=CH—CH=CH—), + HCl g) (12)
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The third stage with an onset temperature of 423 °C and represented by a mass loss of 29%, is
attributed to the thermal cracking of the polymer backbone (polyene structure) into other
hydrocarbons such as polyenyl aromatics, alkyl aromatics, and polyaromatics [46]. At the end
of the third stage, about 6% of the initial weight remains in the crucible. The pyrolysis residue
was reported to be char [1, 29]. Hence, the chemical reaction occurring during the third stage

can be written as:

(—HC=CH—CH=CH—)n — Char + Volatile hydrocarbons (13)

Both the de-hydrochlorination (first two stages) and the polyene thermal cracking (third stage)
are accompanied by endothermic events as evident from the heat flow signals (peaks 2 and 3
in Figure 2).

4.1.2. TGA/DSC analysis of ZPVC mixture

Figure 3 (a) shows the decomposition of the ZPVVC mixture at heating rates of 10, 30, and 50
K/min. The decomposition follows four degradations stages; the first three are overlapped
showing a DTG triplet, while the fourth is well separated. The de-hydrochlorination onset

temperature for the ZPVC mixture is 214 °C, well-below that of pure PVC (Figure 2).
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Figure 2: Simultaneous TGA/DSC profiles for PVC and ZPVC mixture at a heating rate of 10 K/min and a
nitrogen flow of 100 mL/min (DSC signals can be assigned as follows: 1. ZnO chlorination, 2. PVC de-
hydrochlorination, 3. polyene thermal cracking and 4. simultaneous ZnCl, volatilisation and polyene thermal
cracking).

Such behaviour suggests that ZnO can be categorised as an active catalyst for the de-
hydrochlorination of PVC changing its initiation pathway. The start of PVC degradation at a
lower temperature when mixed with ZnO was also seen in the work from Zhang et al. [30] and
Kosuda et al. [47]. The pyrolysis of EAFD-PVC mixture by Al-Harahsheh et al. [1] also
showed similar results where the onset temperature significantly decreased when PVC was
pyrolysed in presence of EAFD; the latter contained more than 29 wt% zinc with a large portion

in the form of ZnO [1, 7].

Figure 3 (a) shows that increasing the heating rate increases the percentage of captured HCI as
evident from the lower mass loss at higher heating rates. An estimation of how much HCI was
captured by ZnO can be obtained from the mass loss in the first three stages and the knowledge
of the initial composition of the mixture. This procedure gives only an estimation since it
assumes that the first three stages are only related to HCI evolution (i.e., neglecting organic

emissions) and that the chlorination occurs according to Equation 15.
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The percentage fixed can be given as follows:

w-w*
w-w*

Fixed HCI (Wt%) = x 100% (14)

Where W™ is the wt% left in crucible if no HCI was captured (64.7%), W’ is the wt% left if all
HCI was captured (91.3%) and W, as defined earlier, is the actual wt% remaining from the
experiment. Using Equation 14, the percentage of HCI captured by ZnO was calculated to be
28.9, 42.6 and 46.3% at 10, 30 and 50 K/min, respectively. These percentages, at high heating

rates, are comparable to the HCI fixation values reported by Masuda et al. [28].
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Figure 3: (a) TGA/DTG profiles for the ZPVC mixture (39.4 wt% ZnO) at heating rates of 10, 30 and 50 K/min
and under a nitrogen flow of 100 mL/min (b) vapour pressure of ZnCl; against temperature [48].

In Figure 3 (a), the first two stages may be attributed to the release of H.O resulting from the
chlorination of ZnO [27, 30]. H20 also evolves from the decomposition of intermediate zinc
oxy/hydroxide chloride species as will be shown later. The chlorination of ZnO can be
confirmed from the high exothermic peak appearing in the temperature range 210 — 260 °C in
Figure 2, which is absent in the case of pure PVC. XRD characterisation of the products
generated from the pyrolysis experiments performed at 200, 230 and 370 °C, shows peaks
related to B-Zn(OH)CI, Zn,OCl,.2H-0, a-ZnClz, and ZnCl2.1.33H20 (Figure 4). One more
phase (Simonkolleite: Zns(OH)gCl2.H20) was reported to form at temperatures 180 — 200 °C
by Kosuda et al. [47] which acts as a precursor for the 3-Zn(OH)CI and Zn>OCl,.2H>0 phases
reported here [49, 50]. Distinguishing whether $-Zn(OH)CI or Zn,OCl,.2H>0 was the formed
phase is difficult since both phases have the same 20 angles. The thermal behaviour of both B-
Zn(OH)CI and Zn>0Cl2.2H20 reported in literature [51-53] is very comparable to one another
and both agree well with the TGA data reported in Figure 3 (a) as will be discussed later. It is

noted that the abundance of the formed chloride species is affected by the temperature at which
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the pyrolysis takes place. When the pyrolysis temperature was increased from 200 to 230 and
370 °C, the intensity of Zn,OCl2.2H20/B-Zn(OH)CI peaks waned. This drop in intensity was
accompanied by the appearance of a-ZnCl; and ZnCl2.1.33H20 peaks at 230 °C and a-ZnCl;
peaks at 370 °C. This suggests that Zn,OCl2.2H>0O/B-Zn(OH)CI can be considered as
intermediate chloride species which decompose into a-ZnCl,, ZnCl,.1.33H20, ZnO and H,O
when the temperature increases further. This result is in agreement with the work performed

by Ahmed et al. [54]. In their study, a thermo-kinetic model on the dissociative adsorption and

reaction of gaseous molecular HCI with ZnO (1010) surface was constructed and the
mechanistic pathway of the reactions including all intermediates was reported [54]. The
formation of surface zinc chloride on the ZnO crystal and the attachment of hydrogen atom
from the HCI molecule with the oxygen on ZnO crystal was also reported. This, in turn, led to

the conclusion that a zinc oxychloride intermediate was formed prior to the formation of zinc

chloride.
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Figure 4: XRD pattern of ZnO (a), the post pyrolysis residue of ZPVC mixture at 200 (b), 230 (c), and 370 °C (d)
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SEM analysis was also utilised to confirm the association of both zinc and chlorine in the same
crystal after the pyrolysis. Figure 5 shows hexagonal star crystals on a large ceramic fibre
particle. These crystals are collected from the powder generated from the pyrolysis of the
ZPVC mixture at 370 °C. EDS mapping confirms that these crystals contain both zinc and

chlorine which suggests that they could be those of a-ZnClo.

i WD Mag Sig —->350pm——+H1
15.0 kV 4.5 [13.0 mm7661x SE
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Figure 5: Secondary electron image of hexagonal star shape crystals on a large eramic ibre particle in a powder
generated from the pyrolysis of ZPVC mixture under nitrogen at 370 °C.
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Moreover, the formation of ZnCl. is also confirmed from the endothermic peak appearing in
the temperature range 411 — 545 °C in Figure 2 which is attributed to its volatilisation into the
gas phase. The endothermic peak appearing for ZPVVC mixture is larger and sharper than that
seen for pure PVC. The maximum heat flow is also slightly shifted to the right in the case of
ZPVC showing a maximum evaporation rate at a temperature of about 503 °C which is in line
with the high vapour pressure shown for ZnCl; in Figure 3 (b) with a value of 10 mmHg at 508
°C. This volatilisation behaviour is also in line with the thermodynamic analysis reported by

Al-Harahsheh [7] and the TGA profile of pure ZnCl; reported by Jones et al. [55].

Two potential mechanistic pathways can be associated with the chlorination of ZnO:

1. Direct reaction of ZnO with hydrogen and chlorine in the PVVC monomer.

2. Reaction of ZnO with the emitted gaseous HCI from PVVC decomposition.

In the former case, the overall reaction can be written as in Equation 16, while in the latter, it

is written as follows:

ZnO + 2HCl(g) = ZnClz + H,0 (15)

Evidence within literature suggests that the chlorination of ZnO is caused by a direct reaction
with the PVC monomer [30, 47]. Zhang et al. [30] reported that the mass drop for ZPVC
mixture started at a temperature of ~ 200 °C and that up to a temperature of about 271 °C, only
H>O fragments (from ZnO chlorination) were detected by the mass spectrometer with no
evidence of HCI in the outlet stream. At temperatures slightly above 271 °C, HCI fragments
started to appear [30]. Comparing that result with the data shown in Figure 3 (a) (10 K/min
curve), it is clear that the third stage onset temperature is approximately 274 °C which is almost
identical to the temperature reported in Zhang et al. [30]. This suggests that this stage is mainly
associated with the evolution of HCI gas from the de-hydrochlorination of excess unreacted

PVC. Itis also clear that the heat flow signal (Figure 2) associated with the chlorination of ZnO
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rises significantly earlier than the endothermic one associated with pure PVC de-

hydrochlorination. The XRD data in Figure 4 also shows that Zn,OCl2.2H,0/p-Zn(OH)CI

phases form when the pyrolysis was done at 200 °C which is much lower than the onset

temperature of pure PVC de-hydrochlorination; suggesting a direct interaction of ZnO with

PVC. Data in the kinetics section 4.2.1 is also in favour of this conclusion.

Based on mineralogical data presented in Figure 4, the TGA/DTG profiles in Figure 3 (a), and

the thermal behaviour of zinc oxy/hydroxide chloride species reported in literature [51-53], the

following reaction sequence can be suggested for our reaction system based on starting and

ceasing points of the DTG peaks of the ZPVC mixture:

1. Initial chlorine abstraction from PVC by ZnO (First DTG peak):

Zn0 + 2(C2H3Cl)n = ZnCl + 2(C2H2)n + H20 (16)

2. Immediate capturing of formed H>O and the simultaneous formation and

decomposition of simonkolleite (Zns(OH)sCl2.H20):

« Formation:
4Zn0 + ZnClz + 5H20 = Zns(OH)sCl2.H20 a7

%+ Decomposition (First DTG peak):

detected by XRD

Zns(OH)sClo.H20 & 2Zn(OH)CI + 3ZnO + 4H,0 206 °C < T <222 °C (18)

detected by XRD
Zns(OH)sCl2.H20 > Zn,0CL,. 2H,0 + 3Zn0O + 3H20 206 °C < T<222°C (19)

3. Thermal decomposition of Zn,OCl,.2H,0/p-Zn(OH)CI (Second DTG peak):

detected by XRD

2Zn(OH)CI >  ZnCl,  +ZnO + H,0 222 °C < T <260 °C (20)
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detected by XRD
Zn;0Cl2.2H,0 - ZnCl, +2Zn0 + 2H,0 222 °C<T<260°C (21)

4. Excess unreacted PVC decomposition (Third DTG peak) (Reaction 12)

Following the sequence above, the DTG triplet in Figure 3 (a) can now be explained. The
appearance of B-Zn(OH)CI/Zn,OCl,.2H>0 (Figure 4) at 370 °C, despite being reported to
decompose completely at a lower temperature, might be explained by the reversible reaction
of ZnO with ZnCl; in presence of H,O reported by Sorrell [52] and Garcia -Martinez et al. [53]

at room temperature:
ZnClz + ZnO + H,0 5 2Zn(OH)CI (22)

The formation of zinc oxychloride was further confirmed by exposing a ZPVC residue
generated at 370 °C to an open atmosphere for at least 6 hours, then analysing it using XRD
(Figure 6). All the peaks in pattern (a) except one peak of ZnO at 36.4° completely disappeared,
generating a new phase Zns(OH)sCl..H2O (simonkolleite). The zinc oxy/hydroxide chloride
phases (Zn2OCl2.2H>0/B-Zn(OH)CI), however, are believed to form as intermediates prior to
the formation of the Zns(OH)sCl2.H20 phase. ZnCl is a deliquescent material, which means
that it is highly hygroscopic and tends to form in-situ acidic aqueous solutions. This results in
the dissolution of ZnO in contact with it. The resultant solution then starts precipitating as
Zn;0Cl2.2H20/B-Zn(OH)CI which finally transforms to Zns(OH)sCl..H20. Such result
suggests that if the extraction of zinc is of interest, excess amount of PVVC should be added to
the mixture to chlorinate all ZnO, thus preventing the formation of the insoluble
Zns(OH)sCl2.H20 phase. Moreover, products generated from the pyrolysis of ZPVC should be

protected from moisture to preserve the soluble ZnCl; crystals.
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Figure 6: XRD pattern of the pyrolysis residue of ZPVC at 370 °C (a) and the same powder when exposed to the
atmosphere for at least 6 hours (b).

The fourth mass loss in Figure 3 (a) is assigned to the simultaneous volatilisation of ZnCl»
along with the thermal cracking of polyene structure; for 10 K/min curve, the loss is 28.5%
where the thermal cracking accounts for 17.5% while the rest is related to ZnCl volatilisation.
The overall mass loss in that stage increases with increasing heating rate from 28.5% at 10
K/min to 37.9 and 41.7% at 30 and 50 K/min, respectively. This is attributed to the
volatilisation of larger amounts of ZnCl; at higher heating rates which is in line with the

percentages captured of HCI calculated earlier.

4.2. Non-isothermal Kinetics

In the kinetics section, the mass loss in the temperature range 210 — 365 °C for pure PVC and
ZPVC will be referred to as the “de-hydrochlorination” stage while the mass loss in the
temperature range 390 — 550 °C will be referred to as “polyene thermal cracking” stage. Both
the activation energy and the frequency factor calculated here represent apparent values that

reflect the contribution of different processes occurring either sequentially or simultaneously.
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Thus, their values will change with temperature/conversion due to the beginning or ceasing of

chemical/physical events.

4.2.1. Kinetics of de-hydrochlorination stage for PVC and ZPVC

Figure 7 shows a sample of experimental data fitting for the de-hydrochlorination stage of pure
PVC using FWO, KAS, and Friedman models. Slopes in Figure 7 were used to calculate the
activation energy in the conversion range 0.1 —0.9. Data fitting for obtaining the reaction model
is also presented in Figure 7 (d). Compensation effect graphs for the estimation of the frequency

factor are presented in the supplementary material (Figure S3).
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Figure 7: Experimental data fitting of the de-hydrochlorination stage of pure PVC using (a) FWO, (b) KAS and
(c) Friedman models for activation energy and (d) Linear model fitting for the prediction of the reaction model
f () (see Figure S4 in the supplementary material for other decomposition stages).

Table 1 shows the kinetic parameters for the de-hydrochlorination of pure PVC. The average

activation energy calculated using FWO, KAS and Friedman models are 123.1 £ 12.0, 119.8 £
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12.4 and 122.6 + 24.2 kJ/mol, respectively. Values presented here are in good agreement with
those reported in literature [44, 56, 57]. The activation energy does not change significantly
with conversion until a conversion level of 0.7 is reached. This suggests that a single reaction
mechanism controls the degradation in the conversion range 0.1 — 0.7. Above 0.7, the activation
energy rises appreciably to a maximum of 153.2 kJ/mol at a conversion of 0.9 (KAS). It is also
noticed that above a conversion level of 0.7, the degradation changes from being controlled by
the reaction model f(a) = a(1 — )13 to a second order reaction model f(a) = (1 — a)?.
Such behaviour might be attributed to the auto catalytic effect of PVC reported by Starnes and
Ge [58]. In their work, they reported that the emitted HCI interacts with the formed polyene
sequences to form polyenyl cation radicals leading to auto catalysis of de-hydrochlorination
[58]. Thus, at high conversions (e.g., > 0.7), most of the emitted HCI will have already been
swept by the purging gas resulting in lean amount of HCI in the vicinity of degrading PVC
which makes further decomposition slow down, leading to high values of activation energy
and an alteration in the reaction model. This also agrees with the fact that the used flow rate of
nitrogen during the TGA runs was high (100 mL/min) which helps in sweeping emitted HCI at

a faster rate.

Table 1: Kinetic parameters of de-hydrochlorination stage for pure PVC (first two stages in Figure 1).

FWO KAS Friedman Linear model fitting
Conv | Activat | Frequenc | Activat | Freque | Activat | Frequenc | Activ | Frequ
ersio ion y factor, ion ncy ion y factor, | ation | ency fla)
n,a | ENErgy, In(A)? energy, | factor, | energy, In(A)? energ | factor
kJ/mol kJ/mol In(A)? | kJ/mol Y,

ki/mo | In(A)?
|

0.1 121.2 25.71 118.2 25.03 116.9 24.74
0.2 119.2 25.26 116.0 24.53 110.9 23.37
0.3 117.7 24.92 114.3 24.14 107.0 22.48
04 | 117.0 | 2476 1135 | 23.96 | 104.8 21.98 | 1105 | 2460 | a(l-a)**®
0.5 116.2 24.58 112.6 23.76 105.0 22.03
0.6 115.8 24.48 112.1 23.64 107.3 22.55
0.7 116.6 24.67 112.9 23.83 117.6 24.89 Transition region (no fitting)
0.8 128.5 27.37 125.2 26.62 167.7 36.28 158.3 | 32.65 (1 - a)?
0.9 155.4 33.49 153.2 32.99 166.6 36.03
Aver | 1231+ | 26.14+ | 1198+ | 2539+ | 1226+ | 26.04 +
age® 12.0 2.73 12.4 2.83 24.2 5.50
a: Unit of A is min™.
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b: Mean £ SD

Table 2: Kinetic parameters of de-hydrochlorination stage for ZPVC mixture (stages two and three in Figure 3

(a)).

FWO KAS Friedman Linear model fitting
Activati | Frequenc | Activati | Frequenc | Activati | Frequen | Activatio | Frequ
Conve on y factor, on y factor, on cy n energy, | ency )
rsion, | energy, In(A)? energy, In(A)? energy, | factor, kd/mol factor
a kJ/mol kJ/mol kJ/mol In(A)? ,
In(A)?

01 | 1172 | 2556 | 1147 [ 24.94 792 | 16.22
02 [ 1043 | 2239 [ 1010 [ 2158 91.6 | 19.27
03 | 1013 | 2165 97.7 20.76 920 | 19.36 8r.7 | 20.09 1(1—(1)3
04 | 1000 | 2133 96.2 2040 | 1001 | 21.36 2

05 | 1050 | 2256 | 1013 | 2165 | 1229 | 26.96

05 105.0 22.56 101.3 21.65 122.9 26.96
0.6 116.2 25.31 113.0 2453 147.5 33.01
0.7 125.8 27.67 123.0 26.98 148.4 33.23 125.9 26.60 l1-«a
0.8 131.1 28.98 128.4 28.31 127.7 28.14
0.9 123.2 27.03 119.8 26.20 87.1 18.16

Avera | 1138+ | 2472+ | 1106+ | 2393+ | 110.7+ | 2397+
ge® 10.9 2.67 11.2 2.75 24.9 6.13

a: Unit of A is min.
b: Mean + SD

The addition of ZnO to PVC resulted in a change in the activation energy of the de-
hydrochlorination stage (Table 2). The average activation energy over a conversion range of
0.1-0.9 changed from 119.8 £ 12.4 to 110.6 + 11.2 kJ/mol when ZnO was added. To properly
track the sequence of reactions, DTG and activation energy profiles were plotted against
temperature for both PVC and ZPVC mixtures (Figure 8). Since the ZPVC mixture involves
the decomposition of formed zinc oxy/hydroxide chlorides into solids (ZnO and ZnCl,) and
gaseous H-O, the studied kinetic parameters will therefore be for sequential reactions. This
means, the reported parameters will represent those related to the slowest step in the sequence.
As mentioned earlier, the first DTG peak for ZPVC in Figure 8 (206 °C < T <222 °C) is
believed to be due to water evolution from the sequential ZnO chlorination (Reaction 16)
followed by the formation/decomposition of Zns(OH)sCl2.H20 (Reactions 17, 18 and 19).
While these reactions are sequential, they could also proceed to a small extent in parallel due
to possible incomplete reaction of emitted H,O with ZnCl, and ZnO. The activation energies

in the same temperature range for that peak compare very well with those related to pure PVC
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de-hydrochlorination (Figure 8) which involves the scission of the C-ClI bond. This means, at
that stage, the controlling mechanism could therefore be related to the chlorine abstraction from
PVC by ZnO, while the decomposition of the hydroxide chloride (Zns(OH)sCl2.H20) phase
being the faster step. When the temperature increases to 230 °C (middle of second DTG peak
of ZPVC), a drop in the activation energies can be seen to an average value of about 102.2
kJ/mol. This corresponds to a conversion range of 0.1 — 0.5, meaning that it is possible that a
significant portion of the chlorine atoms in the PVC chain have been abstracted. This, in turn,
would leave many chlorine atoms in the allylic position making their abstraction from PVVC by
ZnO more facile, and hence the drop in the activation energy (Figure 9). Rieche et al. [59]
suggested that the charge separation in the C-Cl bond becomes accentuated when allylic sites
are formed in the PVC chain. This would make the scission of this bond easier. Hence, for the
second DTG peak of ZPVC, the controlling mechanism could be the decomposition of (-
Zn(OH)CI/Zn20Cl,.2H20 into Zn0O, ZnCl2 and gaseous H2O. Such result is in agreement with
the theoretical thermo-kinetic study performed by Ahmed et al. [54], where in their work the
reported activation energy associated with the desorption of water from zinc oxychloride was
97.9 kJ/mol which compares well with the one reported here (102.2 kJ/mol). When the
temperature reaches 262 °C, the activation energy starts rising to values comparable to those
of pure PVC de-hydrochlorination (Figure 8). This is due to the fact that PVC in the ZPVC
mixture starts to decompose normally into HCI and polyene. The similarity in the activation
energy between ZPVC and PVC in the temperature range of 272 — 297 °C confirms what was
suggested before by Zhang et al. [30] and Kosuda et al. [47] regarding the initial ZnO-PVC

direct reaction and the subsequent normal PVVC decomposition into HCI.
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PVC de-hydrochlorination alone and with ZnO

160
140 Comparable
activation energies
g >
o
E
>) . .
X 100 | —&— Activation energy
Ej ZPVC
3 80 | Simultaneous ZnO chlorination o— Activation energy
S and B-Zn(OH)Cl/zn,OCl,.2H,0 PV/C de-HCl
Q decomposition & PVC
) .
c 60 A , / - - -Deriv. mass PVC
o Simultaneous . ;00
T ZnO chlorination and ;, ™~ / \\
> b Y - .
S 40] ZNs(OH)CLHO S -7 |°<\V - - -Deriv. mass ZPVC
<LE> decomposition 1 Seo - /’ ASY
/ ¢+ Excess Vo
20 1 T~ _- 4 PVvC AN
/ /7 de-HCI N QY
'
/ - N e e e = -
/ - - -
0 - e — r r r r
190 210 230 250 270 290 310 330 350

Temperature, °C

Figure 8: Activation energy and DTG profiles of the de-hydrochlorination stage in the case of ZPVC and PVC
(activation energies were substituted from KAS model and all plots (including activation energy plots) were
prepared based on 10 K/min profiles/data).
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4.2.2. Kinetics of polyene thermal cracking stage for PVC and ZPVC

Table 3 shows the kinetic parameters of the polyene thermal cracking in the case of pure PVC.
Values of the activation energies for this stage are significantly higher than those related to de-
hydrochlorination; values averaged over a conversion range 0.1 — 0.9 are 219.4 + 16.4, 218.4
+ 17.7 and 205.8 + 13.9 kJ/mol calculated using FWO, KAS and Friedman models,
respectively.

Table 3: Kinetic parameters of polyene thermal cracking stage for pure PVC (third stage in Figure 1).

FWO KAS Friedman Linear model fitting
Activ | Freque | Activat | Freque | Activat | Freque Activation Frequency
Conv | ation ncy ion ncy ion ncy energy, kd/mol factor, fla)
ersio | energ | factor, | energy, | factor, | energy, | factor, In(A)?
n, a Y, In(A)? | ki/mol | In(A)* | kJ/mol | In(A)?
kJ/mo
[
0.1 | 2546 | 41.28 256.2 41.56 226.7 36.37
0.2 | 2354 | 37.90 235.7 37.95 211.1 33.62
0.3 | 228.2 | 36.63 2279 36.58 230.5 37.04
04 | 2204 | 35.26 219.6 35.12 192.6 30.36 3
0.5 | 2138 | 3410 | 2125 | 33.87 | 2082 | 33.11 201.8 31.67 2(1-a)
0.6 | 2104 | 33.50 208.8 33.21 200.0 31.66
0.7 |207.7 | 33.02 205.8 32.69 198.4 31.38
0.8 | 204.6 | 3247 202.4 32.09 195.4 30.85
09 |199.9 | 31.65 197.2 31.17 189.0 29.73
Aver | 2194 | 35.09+ | 2184+ | 3492+ | 2058+ | 32.68+
age® + 2.89 17.7 3.11 13.9 2.45
16.4
a: Unit of A is min,
b: Mean + SD.
Table 4: Kinetic parameters of polyene thermal cracking stage for ZPVC mixture (fourth stage in Figure 3 (a)).
FWO KAS Friedman Linear model fitting
Activ | Frequ | Activ | Frequ | Activat | Frequency | Activation Frequency
Conv | ation | ency | ation | ency ion factor, energy, factor, In(A)? fla)
ersion | energ | factor, | energ | factor, | energy, In(A)? kJ/mol
, Y, In(A)? Y, In(A)? | kd/mol
kJ/mo kJ/mo
I [
0.1 115.3 | 16.38 | 109.3 | 15.36 97.5 13.34
0.2 104.3 | 1450 | 97.2 | 13.29 716 8.92
0.3 95,5 | 13.00 | 87.7 | 11.67 70.1 8.66
0.4 92,7 | 1252 | 845 | 11.12 80.0 10.35 5(1 _ a)%
0.5 92.7 | 1252 | 844 | 11.10 87.2 11.58 101.2 13.82 2
0.6 932 | 1261 | 84.7 | 11.16 85.1 11.22
0.7 925 | 1249 | 83.9 | 11.02 73.2 9.19
0.8 88.8 | 11.86 | 79.8 | 10.32 45.6 4.47
0.9 83.5 | 1095 | 74.0 9.33 66.4 8.03 Did not fit in the model
Avera | 954+ | 12,98 | 87.3+ | 11.60 | 752+ | 9.53+2.39
ge” 87 |+149| 97 |+166]| 140
a: Unit of A is min.
b: Mean + SD.
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A drop in the values of the activation energy is observed as the reaction progresses further.
This might be attributed to the fact that the polyene thermal cracking stage involves the
evolution of different hydrocarbons [46]. This, in turn, may lead to the formation of separate
transition states at different conversion levels based on the structure of the formed hydrocarbon,
which then leads to a continuous change in the activation energy barrier with conversion.
Despite the variation of the activation energy with conversion, a single reaction model was able
to fit the experimental data in the conversion range of 0.1 — 0.9. The reaction model suggests

that the decomposition is chemical reaction controlled throughout the stage with a reaction
order of ;(Table 3).

Table 4 reports the kinetic parameters of the polyene thermal cracking stage for the ZPVC
mixture. Figure 3 (b) as well as the thermodynamics analysis reported in Al-Harahsheh [7] and
the TGA profile for ZnCl. presented in Jones et al. [55] suggest that ZnCl> volatilises in the
temperature range of 400 — 520 °C. This means that the reported kinetic parameters in Table 4
represent apparent values from simultaneous polyene thermal cracking and volatilisation of
ZnCl,. The activation energy dropped considerably from 218.4 + 17.7 kJ/mol in the case of
pure PVC (Table 3) to 87.3 = 9.7 kJ/mol in the case of ZPVC mixture. Such a drop can be
attributed to the contribution of the volatilisation of ZnCl, on the apparent activation energy.
This is because physical processes, in general, are known to exhibit significantly lower
activation energies compared to chemical ones. Thus, the overall calculated activation energy

significantly decreased. The overall process was able to be described by one reaction model

. . 1
with a reaction order of p

The importance of the data reported in this work lies in the fact that there is a significant
variation in the chemistry of EAFD world-wide which depends on the followed smelting
practices and the type of the feeding materials to EAFs. In fact, further studies on the effect of

other important minerals in EAFD such Fe>Os, Fe304, ZnFe>04, and PbO on the decomposition
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kinetics of PVC should be done. Such studies on the interaction between PVC and other metal
oxides allow the prediction of the process kinetics and the appropriate holding temperatures
for best process economics for different EAFDs with different chemistries (i.e., EAFD from
different sources/countries). Thus, for future work, we believe other deep Kinetics
investigations on the effect of other EAFD constituents (mentioned earlier) on PVC

degradation should be considered.

5. Conclusions

This work studied the kinetics and the behaviour of PVC thermal decomposition in the presence
of a stoichiometric quantity of ZnO. Apparent activation energy, frequency factor, and the
reaction model were extracted based on non-isothermal study of thermogravimetric scans at

10, 30, and 50 K/min under inert environment. The following conclusions are made:

The TGA data suggests an excellent chlorine fixing ability of ZnO such that when a
stoichiometric amount of ZnO was added (39.4 wt%), the percentage of HCI captured
was ~ 28.9, 42.6 and 46.3% at heating rates of 10, 30 and 50 K/min, respectively.

e The formation of water soluble zinc chloride is clearly seen in the SEM and XRD scans
suggesting that PVC can be incorporated with metallurgical wastes such as EAFD for
the extraction of metallic zinc through water leaching of the post pyrolysis residue.

e Itisrecommended that an excess PVVC amount is used in the co-thermal treatment with
ZnO containing wastes (such as EAFD) to completely chlorinate this constituent, thus
preventing the formation of the insoluble Zns(OH)sCl2.H2O (Simonkolleite) phase.

e A noticeable change in the activation energy of PVC de-hydrochlorination was

witnessed when ZnO was added. The variation of the activation energy with

temperature suggested different controlling mechanisms at different conversion ranges
between chlorine abstraction and thermal decomposition of zinc oxy/hydroxide
chloride species.
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e ZnO can be categorised as an active catalyst for PVVC de-hydrochlorination decreasing
its onset decomposition temperature from 272 to 214 °C.

e Itissuggested that ZnO initially abstracts chlorine from PVC to form ZnCl. which then
reacts with ZnO and emitted H2O to form the oxy/hydroxide chloride species
Zn,0Cl2.2H,0/B-Zn(OH)CI. These phases then start to decompose at temperatures
above 222 °C into ZnClz, ZnO and H20.

e Asignificant drop in the activation energy of polyene thermal cracking was seen when
ZnO was added which might be assigned to the physical contribution of the

volatilisation of formed ZnCl: in that temperature range.
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Appendix 3: Thermodynamic, pyrolytic, and kinetic investigation on the
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Abstract
Thermal co-treatment of Electric Arc Furnace Dust (EAFD) and polyvinyl chloride (PVC) may

provide a viable route for reprocessing these hazardous materials within the circular economy.
To develop and optimise a commercial treatment process, the complex mechanistic pathway
resulting from the reaction of these two wastes must be understood. Franklinite (ZnFe2Og) is a
major zinc containing phase in EAFD and to date, little work has been undertaken on the
decomposition of PVC in its presence. Herein, we present a thermodynamic, pyrolytic, and
kinetic study of PVC degradation in the presence of ZnFe,QO4. It was found that, ZnFe;O4
decomposed to its associated halides. Additionally, the kinetics data confirmed the catalytic
activity of ZnFe>Oa, dropping the de-hydrochlorination onset temperature of PVVC from 272 to
235 °C. The distribution of the activation energy with conversion suggests the presence of
several competitive reactions each with a different energy barrier. In such a case, reaction

channelling can take place leading to selective zinc chlorination.

Moreover, since the reduction of Fe.Os is slow at low temperatures, it is recommended to
operate at a temperature as low as 235 °C which can promote the chlorination selectivity

towards zinc leaving iron bearing compounds in their stable form (Fe203).

Keywords: non-isothermal Kinetics, zinc iron oxide, TGA, activation energy
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1. Introduction

During steel manufacturing, hazardous electric arc furnace dust (EAFD) is generated as a waste
by-product. About 7.5 million tons of EAFD is globally produced annually from steel
manufacturing (Teo et al., 2018). The chemistry of the generated EAFD strongly depends on
the quality of the scrap being employed in the smelting and the composition of other input
materials (KiranKumar and Roy, 2022). Despite the variation in EAFD chemistry, the presence
of toxic heavy metals such as Pb and Cd has been reported (Al-Harahsheh, 2017; Laubertova
et al., 2020). Hence, the large production rate of this material along with the toxic nature of
some of its constituents, poses a huge environmental threat. This, in turn, puts a huge pressure

on steel manufacturers who resort to landfilling as their major disposal strategy.

Aside to landfilling, the scientific community has directed significant endeavour towards the
utilisation of EAFD as a source of zinc by means of hydrometallurgical (Al-Makhadmeh et al.,
2018; Laubertova et al., 2020; Oustadakis et al., 2010; Teo et al., 2018) and pyrometallurgical
(Omran et al., 2019; Sinaga et al., 2019; Ye et al., 2020; Zhang et al., 2019) treatment routes.
Currently, the latter has reached an industrial level. About 83% of EAFD is recycled in the
Waelz kiln process (Yakornov et al., 2017). However, the pyrometallurgical approach is only
capable of increasing the zinc concentration in EAFD (zinc enrichment) by means of
volatilisation, oxidation, and then collection without a complete separation of the metal at a
high purity. The furnace utilised in the Waelz process also operates at a temperature of 1200
°C (Suetens et al., 2014) which makes this process highly energy intensive. Industrial uptake
of hydrometallurgical treatment methods, in contrast, is limited due to the resistive nature of
franklinite (ZnFe204) which prevents the complete extraction of zinc and highlights the

importance of rejecting iron from the leaching liquor when acidic reagents are used.

Plastics are also accumulated in large quantities. Polyvinyl chloride (PVC) is a versatile

thermoplastic and is classified an industrial polymer with high importance (Marcilla and
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Beltran, 1995). PVC is ranked the third (after polypropylene and high and low density
Polyethylene) in terms of converters plastic demand in Europe at 4.7 million tons in 2020
(Plastics-Europe, 2021). This could be assigned to the superior properties and the high
versatility of this material. Nonetheless, PVC is considered one of the most troublesome wastes
as it is difficult to treat in an environmentally benign manner (Kim, 2001) which can be
attributed to the high chlorine content in PVC. Upon thermal treatment, large amounts of
hydrogen chloride (HCI) are evolved along with undesirable chlorinated hydrocarbons
(dioxins) (Miranda et al., 1999). Due to these issues, the most prevalent route for the disposal
of PVC is landfilling. However, the study conducted by (Mersiowsky et al., 1999) suggests a
high stability of PVC in landfills. Hence, landfilling results in the indefinite accumulation of
PVC which will lead to the occupation of vast dumping areas. Therefore, it is suggested that
the most suitable way for recycling PVC would be pyrolysis with mitigation of the emissions

accompanied by the thermal decomposition using additives such as metal oxides.

Recent research has focused on the co-thermal treatment of PVC with metallurgical wastes
such as EAFD and with metal oxides (Al-Harahsheh, 2017; Al-Harahsheh et al., 2021a; Al-
Harahsheh et al., 2021b; Altarawneh et al., 2021; Ji et al., 2020; Lee and Song, 2007; Meng et
al., 2021; Ye et al., 2021). The reason behind these studies is to show the capability of metal
oxides for mitigating the harmful emissions evolved from decomposing PVC, which would
allow recycling via pyrolysis/incineration. (Lee and Song, 2007) confirmed the formation of
zinc, lead, and cadmium chlorides upon the thermal treatment of EAFD with PVC. A series of
papers published by Al-Harahsheh et al. studied the kinetics (Al-Harahsheh et al., 2015),
thermodynamics (Al-Harahsheh, 2017), and zinc and lead extraction possibility (Al-Harahsheh
etal., 2022; Al-Harahsheh et al., 2021a; Al-harahsheh et al., 2014; Al-Harahsheh et al., 2021b)
upon the co-thermal treatment of EAFD with PVC. However, none of these papers identified

the specific effect of each EAFD constituent on the kinetics of the decomposing PVC. Such an
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aspect is important since the chemistry of EAFD varies greatly from one country to another
making it difficult to extrapolate the results from one specific EAFD from a certain country to
all other EAFD generated world-wide. Hence, there has been a focus on establishing a solid
foundation on the pyrolysis of PVC with each metal oxide separately. (Ye et al., 2021) studied
the effect of magnetite (FesOa4) on the emissions of decomposing PVC and its ability to capture
HCI. (Meng et al., 2021) studied the effect of seven metal oxides: CaO, ZnO (two types), CuO,
MgO, Al203 and Fe>O3 on the thermal degradation of PVC including the onset and maximum
rate temperature and their ability to capture HCI. (Altarawneh et al., 2021) studied the effect of
ZnO on the kinetics of degrading PVC and the capability of ZnO to capture HCI. To the best
of our knowledge, the only study addressed the effect of ZnFe;O4 on the decomposition of
PVC was that conducted by (Zhang et al., 2000). However, that study focused on characterising
the gaseous emissions from PVC degradation in the presence of ZnFe,O4 without a deep

consideration of the kinetics aspect of the decomposition.

Since ZnFe;04 is considered one of the main sources of zinc in EAFD; reported at 20.27 wt%
of EAFD (Al-Harahsheh, 2017), we believe that a comprehensive systematic non-isothermal
kinetic study of ZnFe>04-PVC (ZF-PVC) mixture should provide researchers in this field with
valuable information regarding reaction rates. This contributes towards process optimisation in
terms of optimum operating temperatures, holding times, and reactor sizing to achieve a certain
extraction/conversion levels. Herein, an attempt is made to study the thermal behaviour of PVC
and its mixture with ZnFe>O4 along with a complete characterisation of the solid products
generated from their pyrolysis. The kinetic data associated with the thermal degradation of
PVC and its mixture with ZnFe>O4 were extracted. The kinetic data was then used for the
assessment of the chemical stability of PVC and how it reflects on the selective extraction of

zinc.

2. Non-isothermal kinetics
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2.1. The overall rate equation

The reaction rate of thermally stimulated processes is usually represented by the extent of

conversion X, which is given as follows:

Wo—W
- Wo_Wf (l)

Where W, is the initial weight% at the beginning of the mass loss, W} is the final weight% at
the end of the mass loss, and W is the weight% at any time t. The kinetic rate equation can be
represented by the temperature dependent rate constant k(T) and the temperature independent

reaction model f(X) (Al-Harahsheh et al., 2018):

ax

— = k(DfX) )

at

The temperature dependency of the reaction rate can be represented through the Arrhenius

function (Vyazovkin et al., 2011):

k(T) = A.exp (— :—T) 3)

Where A4 is the frequency factor (min?), E is the activation energy (J/mol), R is the universal

gas constant (8.314 J/mol.K), and T is the temperature (K).

The mathematical formula for the reaction model f(X) depends on the controlling mechanism
of the overall mass loss. A generalised empirical model was introduced by (Sestak and

Berggren, 1971) for the mathematical expression of f(X) as follows:
fQO=X"1-X)"[-In(1-X)] (4)

A different combination of m, n, and p resemble different reaction models (Vyazovkin et al.,

2011). Substituting Equations 3 and 4 in 2 yields the following:

ax E

— = A.exp (— E) X™1 -X)"-In(1-X)]") (%)
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Equation 5 represents the rate equation in the differential form. For non-isothermal kinetics at
a fixed heating rate of g = Z—Z, the differentiation of the conversion X can be represented with

respect to temperature T as follows:

ax _ dr dX _ 5 dX

E_dt'dT_ﬁ'dT (6)
Substituting Equation 6 in 5 yields:

B2 = Aexp (— %) (X™(1 = X)*[-In(1 — X)]?) @)

Re-arranging Equation 7 and integrating both sides generates the integral form of the rate

equation, which can be written as:

X ax A T E
s XmA-X)"[-In(1-X)P) Ir, exp (_ E) dT (8)

Where T, is the temperature corresponding to a conversion of zero. At low temperatures, the
reaction rate is very low (Ozawa, 1965) making the replacement of T, by zero a valid

assumption:

X ax A T E
fo XM(1-X)"[-In(1-X)]P) Efo exp (_ E) dT ©)

The right hand side of Equation 9 has no exact integration (Coats and Redfern, 1964). Hence,
different approaches were followed to either utilise the differential form of the rate equation
(Equations 5 or 7) or the integral form (Equation 9) whereby the temperature integration is

approximated.

2.2. Calculation of the activation energy
2.2.1. Iso-conversional kinetic methods

The iso-conversional principle gained its strength from the fact that the activation energy can

be obtained without assuming a reaction model. This, in turn, allows the change in the
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activation energy with conversion for complicated multi-stage decompositions to be tracked.
The iso-conversional principle suggests that the reaction rate is a function of temperature only
at a fixed conversion value which can be visualised by taking the logarithmic derivative of the

rate with respect to the reciprocal of temperature (Vyazovkin et al., 2011):

aln 6lnf(X) oln(k(T)] _ —Ex

Equation 10 suggests that the change in the rate depends on temperature only at a fixed value
of conversion. Thus, when the mass loss curve shows a lateral shift towards a higher
temperature at a higher heating rate, this phenomenon can be exploited for extracting the

activation energy without needing to assume a reaction model.

2.2.1.1. Integral iso-conversional method

The Kissinger-Akahira-Sunose (KAS) integral equation (Akahira and Sunose, 1971; Kissinger,

1957) can be written as follows:

Bi \ _ AxR '\ Ex
n (sz,i) =n (Exg(X)) RTy; (11)
This method should ideally be used in cases where the change in the activation energy with

conversion is small. A plot of ln( By ) agalnst — should produce a straight line with a slope
x

of — % from which the activation energy is extracted.

2.2.1.2 Differential iso-conversional method

By taking the natural logarithm on both sides of Equation 7, one arrives at the Friedman model

(Friedman, 1964):

n|Big]  =tn 5] = mlA @, (12)

x,i
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For a mass loss with a smooth (non-noisy) derivative thermogravimetric (DTG) signal, the
Freidman method can be used to extract activation energies at a higher accuracy compared to
the KAS method. This is because unlike the KAS method, the Friedman method does not use

any approximation, but instead, it uses the rate equation in its raw form, and hence yielding the

most accurate kinetic data. Plotting In [Z—ﬂ against Ti must yield a straight line with a slope
X, x,1
of — %" from which the activation energy is obtained.

2.3. Calculation of the frequency factor
2.3.1. The compensation effect

Calculation of the frequency factor with high accuracy can be achieved using the compensation
effect (Vyazovkin, 2021). This method relies on the principle that the values of In (A) and E
are linearly related regardless of being correct or not (Vyazovkin, 2021). The linear dependency

maybe presented as:
lTl(A)i = aEl- +b (13)

Such that a and b are constants. A set of values of In (A) and E can be produced by fitting the
experimental rate against the reciprocal of temperature using different sets of f(X) as shown
in Equation 15. The experimental rate can be estimated by differentiating Equation 1 with

respect to time which yields Equation 14:

X _ -1 aw
at — Wo-Wy' dt

(14)

Such that ‘;—V: is the value of the experimental DTG signal obtained from the Thermogravimetric

analysis. The kinetic models used for generating the compensation data are presented in Table

1.

Table 1: Kinetic models in the differential f(X) and the integral g(X) form (Georgieva et al., 2013) used to
generate the In (4) and E data for the compensation effect.

| No. | Kinetic model | £(X) | g(X)
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Chemical process
-thi 3 1 2
1 One-third order 5(1 _X)3 1—(1-X)3
- 3 1
2 Three-quarters order 4(1 - X)1 1—(1-X)i
3 -1
3 One and half order 2(1 - X)2 1-X)7 -1
4 Second order (1—X)? 1-xX)1-1
5 Third order 1(1 _x)? 1-X)2-1
2
6 n" order, n > 1 1 (1 Xy (1-X)"1t -1
n—1

Once a set of In (A) and E are obtained, a plot is constructed, and the data is fitted with a
straight line. The resulting linear equation should have the form presented in Equation 13 from
which the values of a and b are obtained. The extracted activation energies using the KAS and
the Friedman methods are then inserted into Equation 13 to obtain conversion dependent
frequency factor values In (A). Further illustration on the compensation effect is presented in

detail elsewhere (Vyazovkin, 2021).

2.4. Prediction of the kinetic model

The rearrangement of the differential form of the rate equation (Equation 7) into the form

shown in Equation 15 allows for the prediction of the controlling reaction model in the studied

ax

conversion range by constructing a plot of In [f‘(i;)l against % Only the correct mathematical

expression of f(X) yields a straight line. The criteria followed for this approach is that the
chosen reaction model is the one which yields a straight line and an activation energy as close

as possible to that produced from the Friedman model on the studied conversion range.

dax
In [%l = In(4) - — (15)

3. Materials and method

3.1. Thermogravimetric and differential scanning calorimetry analysis
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ZnFe204 used in this work was obtained from Alfa Aesar with a purity of 99% <, while
powdered pure PVC was obtained from Sigma-Aldrich. A stoichiometric mixture of ZnFe;O4
and PVC (ZF-PVC) was prepared in which the amount of PVC added to ZnFe.O4 would be
enough to chlorinate it completely to ZnCl> and FeCls; the calculation was based on the
theoretical content of HCI in the PVC monomer. This yielded a mixture containing 32.5 wt%
ZnFe204. The two powders were tumbled in a glass vial containing stainless steel balls for 15
minutes. The homogeneity of the mixture was confirmed using scanning electron microscopy

(SEM) technique and is shown in Figure S1 (supplementary material).

The instrument used for the thermal analysis was the simultaneous TGA/DSC analyser (TA
SDT Q600) which is capable of generating simultaneous mass loss and heat flow signals. Prior
to the thermal analysis, an empty ceramic crucible was loaded to generate a base line for the
heat flow signal. A mass of 9.9 + 0.07 and 10.2 £ 0.30 mg of PVC and ZF-PVC mixture,
respectively were then loaded in a ceramic crucible and the thermal analysis was performed in
the temperature window 25 — 900 °C under a nitrogen flow of 100 mL/min. Using a small
sample mass can help in reducing the thermal gradient between the furnace and the sample for
more reliable data. The repeatability of the thermogravimetric scan for the de-
hydrochlorination stage has been tested on the degradation of ZF-PVC mixture at a heating rate
of 10 °C/min (Figure S8). Three heating rates of 10, 30, and 50 °C/min were used during the

analysis which are essential for the model-free (iso-conversional) Kinetic calculations.

3.2. Particle size analysis

The contact surface area can have a significant impact on the reaction efficiency between solid
reactants. The particle sizes for both ZnFe.O4 and PVVC were analysed using Beckman Coulter
LS13320MW laser diffraction analyser with an Aqueous Liquid Module (ALM). The particle

sizes for both ZnFe>O4 and PVVC are presented in Table 2.

3.3. Pyrolysis of ZF-PVC mixture
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A sample of 0.31 £ 0.0001 g of the ZF-PVC mixture was loaded into a 4 mm quartz tube on
top of a porous ceramic fibre disk. The ceramic fibre disk acts as a sample holder and helps in
distributing the gas flowing through the sample. Another ceramic fibre disk was loaded on top
to prevent the powder from fluidising. The tube with the powder was purged with N2
(99.9992% pure) for at least 15 minutes before starting the heating. This ensured that the
reactants were completely surrounded by a nitrogen blanket. Three pyrolysis temperatures were
studied: 260, 420, and 650 °C. The choice of these temperatures was based on the plateau
temperature after each stage on the TGA scans. The furnace was heated to the desired
temperature, the reactants were then inserted and held at that temperature for 30 minutes. The
products generated from the pyrolysis were isolated as fast as possible and transferred to a glass

vial. The glass vial was then purged with nitrogen and stored in a desiccator for further analysis.

3.4. Mineralogy of the pyrolysis residue
The mineralogy of the pyrolysis residues was studied using the X-Ray diffraction (XRD)

technique. Due to the hygroscopic nature of the powders, each pyrolysis residue was analysed
individually (i.e., they were not loaded into the XRD instrument at the same time). Moreover,
the powder on the sample holder was covered with a piece of tape to prevent air from being in
contact with the powder which can potentially alter the mineralogical phase. The X-Ray tube
on the Bruker D8 Advance XRD instrument was operated at a current and voltage of 40 mA
and 40 kV, respectively and the analysis was performed in the 20 range 5 — 90°, step size of
0.02° with a scanning time of 1.7 sec/step. Qualitative interpretation of the XRD patterns was

performed using DIFFRAC.EVA V5.2 software which utilises the PDF-2 database.

3.5. Morphology and chemistry of the pyrolysis residue

The morphology and the chemistry of the pyrolysis residue were studied using scanning
electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS) techniques.

Powders generated from the pyrolysis were sprinkled on a stub covered with an adhesive
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carbon layer. Due to the poor electrical conductivity of the powders, they were coated with a
conductive layer of carbon with a thickness of 6 nm. Stubs with the powder on them were then
inserted into an FEI Quanta600 MLA SEM instrument where an electron beam with a spot size
of 5.0 and an accelerating voltage of 15.0 kV were used for the analysis. The choice of these
parameters generated an electron beam with a sufficient energy to perform EDS analysis which

allowed studying the chemistry of the generated crystals.

3.6. Thermodynamic simulation

The equilibrium amounts of the expected species during the pyrolysis in the temperature range
200 to 1000 °C were studied using FACT-SAGE 7.3 software. FACT-SAGE software
implements the Gibbs free energy minimisation method (Bale et al., 2016; Bale et al., 2002) to
calculate the amounts of chemical species when the specified compounds react partially or
totally to achieve a state of chemical equilibrium. The chlorine in PVC was added in the
simulation as gaseous HCI such that its molar amount was calculated from its stoichiometry in
the PVVC monomer. The carbon added to the system was based on the final char amount in the
crucible after the TGA experiments, while H> was assumed to constitute half of the 6.7% excess
mass loss from the de-hydrochlorination stage (6.7% over the theoretical HCI content). The
molar amounts of ZnFe>O4, HCI, H, and C were added based on their respective amounts in
the mixture prepared experimentally which gave the following molar values: 13.48, 107.9,
115.3, and 34.3 mol, respectively. The simulation was carried out in two stages: the first stage
extending from 200 to 430 °C which represents the de-hydrochlorination stage while the latter
extends from 430 to 1000 °C representing the polyene thermal cracking stage. In the second
stage, N2 gas was introduced to the system with an amount of 69.91 mol which serves as a
medium for mass transfer (volatilisation of formed chlorides). This amount was based on the

amount of gaseous emissions in the second stage (which were inert) and hence was substituted
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as N> to act as a medium for mass transfer. Products from the first stage were added to the

second stage except for gaseous ones which were assumed to escape from the reaction system.

The purpose of these calculations is to support the experimental observations obtained in the
pyrolysis residues and to help predicting certain chemical and physical processes (reactions,
volatilisation, etc.). This, in turn, makes the interpretation of the kinetic data easier since the

dominant chemical species and reactions are known versus temperature.

4. Results and Discussion
4.1. Thermodynamic speciation of ZF-PVC pyrolysis

The equilibrium amounts from the pyrolysis of ZF-PVC mixture are presented in Figure 1 (a)
and (b). From a temperature of 200 °C both ZnCl> and FeCl, appear in their solid form with a
complete absence of ZnFe2Os, ZnO, and Fe>Os (Figure 1 (a)). This suggests that ZnFe,O4 was
completely chlorinated yielding ZnCl», Fe2O3z and H2O(g). Fe203 is then immediately reduced
by H. to Fe?* bearing oxide (FesO4) which is then chlorinated into FeClz. Solid ZnCl, then
starts transforming into the liquid form at a temperature of 310 °C which subsequently starts
evaporating to the gaseous form at a temperature of 430 °C and becomes almost entirely present
in the gaseous form at a temperature of 630 °C (Figure 1 (b)). Liquid FeCly, in contrast, starts
appearing at a temperature of 680 °C and immediately starts volatilising above that temperature
until is entirely present in the gaseous form at a temperature of 880 °C. The carbon in Figure 1
(b) remains inert over the entire temperature range in the absence of any zinc or iron oxide

species.
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Figure 1: Thermodynamic simulation of the reactants/products from the pyrolysis of the ZF-PVVC mixture (32.5
wit% ZnFe;04) in the temperature window 200 — 430 °C (a) and 430 — 1000 °C (b).

Overall, the thermodynamic data suggests that ZnFe>O4, a major zinc source in EAFD, should

be completely removed and transformed into chloride forms of zinc and iron upon thermal

223



treatment with a stoichiometric quantity of PVC. The kinetic barriers contributing towards

selective zinc chlorination will be shown in later sections.

4.2. Experimental thermal behaviour of PVC and ZF-PVC mixture
The thermal degradation profiles of pure PVC and ZF-PVC mixture at different heating rates

are presented in Figure 2 (a) and (b). The decomposition of pure PVVC occurs in three stages,
while that of ZF-PVC follows four stages. The first two overlapped stages for pure PVC start
at a temperature of 272 °C and produce a mass loss of about 65%. These stages involve the de-
hydrochlorination of PVC through the evolution of HCI along with volatiles (Jordan et al.,
2001) and the evolution of small amounts of H> (Ye et al., 2021). The de-hydrochlorination of
PVC absorbs a large amount of energy which is evident from the large endothermic peak
extending from 250 to 320 °C (Figure 3). The occurrence of the de-hydrochlorination in the
form of a two overlapped stages for pure PVC is discussed in more detail in the kinetics section
4.3. At the end of these stages, most of the chlorine in the PVC was stripped out of the polymer
chain (Yu et al., 2016) and the remaining solid was reported to be a conjugated polyene

structure (Marcilla and Beltran, 1995).

Table 2: The mean particle sizes of PVC and ZnFe,O4 measured using the laser diffraction technique.

Material Mean particle size, um?
PVC 158.8 + 185
ZnFe;04 13.2+4.2

a: Mean + SD

When a stoichiometric quantity of ZnFe,O4 was added to PVVC, the onset de-hydrochlorination
temperature of PVC dropped appreciably to a value of 235 °C suggesting a catalytic effect of
ZnFe>04 on PVVC degradation. A similar effect was reported before by (Altarawneh et al., 2021)
for ZnO such that the addition of a stoichiometric quantity of ZnO resulted in an even larger

drop in the de-hydrochlorination onset temperature to a value of 214 °C (compared to 272 °C
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for pure PVC). Such behaviour for both ZnO and ZnFe;O4 can be attributed to the direct

reaction of these oxides with the chlorine atom in the PVC monomer forming metallic

chlorides/oxychlorides while simultaneously generating gaseous H>O. The mass spectrometric

data reported by (Zhang et al., 2000) of the emissions generated from ZF-PVC mixture is also

in line with the results presented here. In their work, H.O mass peaks were detected which can

be assigned to the chlorination of ZnFe>O4 by PVC. These chlorination reactions can be written

according to the following sequence:

ZnFe>04 + 2(C2H3Cl)n — 2(CoH2)n + ZnCl + H20 + Fez03 (16)
PVC — HCI + volatiles + Hz + polyene (Yeetal., 2021) @an
3Fe203 + Hz — 2Fe304 + H20 AG =-44.1 kJ/mol, T =250 °C (18)

Fe3O4 + 2HCl — FeCl2 + Fe203 + H20 AG =-43.0 kd/mol, T =250 °C (19)
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Figure 2: Thermal degradation of pure PVC (Altarawneh et al., 2021) (a) and ZF-PVC (32.5 wt% ZnFe;04)
mixture (b) at heating rates of 10, 30 and 50 °C/min and under a nitrogen flow of 100 mL/min.

Evidence for the chlorination reaction can be seen from the exothermic peak associated with
the ZF-PVC mixture (absent for pure PVC) as shown in Figure 3. Additionally, this exothermic
peak starts appearing at 227 °C which is much lower than the de-hydrochlorination onset
temperature of pure PVC suggesting a direct reaction of ZnFe;Os with PVC. Likewise, the
addition of ZnFe»O4 also changed the DTG signal drastically into a doublet peak such that the
first peak is associated with the direct reaction of ZnFe>O4 with PVC (H20 evolution) while
the second one is attributed to the normal de-hydrochlorination of PVC (HCI evolution) along

with H2O evolved from the reduction of Fe;O3 by H and its consecutive chlorination.
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Figure 3: TGA/DSC profiles of pure PVC and ZF-PVC (32.5 wt% ZnFe,04) under a nitrogen flow of 100 mL/min
and a heating rate of 10 °C/min.

The occurrence of Reactions 16, 18 and 19 is confirmed from the XRD patterns presented in
Figure 4 which are related to the pyrolysis residues of ZF-PVC at temperatures of 260, 420,
and 650 °C. At a temperature as low as 260 °C, ZnFe»Os, which is known for its chemical
stability (Havlik et al., 2006), was completely destroyed, and transformed into Lawrencite
(FeCly), Rokuhnite (FeCl2.2H20), and Hematite (Fe20s). This result is in agreement with the
thermodynamic data presented earlier. The presence of Fe Oz here and its absence in the
thermodynamics section might be assigned to kinetics whereby the reduction of Fe2O3 by H>
was not fast enough to make it completely disappear at 260 °C. This result is in agreement with
the work done by (Pineau et al., 2006) where at a temperature of 258 °C the reduction of Fe2O3
by H2 was very slow needing up to 500 minutes to reach a conversion of ~88%. The slow
reduction kinetics at low temperatures is also confirmed from the XRD data shown in Figure 4

where Fe>O3 is completely reduced and chlorinated only at a higher temperature of 420 °C.
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Despite the complete disappearance of ZnFe204 in the 260 °C pattern, no ZnCl peaks could
be detected. In a previous study conducted by (Altarawneh et al., 2021) for the co-pyrolysis of
ZnO with PVC, peaks of a-ZnClz, ZnCl>.1.33H.0 and Zn(OH)CI/Zn,OCl>.2H.O were
detected, however, with small intensities. ZnCl is also known to be a deliquescent material
which tends to dissolve itself in in-situ solution when a sufficient amount of water is absorbed
to the surface. In fact, (Altarawneh et al., 2021) reported that ZnCl> completely disappeared
and recrystallised in the form of Simonkolleite (Zns(OH)sCl2.H20) when exposed to the
atmosphere for long period of times (~ 6 hours). This means that at some point, ZnCl> dissolves
into an aqueous solution which upon saturation, recrystallises as Zns(OH)sCl..H20. Such

behaviour makes the detection of crystalline ZnCl; very difficult to achieve.

1 - Franklinite (ZnFez204) - card#: PDF 01-077-8658 ZnFe204
2 - Lawrencite (FeCl2) - card#: PDF 01-070-1634 ZF-PVC 260 °C
3 - Rokuhnite (FeCl2.2H20) - card#: PDF 00-025-1040 ZF-PVC 420 °C
4 - Hematite (Fe203) - card#: PDF 00-024-0072 ZF-PVC 650 °C
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Figure 4: XRD patterns of the pyrolysis residues of ZF-PVC (32.5 wt% ZnFe,O4) mixture under an inert (nitrogen)
environment for 30 minutes at different temperatures of (a) room temperature (ZnFe,O4 alone), (b) 260, (c) 420,
and (d) 650 °C.

The formation of ZnCl, however, can be confirmed from the SEM analysis at a temperature
of 650 °C (Figure 5). According to the thermodynamic simulation presented earlier, at a

temperature of 650 °C, ZnCl2 can only be present in its gaseous form. Such behaviour explains
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the absence of zinc upon EDS scanning of a large surface area of the pyrolysis residue at 650
°C for two minutes (Figure 5). The spectra presented under the maps in Figure 5 also shows
that zinc has almost zero counts per second suggesting a complete chlorination of ZnFe;04
followed by the evaporation of formed ZnCls. In Figure S7 in the supplementary material, it is
shown that ZnFe;O4 remains stable up to 900 °C. Hence, the only way zinc would disappear
from the SEM/EDS images, is that ZnFe>O4 was completely chlorinated and formed ZnCl, was
then volatilised. This result is in a good agreement with the thermodynamics section presented

above.

At 260 °C, incomplete chlorination of iron takes place which is evident from the Fe.O3 peaks
appearing in Figure 4 (pattern (b)). When the pyrolysis temperature is increased to 420 °C, all
Fe>O3 peaks disappear giving rise to FeCl, and FeCl2.2H.O peaks with higher intensities.
Contrary to zinc, the maps in Figure 5 show the presence of iron which is associated with
chlorine. Such a result is in line with the XRD pattern (d) in Figure 4 with peaks of both FeCl»

and FeCl,.2H20. This result also agrees with the thermodynamics data presented earlier.

The effect of temperature on the degree of chlorination of iron bearing compounds is important
for the optimisation and the proper selection of temperature to yield high zinc extraction while
simultaneously leaving iron in non-leachable form (oxide form). Further illustration on this is

presented in the Kinetics section 4.3.
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Figure 5: SEM/EDS scans of the pyrolysis residue of ZF-PVC (32.5 wt% ZnFe,O,) at a temperature of 650 °C
under an inert (nitrogen) environment for 30 minutes.
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The third decomposition stage for pure PVC extending from 400 to 520 °C is associated with
the thermal cracking of polyene formed from the de-hydrochlorinated PVC into volatiles such
as polyenyl aromatics, alkyl aromatics, and polyaromatics (Blazso and Jakab, 1999). About 6%
of the initial weight of the sample was left in the crucible which is characterised as char. The
formation of char is confirmed from its oxidation when PVC is heated under air showing a
large exothermic peak and a drop of the wt% to zero (Figure S2). Under pyrolytic conditions,

however, the cracking of polyene is endothermic as shown in Figure 3.

For a ZF-PVC mixture, the polyene thermal cracking stage extending from 400 to 540 °C
appears as a doublet. This is attributed to the simultaneous polyene thermal cracking and the
volatilisation of formed ZnCl». This is also evident from the heat flow signals appearing in
Figure 3 for ZF-PVC showing endothermic doublet which is absent in the case of pure PVC.
The evaporation of ZnCl in that stage has a large kinetic effect which will be discussed in the

next section.

4.3. Non-isothermal kinetics of PVC and ZF-PVC degradation
4.3.1. Kinetics of the de-hydrochlorination stage

In this section, the kinetic parameters associated with the de-hydrochlorination stage resembled
by the first two stages for both pure PVC and ZF-PVC mixture (Figure 2 (a) and (b)) are
presented. Figure 6 shows a comparison of the activation energy associated with the de-
hydrochlorination of pure PVC and ZF-PVC mixture at different conversion levels. The
activation energy for pure PVC de-hydrochlorination starts at 109.9 kJ/mol at a conversion of
0.004 and remains almost constant up to a conversion of 0.7 after which an increase to an
average value of 167.1 kJ/mol occurs at conversions of 0.8 —0.9. Such behaviour indicates that
two mechanisms control the degradation of pure PVC as presented in Table 3 where two
different reaction models (f (X)) could fit different conversion ranges. Initially, the truncated

Sestak and Berggren function f(X) = X(1— X)?'3 fits the experimental data in the
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conversion range 0.1 — 0.6 (all experimental data fitting are presented in the supplementary
material section 3). This type of function is considered an example of an auto catalytic model
(Vyazovkin et al., 2011). This agrees with the work done by (Starnes and Ge, 2004) where it
was confirmed that the de-hydrochlorination of PVC is auto catalysed by the emitted HCI from
PVC decomposition. At a conversion above 0.7, the decomposition becomes controlled by a
different reaction model f(X) = (1 — X)? which is also accompanied by an increase in the
activation energy. This could be assigned to the lean amount of HCI present at the end of the
de-hydrochlorination which ceases its catalytic effect. Overall, there is a great degree of
agreement between the average activation energy calculated in this work for the pure PVC de-
hydrochlorination at 122.6 kJ/mol compared to that calculated and reported in the ICTAC
kinetic committee recommendations (Vyazovkin et al., 2020) at 128.5 kJ/mol (both calculated
using Friedman model). This confirms the validity of the followed procedure for calculating

the kinetic data.

230
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Conversion, X

Figure 6: Iso-conversional activation energies associated with the de-hydrochlorination (first and second stages
for both pure PVC and ZF-PVC) in the conversion range 0.004 — 0.9 using Friedman model.
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The addition of a stoichiometric quantity of ZnFe,O4 to PVC resulted in a drastic variation in
the activation energy of de-hydrochlorination with conversion. The activation energy at X =
0.004 increased from 109.9 to 148.2 kJ/mol (Figure 6). This result means that the initiation
mechanism for the de-hydrochlorination of PVC significantly changes in the presence of
ZnFe>QOq4, such that for pure PVC, the de-hydrochlorination proceeds via the well-known zipper
elimination mechanism (Levchik and Weil, 2005) by which small amounts of HCI initially
evolves followed by the formation of labile allylic chlorine sites from which the decomposition
proceeds at a fast rate. When ZnFe;QOy4 is added, it abstracts chlorine directly from the PVC

monomer forming ZnCl, and Fe>Os, hence the change in the activation energy.

The catalytic activity of ZnFe>O4 can be shown in the schematic illustration presented in Figure
7 where the rate constant was calculated at the same temperature of 230 °C (503 K) for both
mechanisms A and B. The addition of ZnFe,O4 accelerated the de-hydrochlorination despite
the increase in the activation energy (Figure 7). It can be seen that the combined activation
energy and frequency factor at a temperature of 230 °C yielded a rate constant for ZF-PVC
mixture (mechanism B) 4.1 times higher than that associated with pure PVC with values of
0.016 and 0.0039 min* for ZF-PVC and pure PVC, respectively. Such a result supports what
was observed in the thermogravimetric scans where a drop in the onset temperature of the de-
hydrochlorination was seen when ZnFe.O4 was added to PVC. This also means that reaction
channelling towards mechanism B over A can potentially take place when low temperature

(e.g., 230 °C) is used in the ZF-PVC mixture.
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Figure 7: The de-hydrochlorination of PVC with and without ZnFe,O4 along with the kinetic parameters
associated with the de-hydrochlorination calculated at a temperature of ~ 503 K showing the higher rate constant
(k) for ZF-PVC mixture compared to pure PVC; equivalent conversion values for PVC and ZF-PVC at that
temperature at a heating rate of 10 °C/min are 0.00044 and 0.004, respectively.

From conversions extending from 0.03 to 0.1 (Figure 6) a significant drop in the activation
energy to a value as low as 88.9 kJ/mol is seen followed by a continuous increase reaching a
maximum of 218 kJ/mol at a conversion of 0.9. The drop in activation energy between
conversions 0.03 — 0.1 (corresponds to temperatures 237 — 243 °C) was previously reported by
(Altarawneh et al., 2021) for the co-pyrolysis of ZnO with PVC. This drop was assigned to the
decomposition of the formed Zn,OCl>.2H.0/Zn(OH)CI into ZnClz, ZnO and H,O (Altarawneh

et al., 2021), which was also reported in a simulation study conducted by (Ahmed et al., 2018).

An increase in the activation energy above a conversion of 0.2 can be assigned to the start of
normal PVC de-hydrochlorination, however, this time, in the absence of HCI due to its
capturing by FesO4 formed from the reduction of Fe2O3 by H». This can be confirmed from the
XRD patterns presented in Figure 4 showing large peaks of FeCl./FeCl2.2H>0 suggesting HCI
capturing. FesOg, in this case, works as a HCI scavenger, preventing HCI from catalysing the

de-hydrochlorination which is the reason behind the increase in the activation energy.

According to the evidence in literature (Pineau et al., 2006) on the reduction of Fe>Os3 by Hp, it

is believed that operating at low temperatures (230 — 235 °C) for the ZF-PVC mixture will
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result in iron being left in its stable form (Fe2O3), while simultaneously zinc is being

chlorinated into its chloride counterparts. This is because the reduction of Fe.O3 by H> was

found to be kinetically slow at low temperatures (Pineau et al., 2006).

Table 3: Kinetic parameters associated with the de-hydrochlorination of pure PVC (Figure 3) (Altarawneh et al.,

2021).
Conv KAS Friedman Linear model fitting
enrs;(() Activatio | Frequenc | Activatio Frequency | Activation | Frequency
' nenergy, | yfactor, | nenergy, | In(A.f(X)) factor, energy, factor, f(X)
kJ/mol In(A)? kJ/mol In(A)? kJ/mol In(A)?

0.1 118.2 25.03 116.9 23.52 24,74

0.2 116.0 24.53 110.9 22.59 23.37

0.3 114.3 24.14 107.0 21.88 22.48
04 1135 23.96 104.8 21.38 21.98
05 | 1126 | 2376 | 105.0 21.28 22.03 1105 2460 | X(1-x)%%
0.6 112.1 23.64 107.3 21.41 22.55
0.7 112.9 23.83 117.6 22.88 24.89 Transition region (no fitting)
0.8 125.2 26.62 167.7 31.54 36.28 158.3 32.65 (1-X)?
0.9 153.2 32.99 166.6 29.84 36.03

Aver 119.8 25.39 1226+ | 24.04+£3.65 | 26.04 +5.50 -

age® 12.4 2.83 24.2

a: Unit of frequency factor (A) is min

b: Average = mean + SD

Table 4: Kinetic parameters associated with the de-hydrochlorination of ZF-PVC mixture (Figure 3).

Conv KAS Friedman Linear model fitting
enr’s;? Activatio | Frequenc | Activatio Frequency | Activation | Frequency
nenergy, | Yy factor, | nenergy, In(A.f(X)) factor, energy, factor, f(X)
kd/mol In(A)? kJ/mol In(A)? kd/mol In(A)?
0.1 115.8 23.63 97.0 20.17 19.16 — — —
0.2 109.7 22.18 117.2 23.92 23.96
0.3 117.6 24.06 141.1 28.84 29.64
0.4 130.1 27.03 171.3 35.15 36.83
0.5 146.5 30.93 194.3 39.83 42.29
0.6 160.3 34.21 207.1 42.14 45.33 P
0.7 178.8 38.60 218.0 43.75 47.92 177.4 31.66 1-%
0.8 192.2 42.03 215.6 42.34 47.35
0.9 206.2 45.12 218.0 41.50 47.92
Aver | 150.8 £ 31.98 + 1755+ | 35.29+8.34 37.82 -
age® 335 8.00 43.89 10.43

a: Unit of frequency factor (A) is min

b: Average = mean £ SD

Despite the continuous increase in the activation energy for ZF-PVC, the de-hydrochlorination

experimental data for that mixture was fit using a second order reaction model f(X) =

(1 —X)? in the conversion range 0.2 — 0.9 (Table 4). The reliability of the kinetic data

associated with the de-hydrochlorination of pure PVC and ZF-PVC mixture can be confirmed
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by comparing the experimental rates with the rates calculated using the extracted kinetic

parameters (Figure 8). Clearly, a very good agreement between the model generated data and

the experimental data can be seen. The comparison was also performed at different heating

rates to confirm that the kinetic parameters can be used to predict reaction rates at different

temperatures.
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Figure 8: A comparison between experimental and model generated de-hydrochlorination rates of pure PVC (A)
and ZF-PVC mixture (B) at heating rates of 10, 30, and 50 °C/min in the conversion range 0.1 — 0.9 (kinetic data
from Friedman model).

4.3.2. Kinetics of the polyene thermal cracking stage

In this section, the kinetic parameters of the polyene thermal cracking stage for pure PVC and
ZF-PVC mixture are reported. The activation energy associated with the polyene thermal
cracking for both PVC and ZF-PVC is presented in Figure 9. The activation energy for the
polyene thermal cracking is significantly higher than that associated with the de-
hydrochlorination of PVC; it starts at 300.6 kJ/mol at a conversion of 0.004 compared with
109.9 kJ/mol for the de-hydrochlorination. Such a result is in agreement with the experimental
results where the thermal cracking of the polymer backbone takes place at the significantly
higher temperature of 422 °C compared to 272 °C for the de-hydrochlorination. The activation
energy then keeps dropping with conversion averaging at 205.8 £ 13.9 kJ/mol in the conversion

range 0.1 — 0.9. The rate of mass loss could be fitted with one reaction model (f(X) =
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3
2(1 — X)2) (Table 5) in the conversion range 0.1 — 0.9 which suggests that the process is

chemically controlled over the entire range.
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Figure 9: Iso-conversional activation energies associated with polyene thermal cracking (third stage for pure PVC
and third and fourth stages for ZF-PVC) in the conversion range 0.004 — 0.9 using Friedman model.

Table 5: Kinetic parameters associated with the polyene thermal cracking of pure PVC (Figure 3) (Altarawneh et

al., 2021).
KAS Friedman Linear model fitting
Activatio | Freque Activation Frequency Activatio | Frequenc
Con. n energy, ncy energy, |n(A_f()()) factor, nenergy, | Y factor, f(X)
versi kJ/mol factor, kJ/mol In(A)? kd/mol In(A)?
on, a In(A)?
0.1 256.2 41.56 226.7 36.66 36.37
0.2 235.7 37.95 211.1 33.67 33.62
0.3 227.9 36.58 230.5 36.58 37.04
0.4 219.6 35.12 192.6 30.04 30.36
0.5 212.5 33.87 208.2 32.24 33.11 201.8 3167 2(1 3_
0.6 208.8 33.21 200.0 30.64 31.66 ' ) X)z
0.7 205.8 32.69 198.4 30.00 31.38
0.8 202.4 32.09 1954 28.99 30.85
0.9 197.2 31.17 189.0 27.03 29.73
Aver | 2184+ | 3492+ | 205.8+13.9 31.76 + 32.68 +2.45 -
age® 17.7 3.11 3.14

a: Unit of frequency factor (A) is min!

b: Average = mean + SD
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The addition of ZnFe;O4 to PVC resulted in a drop in the activation energy for the polyene
thermal cracking stage. The initiation activation energy at a conversion of 0.004 was 153
kJ/mol compared to 300.6 kJ/mol for pure PVC. This suggests that the presence of different
chloride forms (FeCl./FeCl..2H20 and ZnCl;) can possibly alter the initiation mechanism
associated with the cracking of the polymer backbone lowering the activation energy. As the
reaction progresses, the activation energy increases to a value of 199.6 kJ/mol at X = 0.1 then
drops with conversion reaching an average value of 78.1 kJ/mol in the conversion range 0.3 —
0.9. Similar behaviour was previously seen in (Altarawneh et al., 2021) for the polyene thermal
cracking of a mixture of ZnO and PVC where the activation energy dropped to an average
value of 75.2 kJ/mol between conversions from 0.1 and 0.9. This drop in activation energy is
assigned to the volatilisation of ZnCl, in that temperature range. This is because physical
processes (e.g., volatilisation) are known to exhibit lower activation energies compared to
chemical ones. Since lumped activation energies are given using Equation 20 (Vyazovkin et
al., 2020) for multi-step processes (parallel processes), the evaporation of ZnCl; in the same
range of the polyene thermal cracking can greatly affect the overall value of the apparent

activation energy associated with the mass loss.

E = E1k1(T)f1 () +Ezko(T) f2(@)
« k1(T) f1(@)+ka(T) f2()

(20)

Where numbers 1 and 2 in Equation 20 represent two parallel steps. The thermal cracking for
3

ZF-PVC is controlled by a similar reaction model to that of pure PVC (f(X) = 2(1 — X)?2)

between conversions 0.1 and 0.2. However, from conversion 0.3 up to 0.8 the mass loss

becomes controlled by a first order equation (f(X) = 1 — X) (Table 6).

Table 6: Kinetic parameters associated with the polyene thermal cracking of ZF-PVC mixture (Figure 3)

KAS Friedman Linear model fitting
Activation | Freque | Activation Frequenc | Activation Frequency
Conv energy, ncy energy, In(A.f(X | Y factor, energy, factor, f(X)
ersio kJ/mol factor, kJ/mol ) In(A)a kJ/mol In(A)?
n, o In(A)?
0.1 182.2 27.92 199.6 30.96 30.94
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3
0.2 191.9 29.60 162.9 24.80 24.58 189.8 28.68 21— X3
03 167.6 25.39 99.2 14.54 13.53
0.4 142.1 20.97 66.4 8.93 7.84
05 117.6 16.72 62.1 8.03 7.10
0.6 105.7 14.66 75.1 9.92 9.35
0.7 99.7 13.62 83.2 10.94 10.76 76.90 11.16 I=x
0.8 95.3 12.85 84.2 10.70 10.93
0.9 93.3 1251 76.8 8.97 9.64 Did not fit in model
Aver | 1328+ | 1936+ | 101.0% | 1420+ | 13.85% _
age® 36.9 6.40 44.9 7.66 7.78

a: Unit of frequency factor (A) is min
b: Average = mean + SD

The reliability of the kinetic data for the polyene thermal cracking stage was checked by

comparing the experimental rate with the rate generated from the extracted kinetic parameters

(Figure 10). It can be seen that there is a very good agreement between the rate generated from

the extracted kinetic data (dotted) and the experimental rate at different heating rates. Making

the comparison at different heating rates show that the kinetic data is able to predict the reaction

rates at different temperatures.
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Figure 10: A comparison between experimental and model generated polyene thermal cracking rates of pure PVC
(A) and ZF-PVC mixture (B) at heating rates of 10, 30, and 50 °C/min in the conversion range 0.1 — 0.9 (kinetic
data from Friedman model).

5. Conclusions

In this work, the thermal behaviour, and the kinetic parameters of PVC degradation alone and
in the presence of ZnFe>O4 have been studied. The de-hydrochlorination of PVC resulted in a
complete conversion of ZnFe;O4 into its chloride species (ZnCl, and FeCl./FeCl2.2H20). Since
ZnFe204 is stable up to 900 °C, the formation of ZnCl> was confirmed from the disappearance
of zinc in the pyrolysis residue at 650 °C suggesting the complete chlorination of ZnFe,O4 and

the evaporation of formed ZnCl..

The addition of ZnFe>O4 catalysed the degradation lowering the de-hydrochlorination onset
temperature from 272 °C (pure PVC) to 235 °C (ZF-PVC mixture) despite the increase in the
initiation activation energy from 109.9 kJ/mol (pure PVC) to 148.2 kJ/mol (ZF-PVC). This can

be assigned to the increase in the frequency factor which compensated for the increase in the
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activation energy vyielding a higher overall rate constant at a lower temperature. The de-
hydrochlorination in the presence of ZnFe»O4 initially proceeds via a direct reaction between
ZnFe;04 with the PVC monomer eventually yielding ZnCl; and Fe2Os. Fe2Os is then reduced
to Fe3O4 by reacting with Hz from PVC degradation which eventually chlorinates to FeCl, and

FeCl2.2H,0 both of which were detected by XRD.

The kinetic data exhibited different energy barriers and frequency factors for different parallel
reactions. This, in turn, yielded different values of rate constant for different reaction pathways.
Such a phenomenon can be used to channel the chlorine in the PVC towards the direct
chlorination of ZnFe>O4 instead of it being released as HCI which would subsequently be
captured by FesOs (reduced from Fe2O3) to form FeClo/FeCl2.2H20. Moreover, since the
reduction of Fe-O3 by H> is kinetically slow, the chlorination selectivity of zinc over iron can
be maximised by operating at temperatures below 260 °C which would leave iron it its stable
form Fe>Os. The evidence in this study showed that Fe-O3 can be detected by XRD with the
complete absence of ZnFe>O4 when the pyrolysis was performed at a low temperature (260 °C)

suggesting that selectivity can be maximised with proper controlling of the temperature.

6. Future work

While the kinetic parameters extracted in this work can describe the thermal behaviour of PVC
and ZF-PVC accurately, in some cases they might not reflect the chemical/physical processes
fundamentally. The values reported here are lumped values which take into account several
consecutive/parallel processes. Moreover, to build a model for the kinetic effect EAFDs of
varying composition and chemistries on the thermal degradation of PVC, one needs to study
the kinetic effect of the other major EAFD components such as Fe>Os, Fez0a, PbO, and in some
cases MgO. Hence, in future work, the kinetic effect of the other major EAFD components

contributing to a model describing the overall effect of these components combined should be
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addressed. This, in turn, would reflect the effect of EAFDs with different chemistries world-

wide on the thermal degradation of PVC.

For now, the extracted kinetic data produced a very good fit when compared with experimental
reaction rate suggesting that the extracted kinetic parameters can be used to predict the thermal

behaviour of PVC and ZF-PVC at different temperatures.
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Appendix 4: A thermo-kinetic investigation on the thermal degradation of

polyvinyl chloride in the presence of magnetite and hematite
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Abstract

Electric arc furnace dust (EAFD) which is accumulated in large amounts world-wide contains
hematite (Fe-O3) and significant quantities of magnetite (FesO4). Waste polyvinyl chloride
(PVC) also poses a great environmental threat aside to accumulated EAFD. Both of these
wastes have shown a great potential for their co-thermal treatment for metal extraction, thus
minimising their environmental footprint. Herein, an investigation on the thermal degradation
behaviour, reaction products, thermodynamics and the decomposition kinetics of PVC and its
stoichiometric mixtures with FesOs and Fe»Os was conducted using non-isothermal
thermogravimetric scans. The Kinetic data suggests a significant increase in the average
activation energy of PVC de-hydrochlorination from 122.6 + 24.2 kJ/mol (pure PVC) to 177.0
+28.0 and 199.0 £ 77.0 kJ/mol when stoichiometric quantities of FezO4 and Fe.O3 were mixed
with PVC. The inhibiting effect of both FesO4 and Fe2O3 on the degradation of PVC might be
assigned to the capturing of emitted gaseous HCI which is known for its catalytic effect. This
result suggests that EAFDs containing both FezOs (in large amounts) and Fe2O3 can have an
inhibiting effect on the de-hydrochlorination of PVC resulting in longer processing times or

the requirement of higher processing temperatures for achieving reasonable reaction rates.

Keywords: PVC; Fes0a; Fe,Os; pyrolysis; iron oxide; non-isothermal kinetics
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1. Introduction

Economic development and advancement is accompanied by a rise in the rate of waste
generation [1]. Among a wide array of different industries, steel manufacturing can be
considered as one of the largest industrial sectors in terms of production rate. The global annual
crude steel production was 189 million tons in 1950 which increased to 850 and 1809 million
tons in 2000 and 2018, respectively [2]. Electric arc furnaces (EAFs) accounted for 28% of the
total steel production in 2018 [2]. This large production rate from EAFs is accompanied by
harmful emissions in the form of small particle size dust which is referred to as electric arc
furnace dust (EAFD). The overall hazard associated with EAFD lies in its large production rate
(1-2% of EAF steel charge) [3], the presence of toxic heavy metals such as Cd and Pb [3], and

the absence of a sustainable and an environmentally benign recycling route of the material.

Parallel to accumulated EAFD, there has been a significant increase in the generation rate of
plastic wastes due to its extensive use in all life applications [4]. Among thermoplastics,
Polyvinyl Chloride (PVC) is considered one of the most commonly used [5]. A simulation
study performed by Zhou et al. [6] suggests that in China alone, the accumulated PVC waste
will reach up to 600 million tons by the end of year 2050. The disposal of this waste has been
the concern of many environmental engineers. Conventionally, landfilling and incineration of
PVC are the most prevalent routes for disposal. Due to the stable nature of PVC [7], the former
approach can result in the indefinite accumulation of PVC in landfills. The latter, on the other
hand, results in the formation of hazardous emissions such as hydrogen chloride (HCI) and
chlorinated hydrocarbons (dioxins) [8-12]. The adoption of an incineration approach requires
finding a sustainable solution to the emissions that accompany decomposing PVC. This can
involve using resistive material for the construction of the handling equipment, or the co-
thermal treatment of PVC with other materials that can act as emission fixators [9, 12-14].

EAFD has been identified as an excellent candidate for the fixation of the harmful emissions
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evolved from decomposing PVC [4, 10-13]. Lee and Song [13], confirmed the formation of
zinc, lead, and cadmium chlorides upon thermal treatment with PVVC with recovery percentages
up to 96.2, 97.4 and 98.8% respectively. A series of papers published by Al-Harahsheh et al.
[10-12, 14, 15], tackled the metal extraction, kinetics, and thermodynamics aspects of the co-
thermal treatment of PVC with EAFD. The limitation of these studies is that they were unable
to elucidate the individual contribution of each metal oxide in EAFD to the fixation of
emissions as well as their effect on the kinetics of PVC degradation. Knowledge of the
individual kinetic effect of each metal oxide phase is important. This is because the chemistry
of EAFD can vary greatly from one site to another and from one country to another. Thus,
establishing a Kinetic database for the effect of each metal oxide present in EAFD on the
kinetics of PVVC degradation helps in making kinetic predictions for PVC decomposition mixed
with EAFD from different sources with different chemistries based on their mineralogical

composition.

In this study, we present a systematic non-isothermal Kinetic study of the thermal de-
hydrochlorination of PVC mixed with stoichiometric amounts of FesO4and Fe2Os; the former
is present in EAFD at high concentrations. The thermal scans were generated at different
heating rates which allows the calculation of the apparent activation energy, the apparent
frequency factor, and the apparent reaction model associated with the de-hydrochlorination
using model free methods. A detailed identification of the solid pyrolysis products of FezOa-
PVC and Fe-O3-PVC mixtures at different temperatures was undertaken using different solid

analytical techniques.

2. Materials and method
2.1. Thermogravimetric analysis and Differential scanning calorimetry

Fe304 and PVC powders were obtained from Sigma-Aldrich, while Fe.O3 was obtained from

Fisher scientific. Fe3O4 and Fe>O3 powders had purities of 99.99% and 99.999%, respectively.
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Iron oxide-PVC mixtures were prepared based on the stoichiometric amount of HCI in the PVC
monomer to fully chlorinate Fe3O4 and Fe O3 into their corresponding chloride forms (FeCl:
and FeCls for Fes04 and FeCls for Fe203). Hence, mixtures of 31.6 and 29.9 wt% of FezO4 and
Fe>O3 with PVC were prepared. The instrument used for the simultaneous TGA/DSC analysis
was a SDT Q600. Before the analysis, an experiment with an empty sample holder (ceramic
crucible) was performed to produce a baseline for the heat flow signal. Accurate amounts (10.7
+ 0.39 mg (Fe30s-PVC) and 10.3 £ 0.49 mg (Fe20s-PVC)) were loaded into the ceramic
crucibles and the thermal analysis was performed under a nitrogen flow of 100 mL/min.
Different heating rates of 10, 30 and 50 K/min for PVC and Fez04-PVC were used. For Fe;Os-
PVC, however, heating rates of 5, 10, and 30 K/min were used. This is because the 50 K/min
accentuated the effect of a certain parallel reaction resulting in a larger mass loss at 50 K/min
thus preventing the usage of model free kinetic approach. The temperature range used in the

analysis was 25 to 900 °C.

2.2. Pyrolysis of iron oxides-PVC mixtures

A sample of 0.32 £ 0.0075 g of each mixture was loaded in a 4 mm diameter quartz tube. The
powder was pre-purged with nitrogen (purity: 99.9992%) for at least 15 minutes to allow the
formation of a nitrogen blanket around the reactants, after which the flow was held at ~5
mL/min. The pyrolysis temperatures were 400, 550, 650, and 850 °C for Fe304-PVC and 400,
600, and 850 °C for Fe>O3-PVC. The different temperature choice for each mixture was made
because of their distinct TGA profiles such that each temperature resembles a plateau after
every stage. The reactants were loaded into the furnace and were held at the desired temperature
for 30 minutes. The pyrolysis products were taken out of the reactor, purged with nitrogen, and

stored in a desiccator for further analysis.

2.3. Mineralogy characterisation
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The pyrolysis residues were characterised using X-Ray Diffraction (XRD). Due to the
hygroscopic nature of the generated powder, the sample was covered with plastic tape during
the analysis to prevent it from being exposed to the ambient atmosphere. The analysis was
conducted on a Bruker D8 Advance XRD machine. The mineralogy of the generated phases
were studied in the 26 range of 5 — 90° at a step size of 0.02° with a scan time of 1.7 sec/step.
The radiation source was Cu ka and the X-ray tube was operated at a current and voltage of 40

mA and 40 kV, respectively.

2.4. Morphology and chemistry characterisation

The pyrolysis residues were characterised for morphology and chemistry using FEI Quanta600
MLA scanning electron microscope (SEM) coupled with energy dispersive spectroscopy
(EDS). A small amount of the pyrolysis residue was sprinkled on a stub covered with a carbon
adhesive layer. Powders on stubs were coated with an 8.2 + 1.4 nm layer of carbon to enhance
the electrical conductivity during the analysis to prevent electron charging. The operating
conditions of the SEM instrument were: spot size of 5.00 and an accelerating voltage of 15.0

kV.

2.5. Particle size analysis

Since the particle size can have an impact on the contact surface area between reactants, the
particle sizes of the materials used in this work were measured. The instrument used for the
analysis was the Beckman Coulter LS13320MW laser diffraction analyser with an Aqueous
Liquid Module (ALM). The particle size was measured for the as received materials used in

this work (PVC, Fes0s, and Fe203) and are reported in Table 2.

2.6. Thermodynamics simulation

Due to the presence of a large amount of possible reduction reactions, the interpretation of the
kinetic data becomes easier with the presence of thermodynamics data. FACTSAGE software

package was used to calculate the change in the Gibbs free energy associated with the relevant
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reactions during the course of PVC degradation in the presence of FezOs and Fe;Os in the
temperature window 20 — 1000 °C. Based on this data, one can know if a certain reaction lies

majorly forward or backwards (i.e., its equilibrium status).

3. Non-isothermal kinetics and modelling
3.1. Kinetic rate equation

In non-isothermal kinetics, the mass of the sample is monitored while being heated at a fixed

heating rate B. The loss/gain in mass is represented by the conversion («) which is given by:

Mo— M
a = Mo— My 1)

Where M, is the initial mass%, M is the final mass%, and M is the mass% at any time ¢.

The rate (r,) of mass loss/gain is thus represented by the derivative of the conversion with

respect to time (‘;—i‘) which is given as the product of the temperature dependent rate constant

k(T) and the temperature independent conversion function f («) [16]:

ra = = k(). () 2)
The rate constant dependency on temperature can be described by the Arrhenius function:
k(T) = Aexp (;—5) ©)

In which, A is the frequency factor in min, E is the activation energy J/mol, and R is the

universal gas constant (8.314 J/mol .K).

The general expression of the conversion function is given by the empirical equation introduced

by Sesték and Berggren [17]:

fl@)=a™1-a)"[-In(1-a)]? (4)
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Such that, m, n, and p, are empirically obtained exponents, and different combinations of them

yield different reaction models [18]. Substituting the values of f(a), k(T), and the heating rate

p = Z—: in Equation 2, we obtain the following equation:

ra_da _ _exp( ) (@™(1- @)"[-In (1 — a)]?) (5)

Equation 5 shows the derivative form of the rate equation. By rearranging and integrating both

sides, we reach at the integral form:

da TA -E
(CZ) J‘0 am(1-a)"[-In (1-a)]? ~ “To Eexp (E) daT (6)

The most reliable techniques that are able to track the variation in the apparent activation

energy and the frequency factor with conversion are the model free kinetic methods [19, 20].

3.2. Calculation of the activation energy
3.2.1. Model free kinetic methods

Model free methods rely on the principle that at a fixed conversion level, the rate of degradation
is a function of temperature only [18]. This can be visualised by taking the logarithmic

derivative of Equation 2 with respect to the reciprocal of temperature at a constant conversion

[18]:
aln dlnf (a) aln(k(T)] _ “Ea
] -, ¢ 5 =g "

Equation 7 tells us that knowledge of the iso-conversional activation energy can be achieved

without assuming any reaction model, hence comes the name model-free [18].

3.2.1.1. Differential model free method

The Friedman method [19] utilises the differential form (Equation 5) of the rate equation with

slight adjustment to the following form:
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In (ﬁ ‘;—j)a’i =In (‘;—‘:)a = In(Af (a) (8)

At a specific conversion at a certain heating rate, specific values of in (d ) and are obtained.
Hence, a plot of in ( ) agalnst— at a minimum of three different heating rates, yields a straight

line with a slope of Fa from which the apparent activation energy is calculated.

3.2.1.2. Integral model free method

Instead of performing the integration on the conversion function from 0 to a, performing it on
small segments between «, and a, (such that a; — a, = 0.02) allows numerical integrations
to be performed accurately. A numerical integration method was applied by Ortega [20] leading

to the following final equation:

in (TlljiTo) =ln (F(al)/jF(ao)) N R;s:vg (9)

Such that F(a) is the indefinite anti-derivative of ) and T, and T, are the temperatures

corresponding to conversions a, and a;, respectively. T,,,, is the average temperature and is

given as follows:

T1+T,
Tavg = 12 : (10)

Using thermograms recorded at a minimum of three different heating rates, a plot of in (T B‘T )
0

11—

against

y|elds a straight line with a slope of — from which the apparent activation energy

av,

can be calculated.

3.3. Calculation of the frequency factor using the compensation effect

This method relies on the principle that values of In(A4) and E, whether they are correct or not

are linearly correlated [21]. This relation can be built by fitting the experimental rate data to
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different reaction models f(a) (differential) or g(a) (integral). In this case, Equation 11 was

used and hence the differential form f(«) of the reaction model was used.

da 1 E
n (E%) = ln(A) ~ T (ll)

The most common reaction models are presented in Table 1. When a set of In (A) is obtained
against a set of E, these values are plotted against each other. The mathematical formula of the

linear regression line should correspond to this equation:
In(A); =aE; +b (12)

Such that, a and b are constants, while [n(A); and E; are each value generated using each
reaction model. When the compensation chart is built, iso-conversional values of E, obtained
from the model free methods mentioned earlier can be substituted in Equation 12 to extract
their corresponding iso-conversional values of [ n(A),. More elaboration on this method is

presented in detail in Vyazovkin [21].

3.4. Prediction of the reaction model f(a)

Extracting the mathematical formula of the reaction model for complex mass loss where many
concurrent and sequential reactions are taking place is difficult. Since apparent activation
energy and frequency factor are reported here, the reaction models reported for the de-
hydrochlorination stage with and without Fe3Os and Fe2Os will also be apparent ones.
Rearranging the intercept I, = In(Af (a)) generated from the Friedman model to Equation 13
allows calculating the value of f(a) at each conversion level. The value of [nA, can be

substituted from those obtained from the compensation effect presented above.

f(a) = exp (Io — InAg) (13)

The calculated f(a) values are then plotted against conversion with all the reaction models

shown in Table 1 thus allowing tracking the change in f(a) with conversion. A schematic
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diagram showing how the f () function was predicted by combining the Friedman model and

the compensation effect is presented in Figure 1.

dgta fitting Table 1 against conversion
intercept

[ f(@) = exp(lq—In(4)) }

1, obtained from
Friedman model [ Plot f () functions in ]

Intercept from
Friedman model:

I =In(Af(a))

Rearrange

Frequency factor
from compensation

effect (In(4))

Calculated f(a) at
— different conversion

levels

Figure 1. A schematic diagram showing how the f(o) model is predicted using a combined Friedman-
compensation effect approach.

Table 1: The most important kinetic models in the differential f(«) and integral g(a) forms [22].

No. | Symbol | Kinetic model | f(a) | g(@)
Chemical process
i 2
1 Fus One-third order %(1 B a)% 1-(1-a)s
3 1
2 Faa Three-quarters order 4(1 - )3 1—(1—a)
3 -1
3 Far One and half order 201 — )2 A-a)7 —1
4 F2 Second order (1-a)? A-a)yt-1
i 1 —a) 22—
5 F3 Third order 5(1 _ ) 1-a) 1
th 1 _ -+l _
6 Fn n" order,n>1 — -y (1-a) 1
Acceleratory rate equations
7 Par Mampel power law % a_Tl a;
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8 P12 Mampel power law 2 q3 e
9 P13 Mampel power law 3a§ a%
3 1
10 P14 Mampel power law - o
11 P1 Exponential law a Ina
Sigmoidal rate equations
12 | Ag, F1 | Avrami-Erofeev equation 1-a) —n(1-a)

255



13 Az

Avrami-Erofeev equation

wiN

3 1
> (1= a)(=In(1 - a))3 [-In (1 - a)]
. P 1 1
14 A Avrami-Erofeev equation 2(1 — a)(—In(1 — a))2 [~In (1 — a)]2
. p 2 1
15 Az Avrami-Erofeev equation 3(1 — a)(=In(1 — a))3 [~In (1 — a)J3
. P 3 1
16 Ay Avrami-Erofeev equation 4(1 - @)(~In(1 — )% [~In (1 — a)]2
17 A, | Prout-Tomkins equation a(l—a) ln[ * ]
l1—«a
Phase boundary reaction
18 | Ri, Fo, | Power law (1-a)° a
P1
19 | Ry, Fi2 | Power law 2(1 — a)% 1-(1- 0()%
20 | Rs, Fas | Power law 3(1— a)s 1-(1- a)é
Diffusion mechanism
21 D Parabola law 1 a?
E(X
22 D, Valensi equation [-In (1 — )]t a+(1-a)ln(l—a)
23 Ds | Jander equation 3 2 117! 172
E(l_“)3[1_(1_“)3] [1—(1—@3]

4. Results and discussion

4.1. Thermal behaviour of PVVC and iron oxides-PVC mixtures

4.1.1. Thermal behaviour of pure PVC pyrolysis

The TGA and differential thermogravimetric (DTG) profiles of pure PVC degradation are

presented in Figure 2 (A). PVC decomposes following three degradation stages. The first two

overlapped stages having an onset temperature of 272 °C and a mass loss of 65% are mainly

attributed to the de-hydrochlorination of PVVC and the emission of gaseous HCI [23]. However,

a portion of this loss is also associated with the evolution of H> [24], benzene, toluene, and

other hydrocarbons [25]. This accounts for the increased mass loss above the theoretical

content of HCI (58.3 wt%) in the PVC monomer. After the first two stages, the PVC chain is
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almost entirely stripped from its chlorine content [25]. The reaction describing the first two

stages might thus be written as follows:

(—CH,—CHCI—CH;—CHCI—)n = (—HC=CH—CH=CH—), + 2HCI D
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Figure 2: TGA/DTG profiles of pure PVC (A), Fes04,-PVC (31.6 wt% Fes0.) (B) and Fe;O3-PVC (29.9 wt%
Fe,03) (C) degradation under a nitrogen flow of 100 mL/min and at a heating rate of 10 K/min.

258



The solid residue left after the first two stages is polyene [23]. Formed polyene sequences then
start degrading at 423 °C (third stage) into unsubstituted aromatics, alkyl aromatics and solid
char [26]. H2 has also been reported to evolve from this stage as well [24]. The third stage could

be written according to the following chemical reaction [24]:
Polyene - Hy + volatiles + char 2

A residual mass of about 6% remains in the crucible after the thermal cracking of the PVC
backbone, which as mentioned earlier, is characterised to be char [26]. Both the PVC de-
hydrochlorination and the polyene thermal cracking stages show endothermic events with the

former showing larger one (Figure 3, peaks 1 and 4).

Table 2: The mean particle size of the feed materials used in this work before any processing (e.g., mixing,
tumbling etc.).

Material Particle size, um
PVC 158.8 + 18.5
FesO4 31.7+£5.0
Fe203 36.6 +4.8
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Figure 3: TGA/DSC profiles of pure PVC, Fe304-PVC (31.6 wt% Fe;0.), and Fe;O3-PVC (29.9 wt% Fe;0s)
under nitrogen flow of 100 mL/min and a heating rate of 10 K/min.

4.1.2. Thermal behaviour and reaction products of Fes04-PVC pyrolysis

The addition of a stoichiometric amount of Fe3O4 to PVC resulted in a significant change to
the thermogravimetric profile of the PVC degradation. The decomposition of the Fe304-PVC
mixture follows five degradation/reduction stages, instead of three as in the case of pure PVC

(Figure 2 (B)).

The first stage starting at 274 °C is attributed to the de-hydrochlorination of PVC (HCI
evolution) and the emission of H.O from the chlorination of FesO4 (Reaction 3) [24]. It is
evident from the profile presented in Figure 5 (D) that the chlorination of FesO4 by HCI is
thermodynamically favourable where it shows negative Gibbs free energy values up to a
temperature of 580 °C. The profiles presented in Figure 3 suggest that the addition of Fez04 to

PVC did not significantly affect the onset de-hydrochlorination temperature. However, this
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addition did hamper the decomposition speed thus creating higher stability than in the case of
pure PVC. Further evidence of this hampering effect is presented in the Kinetic section 4.2.1.

The chlorination reaction can be written as follows:

Fe304 + 2HCI > FeCl> + Fe20O3 + H.O, AH = —108.0 kJ/mol at T =300 °C 3)

Despite the exothermic nature of this reaction, no exothermic peak was detected from the DSC
measurement (Figure 3). This can be assigned to the highly endothermic nature of PVC de-
hydrochlorination which could mask the exothermic chlorination event (Figure 3, peak 1).
Nonetheless, the chlorination of FesO4 by HCI is confirmed from the XRD pattern presented
in Figure 4 for the pyrolysis of the Fe3O4-PVC mixture at different pyrolysis temperatures. It
is clear that the iron chloride species appears in the hydrate form (Rokuehnite; FeCl2.2H,0)
with low intensity peaks, while no Lawrencite (FeCl,) peaks can be seen at 400 °C (Pattern B).
However, as the temperature of the pyrolysis increases to 550 and 650 °C, more prominent
peaks of FeCl,.2H20 are seen and the peaks associated with FeCl; start to appear showing very
high intensity at 650 °C (Figure 4, Pattern D). The formation of FeCl, was also detected under
the SEM for the 650 °C residue where FeCl» crystals appeared in the form of thin cylindrical
discs (Figure S1 supplementary material). These discs could not be seen in the residue at a
temperature of 400 °C which agrees with the absence of FeCl peaks in the 400 °C XRD pattern
in Figure 4. In the works performed by Kanungo [27] and Louvain et al. [28] the de-hydration
behaviour of FeCl2.4H>0 was studied. Kanungo [27] reported that the de-hydration takes place
in three steps where two water moles are lost in the first step followed by losing one mole in
each of the following steps such that the material is completely de-hydrated at a temperature
of 183 °C at a heating rate of 6 °C/min under flowing nitrogen. A similar behaviour was
reported by Louvain et al. [28] whereby the mass loss associated with the de-hydration of
FeCl..4H20 was completed at about 180 °C under nitrogen and at a heating rate of 5 °C/min.
Louvain et al. [28] even managed to isolate FeCl,.2H>0 and exposed it to a thermogravimetric
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scan. In that work [28], FeCl».2H20 showed a clear mass loss which peaked at 134 °C. Such a
mass loss can potentially be also assigned to the de-hydration. Hence, the peaks associated with
FeCl2.2H>0O appearing at high temperatures in Figure 4 can potentially be regarded to the
hydration of FeCl; present in the post pyrolysis residue; the increased amount of FeCl,.2H.0
with temperature can be attributed to the increased amount of formed FeCl> which is then

hydrated.

Reaction 3 suggests that aside to the formed FeCl», hematite (Fe-O3) should also be seen in the
400 °C pattern (Figure 4, pattern B). The absence of Fe>O3 peaks in Figure 4 is attributed to
the direct reduction of Fe2Oz into Fe3O4 by the emitted H: gas during the de-hydrochlorination
stage according to Reaction 4. This reaction shows a negative Gibbs free energy over the entire
temperature range suggesting that it is thermodynamically favourable. Moreover, the reduction
of Fe.O3 by H> was previously reported to take place at a temperature as low as 218 °C,

however, it showed slow kinetics up to 309 °C [29].
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Figure 4: XRD patterns for the pyrolysis of Fez0-PVC mixture (31.6 wt% Fe30.) at different temperatures.
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In the second stage ranging from 410 — 440 °C (Figure 2 (B)), polyene sequences decompose
to form char, volatiles, and Hz [24]. In the presence of Fe30a4, (CO)x was reported to form as
well [24]. In stage 3 (440 — 520 °C), formed char, Hz, and CO (from reduction) can then
partially react with FesO4 to form small amounts of FeO which is then partially reduced into
a-Fe according to reactions 15, 17, 20, and 22. The peaks of both FeO and a-Fe can be seen
in Figure 4 (Pattern C) confirming these reactions. The thermodynamics of these reactions,
while being endergonic (0 < AG), they can still be driven forward since AG has small positive
values of 14.5, 2.5, 23.8, and 45.1 kJ/mol at a temperature of 460 °C for reactions 15, 17, 20
and 22, respectively. The positive value of AG also explains why the peaks of FeO and a-Fe
are very small as these reactions are majorly directed backwards. In literature, the in situ XRD
analysis performed by Pineau et al. [30] also suggested the possibility of the co-existence of
Fe30s, FeO, and Fe for the reduction system of FesO4 under H: in the temperature window 390
— 570 °C. This temperature range overlaps with the range reported here. After that, the
reduction of FeO to Fe by CO (reaction 24) is thermodynamically possible up to a temperature

of 550 °C leading to the formation of a-Fe.

The overlapping between polyene cracking and the partial reduction of Fe3Os is reflected in

the thermal data as DTG and heat flow doublets (Figures 2 (B) and 3).
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Figure 5: The change in the Gibbs free energy for the major chlorination and reduction reactions (4 — 28) occurring
during the thermal degradation of PVC in the presence of Fe3O4 and Fe;Os.

3Fe;03 + Hy — 2Fe304 + H20 4)
Fe,03 + Ho — 2Fe0 + H,0 ®)
Fe203 + H, — 2Fe + H20 + O (6)
3Fe,03 + CO — 2Fe304 + CO, @)
Fe;03 + CO — 2Fe0 + CO, (8)
2Fe,03 + CO — 4Fe + CO; + 2.50, 9)
3Fe;03 + C — 2Fe304+ CO (10)
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Fe203 + 0.5C — 2FeO + 0.5CO: (112)

Fe203 + C — 2FeO + CO (12)
Fe,03 + 3C — 2Fe + 3CO (13)
Fe,03 + 1.5C — 2Fe + 1.5CO; (14)
FesOs + H2 — 3FeO + H20 (15)
FesO4 + 4H2 — 3Fe + 4H,0 (16)
Fe304 + CO — 3FeO + CO; (17)
Fe3O4 + 2CO — 3Fe + 2C0O, + O, (18)
FesO4 + 2C — 3Fe + 2CO; (19)
Fe304 + 1/2C — 3Fe0 + 1/2CO» (20)
Fe3O4 + 4C — 3Fe +4CO (21)
Fe3O4 + C — 3FeO + CO (22)
FeO + H, — Fe + H,0 (23)
FeO + CO — Fe + CO> (24)
FeO + 0.5C — Fe + 0.5CO; (25)
6Fe;03 + C — 4Fe304 + CO2 (26)
FeO + C — Fe +CO (27)
3Fe + C — FesC (28)

In the temperature range 575 — 615 °C, a mass loss of about 4.0% can be seen (Figure 2 (B)).
In that range, the reduction of FesO4 by char starts yielding FeO according to reactions 20 and
22. The change in the Gibbs free energy for these reactions is close to zero in that range at 7.4
and 16.3 kJ/mol for reactions 20 and 22, respectively suggesting that FesO4 and FeO can co-
exist and hence FeO peaks intensity increase. However, released CO from reaction 22 can then
react with FezO4 and transform it further into FeO at higher temperatures (650 °C) such as that
seen in Figure 4 Pattern D with the thermodynamically favourable reaction 17 (Figure 5 (C)).
The formation of FeO in large amounts is confirmed from the intense XRD peaks (Figure 4,

pattern D). This reduction is also associated with the appearance of a sharp endothermic heat
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flow in Figure 3 (peak 10). This endotherm is in line with the thermodynamics data since the

enthalpy change for reactions 20 and 22 are +104.0 and +189.9 kJ/mol, respectively.

A further increase in temperature in the range 655 — 750 °C yields another mass loss of about
9.9% (Figure 2 (B)). At that point, formed FeO is reduced to a-Fe by char as shown in reactions
25 and 27. Both reactions 25 and 27 are almost at equilibrium (AG = 3.6 and 3.7 kJ/mol) at a
temperature of 700 °C which suggests that a-Fe should start appearing alongside FeO. The
results in the XRD, however, were collected at 850 °C, a temperature at which the presence of
a-Fe is more favoured which explains the large a-Fe peaks. This mass loss is accompanied
with a very large endothermic peak (Figure 3 peak 11) which is in agreement with the enthalpy
change of reactions 25 and 27 at +65.8 and +151.3 kJ/mol, respectively at a temperature of 700
°C. A similar mass loss was reported by Ye et al. [24] for a Fe3O4-PVC mixture in which both
CO and CO; gases where detected by a mass spectrometer in that temperature range. This is in
line with reactions 25 and 27 containing CO and CO> as products. The formation of a-Fe is
shown in Figure 4 Pattern E and is also confirmed in the SEM/EDS maps and spot analysis

presented in Figure S2.

A portion of the formed a-Fe then reacts with the residual char to form cementite (FesC)
according to reaction 28 which is thermodynamically favourable above 820 °C. FesC peaks are

clearly shown in the XRD pattern (Figure 4 Pattern E).

4.1.3. Thermal behaviour and reaction products of Fe.O3-PVC pyrolysis
The TGA/DTG profiles of the Fe,O3-PVC mixture (29.9 wt% Fe,Oz3) are presented in Figure

2 (C). The degradation follows six stages instead of three and five as in the cases of pure PVC
and Fez04-PVC, respectively. The initial large mass loss (first three stages) is attributed to the
de-hydrochlorination of PVC starts at about 275 °C with a mass loss of 41.0%. This mass loss
is also associated with the evolution of H>O along with HCI. In the work done by Zhang et al.

[31] it was reported that H>O fragments start to appear in a mass spectrometer connected to a
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Fe203-PVC mixture at a temperature of about 277 °C. This H,O emission can be related to the
reduction of Fe,O3 by H> (Reaction 4) into Fe3O4 and the subsequent chlorination of formed
Fe304 by HCI into FeCl, (Reaction 3). The occurrence of these reactions is confirmed from the
XRD patterns presented in Figure 6 (Pattern B) where peaks of both FeCl2.2H,O and Fe3O4

can be seen.
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Figure 6: XRD patterns for the pyrolysis of Fe203-PVC mixture (29.9 wt% Fe,05) at different temperatures.

When the temperature increases up to 600 °C, peaks of FeCl, start to appear and this
temperature increase also results in a significant increase in the intensity of FeCl2.2H,O XRD
peaks. Likewise, it is believed that more FeCl> is formed at higher temperatures (which could
be attributed to enhanced chlorination kinetics) after which it is hydrated into FeCl,.2H>O when
cooled down. The increase in the peak intensity of FeCl..2H,O can also be seen in the SEM
scans of the pyrolysis residue of Fe2O3-PVC at 600 °C which confirm the growth of a large
Monoclinic crystal of FeCl,.2H>0 (Figure 7). Spot analysis of this crystal is presented in Figure
S3. The spot analysis shows atomic percentages of 37.6, 37.8, and 24.6% for iron, oxygen, and

chlorine, respectively suggesting their co-existence in one crystal. The deviation from the
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theoretical percentages present in the FeCl2.2H,O molecule is due to contamination of the
crystal by other minerals which is clearly shown in the secondary electron image of this crystal
(Figure S4). The presence of crystals of this size in the 600 °C residue and their absence in the
400 °C residue explains the huge increase in the intensity of FeCl2.2H,O with temperature in

the XRD patterns (Figure 6).

HV |Spot WD | Mag | Sig - 20.0um
15.0 kV| 5.0 13.0 mm|2175x|BSE

SE/BSEe}
«

Figure 7: (A) Back scattered image of a large Monoclinic crystal of Rokuehnite (FeCl,.2H.0) along with EDS
mapping formed in the post pyrolysis residue of Fe;O3-PVC mixture at 600 °C and (B) Monoclinic crystal lattice
of Rokuehnite (FeCl..2H,0) obtained from Crystallography Open Database (COD) and graphed using VESTA
software [32, 33].
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The de-hydrochlorination of PVC in presence of Fe>Os showed an endothermic peak (Figure
3, peak 2). The intensity of this peak is much lower than that seen for pure PVC. This could be
assigned to the exothermic nature of the reduction of Fe>O3z by H2 occurring in the same

temperature range resulting in a flatter endotherm.

The fourth and fifth overlapped stages extending from 415 to 512 °C (Figure 2 (C)) are
associated with the simultaneous polyene thermal cracking and the reduction of Fe>Os into
Fes04 and FeO. The reduction into FesO4 occurs according to reactions 4, 7, 10, and 26 all of
which have a negative AG in this temperature range. In these reactions, Hz, Cs), and CO react
with Fe;O3 to form FesO4. The formation of FeO, in contrast, is majorly attributed to the
reduction of Fe2O3 by gaseous H» and CO as shown in reactions 5 and 8 which are spontaneous
in this temperature range. The reduction by C) can also contribute mildly to the formation of
FeO in that range as well (reaction 11). All of these reactions are endothermic in this
temperature range except reaction 7. The heat flow from these reactions can be seen in the
endothermic doublet (peaks 5 and 6) appearing in Figure 3 such that the former peak is
associated with polyene thermal cracking while the latter is associated with the reduction

reactions.

After stages four and five, the residue does not contain Fe>Os anymore, and FeO peaks started
to appear (Figure 6, Pattern C). The final stage (sixth stage) extending in the temperature span
630 — 740 °C and showing a mass loss of 11.6% is associated with the carbothermic reduction
of FesO4 and FeO. Fe304 is reduced to FeO according to reactions 20 and 22 which show values
of AG that are very close to zero after which they shift to negative values with increase in
temperature. A portion of FesO4 might also be reduced directly into Fe following reactions 19
and 21 (showing small positive AG values). The reduction of FeO by Cs) shown in reactions
25 and 27 have very small positive AG suggesting that FeO can transform into Fe. CO emitted
from the reactions above can also reduce Fe3O4 to FeO and FeO to Fe as shown in reactions 17
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and 24 where the former exhibit negative AG values in that range while the latter has very small

positive (close to zero) AG.

This stage is accompanied by a large endothermic peak (peak 9, Figure 3) and the formation of
a-Fe is clearly seen in Figure 6 (Pattern D). Having an endothermic heat flow in Figure 3 is in
line with the thermodynamics data in which all these reactions exhibit a positive AH except for
reaction 24. The reactions suggested here that are associated with the sixth stage are in a very
good agreement with the results reported by Zhang et al. [31]. In that work, large peaks of CO
and CO- appeared on a mass spectrometer in the same temperature range for a mixture of
Fe203-PVC [31]. Finally, formed a-Fe reacts with excess char to form FesC (Figure 6 Pattern

D) according to reaction 28.

4.2. Non-isothermal pyrolysis Kinetics
4.2.1. De-hydrochlorination kinetics of pure PVC, Fe30s-PVC, and Fe;O3-PVC

In this section, stages one and two for pure PVC, stage one for FezOs-PVC and the first three
stages for Fe;O3-PVC will be referred to as the “de-hydrochlorination stage”. The usage of
three different heating rates allows the calculation of the apparent activation energy using the
model free approach. The de-hydrochlorination stages for PVC, Fe304-PVC, and Fe;03-PVC

at different heating rates are presented in Figures 8 (A), (B), and (C), respectively.
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Figure 8: The de-hydrochlorination of pure PVC (A), Fe304-PVC (31.6 wt% Fe30.) (B), and Fe;03-PVC (29.9
wt% Fe,O3) (C) under nitrogen flow of 100 mL/min and different heating rates.

All the decomposition profiles in Figure 8 (A), (B), and (C) show a systematic lateral shift to
a higher temperature at a fixed conversion level with an increase in the heating rate. Such a
behaviour allows the utilisation of the iso-conversional principle mentioned earlier (section
3.2) for the determination of the apparent activation energy. Data obtained from these curves
were fitted in the conversion range 0.1 — 0.9. Kinetic data fitting for PVC and its mixtures with

Fes04 and Fe2O3 are presented in the supplementary material (Section 2).

The kinetic parameters associated with the de-hydrochlorination of pure PVC under an inert

environment (N2) are presented in Figures 9 (A) and (B).
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with the de-hydrochlorination of PVC (first two stages in Figure 2 (A)).
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Clearly from Figures 9 (A) and (B), a great agreement of the apparent activation energy and

frequency factor calculated from Friedman (differential) and Ortega (integral) methods can be

seen. The activation energies associated with the de-hydrochlorination of pure PVC in the

conversion range 0.1 — 0.9, averaged at 122.6 + 24.2 and 125.1 + 22.8 kJ/mol calculated from

Friedman and Ortega models, respectively. An insignificant variation in the value of the

2
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activation energy in the conversion range 0.1 — 0.7 is observed suggesting a single controlling

mechanism in that range.

Figure 10 shows some of the conversion functions (lines) along with data points generated for
f () using the model free kinetic parameters (Equation 13; dots) at different conversions. For
pure PVC, the f(a) obtained from the model free parameters (squares) overlaps with the
reaction model “C” given as f(a) = 3.7a(1 — a)? in the conversion range 0.1 — 0.6 (Figure

10).
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Figure 10: A plot of the reactions models presented in Table 1 against conversion and the corresponding f(a) values generated for the de-hydrochlorination stage of pure PVC,
Fes04-PVC and Fe,03-PVC using iso-conversional data (mechanism “C” is f(a) = 3.7a(1 — a)?).
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At a conversion of 0.7, experimental f(a) becomes very close to F> model and then overlaps
with Fz at a = 0.8 and 0.9. Previously [34], linear data fitting approach was used and the best
fit obtained for PVC de-hydrochlorination was achieved using f(a) = a(1 — @)?13 in the
conversion range 0.1 — 0.6 (A model very similar to the one obtained here from the model free
Kinetic data). The reaction model reported in this work (Figure 10) follows the truncated form
of the Sestak and Berggren [17, 18] which is also known as the extended Prout-Tomkins model
(f(a) = a™(1 — a)") [18]. The truncated Sestik and Berggren model is considered an
example of an auto-catalytic model [18]. This agrees with the fact that the de-hydrochlorination
of PVC was characterised as an auto-catalytic process where released HCI was found to
contribute to accelerating the de-hydrochlorination process [35]. This effect eventually
disappears which is evident from the increase in the activation energy at 0.7 < a along with the

change in the reaction model towards mechanisms F> and Fs.

The addition of a stoichiometric amount of Fe3O4 to PVC (31.6 wt% Fe304) resulted in a
significant increase in the apparent activation energy for the de-hydrochlorination Figures 11

(A) and (B).

277



240

] (A) —o—Friedman
220
—=—-0Ortega
© 200
E
~
s ]
. 180
>\ r
=
c
S 160
c
°
S 140
s /
)
(&)
<120 g
100 | . . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Conversion, a
50 50
: (B) —e—Friedman In(A)
45 | —=—0rtega In(A) F 45
1 —A—Friedman In(Af(a))
F 40
40 <~ — & >
1 F 35
<35 30
=
) F 25
30 X
] F 20
’ J
1 F 15
20 ' ' ' ' ' ' ' ' ' 10
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Conversion, a

In(Af(c))

Figure 11: The apparent activation energy (A) and frequency factor (B) (unit of A and Af(a) is min™) associated
with the de-hydrochlorination of Fe304-PVC (first stage in Figure 2 (B)).

At a conversion of 0.1, the apparent activation energy starts at a value that is very similar to

that seen for pure PVC at 114.5 and 113.0 kJ/mol calculated from Friedman and Ortega,

respectively. However, at lower conversion values associated with the initiation of the de-
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hydrochlorination (a = 0.004), the activation energy for Fe304-PVC mixture is much higher
than that of pure PVC at 204.2 kJ/mol (Fe3s04-PVC) compared to 109.9 kJ/mol (pure PVC) at
the same conversion. This suggests that a significant change in the initiation mechanism of the
de-hydrochlorination has taken place when FesOs was added to PVC. As the reaction
progresses above 0.1, a significant increase appears in the activation energy with it
subsequently reaching a value of 191.0 kJ/mol at a conversion of 0.5 compared to 105.0 kJ/mol
for pure PVC (Friedman) at the same conversion. Judging from the XRD and SEM data
presented in earlier sections, the change in the apparent activation energy can be assigned to
the capturing of released HCI by FesO4 to form FeCl, which can prohibit the auto-catalytic
effect of HCI on the degradation of PVC. In this case, FesO4 works as a HCI scavenger which
can fully or at least partially prevent the emitted HCI from forming polyenyl cation radicals
which have been shown to be necessary for increasing the decomposition rate (Figure 12 (A))
[35]. Such an effect can translate in the form of an increase in the activation energy. A
mechanism illustrating the inhibiting effect of FesO4 in capturing emitted gaseous HCI is

presented in Figure 12 (B).

(A)

de-hydrochlorination initiation
Cl Cl Cl Cl
| A |

| JIHC |
HC—C—C=C—C=C—C—CH; ——— H;C—C—C=C—C=C—C—CHy —— Polyenyl cation radicals
H H H
(Polyenyls)

Polyenyls
Labile allylic chloride site
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chH Cc H Cc H Cl Cl Cl Cl Cl Cl Cl
| |
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Figure 12: (A) Auto-catalysis mechanism of PVC de-hydrochlorination suggested by Starnes and Ge [35] and (B)
The role of Fe3O4 in inhibiting the catalytic activity of HCI.

The complexity of the degradation of Fes04-PVC mixture can be seen from the continuous
shift of the reaction model from one mechanism to another (Figure 10; triangles). Such
behaviour can be assigned to the occurrence of many concurrent/sequential mass losses during
the de-hydrochlorination where f(a) overlaps with more than one mechanism below a = 0.4
then settles at values close to F> model between 0.4 < a < 0.9 except for a« = 0.6 where it

overlaps with D;.

Fe>O3 showed a larger impact on the apparent activation energy of PVVC de-hydrochlorination
compared to FesO4. Likewise, the initiation activation energy increased from 109.9 to 215.1
kJ/mol when Fe>Os was added (a@ = 0.004). The variation of the apparent activation energy
and frequency factor for Fe2Os-PVC de-hydrochlorination are shown in Figures 13 (A) and
(B). Due to very poor data fitting at « = 0.8, the kinetic parameters at that conversion were not

included.

280



400 -

1 (A —e—Friedman
350 ————
5 ] —=—0Ortega
2 z/
~ 250 1
5 ] / \
@ 200 ] P
c ]
(@) 1 \ /
c 150
S "
S 100
3 :
< 50 §
0 A r r r r
0 0.2 0.4 0.6 0.8 1
Conversion, a
110 120
1w (B)__—__ —e—Friedman In(A) 110
90 —=—0Ortega In(A) 100
80 “—Friedman In(Af(a)) 90

In(A)

In(Af(a))

§§ N\ :
[ A\

- 7 N\
/ \¥ _—
V

20 30

10 20

0 r r r r 10
0 0.2 0.4 0.6 0.8 1

Conversion, o

Figure 13: The apparent activation energy (A) and frequency factor (B) (unit of A and Af(e) is min™) associated
with the de-hydrochlorination of Fe2O3-PVC (third stage in Figure 2 (C)).

The apparent activation energy changes greatly with conversion starting at 112.9 kJ/mol at a
conversion of 0.1 and reaching a maximum of 311.5 kJ/mol (Friedman) at a conversion of 0.5.
It is believed that the capturing of emitted HCI by the FesO4 formed from the reduction of Fe;O3

can affect the value of the activation energy. This is because HCI was reported to catalyse the
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de-hydrochlorination [35]. This can be confirmed by the prominent XRD peaks of FeCl, and
FeCl..2H20 seen in Figure 6. The apparent reaction model describing Fe.O3-PVC de-
hydrochlorination is best described by mechanism Fs between 0.4 < a < 0.9 except for a =
0.7 (A4 model had a better fit). Different reaction models described the degradation below a =

0.4.

To compare the effect of Fes04 and Fe>O3 on the de-hydrochlorination rate of PVC, the effect
of the frequency factors shown in Figures 9, 11 and 13 must also be taken into account. This is
achieved by comparing the rate and the rate constant for each system against the conversion at

fixed temperatures of 250 and 300 °C (Figure 14).
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Figure 14: de-hydrochlorination rate (B) and (D) and rate constant (A) and (C) calculated using data from
Freidman model of pure PVC, Fe;04-PVC (31.6 wt% Fes0.), and Fe;0s-PVC (29.9 wt% Fe,0s) at different
conversion levels and at constant temperatures of 250 and 300 °C.

It is clear that the addition of both Fe304 and Fe2O3 to PVC yields a drop in the rate of mass
loss associated with the de-hydrochlorination stage as shown in Figures 14 (B) and (D). Since
the decomposition of Fe304-PVC and Fe>O3-PVC mixtures exhibit high activation energies,
they can be described as strongly temperature dependent. Hence, it can be seen that the
difference in the degradation rate between pure PVC and Fe30s-PVC/Fe;03-PVVC becomes
smaller when the temperature is increased from 250 to 300 °C. This is evident from the
behaviour of the rate constant presented in Figures 14 (A) and (C), where, for instance, at a
conversion of 0.5, the rate constant for pure PVC degradation is 17.8 and 35.5 times that of
Fe304-PVC and Fe203-PVC at 250 °C while it is 3.0 and 0.52 times the rate constant of FezO4-
PVC and Fe;O3-PVC at 300 °C. This means, at high temperatures, the activation energy barrier
is overcome, and the high frequency factor associated with the de-hydrochlorination of FezOs-
PVC/Fe;03-PVC compensates for their high energy barrier leading to higher reaction rates.

The reliability of the extracted kinetic data can be confirmed from comparing the mass loss

rates calculated from the kinetic parameters extracted here with the experimental rates (Figure
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15). An excellent agreement between experimental and model generated rates of de-

hydrochlorination can be seen in Figure 15 for the three different systems (PVC, Fez04-PVC,

and Fe>O3-PVC). Presenting the data in Figure 15 at different heating rates was done to confirm

that the generated kinetic parameters from Friedman model can produce correct mass loss rate

values at different temperatures. The results in Figure 15 suggest the reliability of the kinetic

parameters at temperatures in the vicinity of the temperatures used to generate these profiles.
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Figure 15: de-hydrochlorination experimental rates against the rate calculated using Kinetic data obtained from
Friedman method for Pure PVC, Fes04-PVC, and Fe;O3-PVC at different heating rates.

The thermo-kinetic study presented in this work provide answers to essential questions
regarding the effect of individual components of EAFD (FesOs and Fe;Os) on the
decomposition kinetics of PVC. This work is part of an ongoing study addressing the effect of
each EAFD component on the degradation kinetics of PVC. Previously, the effect of ZnO and
ZnFe204 on the degradation kinetics of PVC was considered [34, 36]. The overall objective is
to establish a kinetic database based on which the reaction rates of PVC with EAFD from
different plants/countries with different mineral composition can be predicted. The utilisation
of the kinetic parameters presented here contributes greatly to the optimisation of the co-
thermal treatment of EAFD-PVC mixtures by selecting the optimal reaction temperatures
which should make a balance between reaction times and process economics. Further
investigation needs to be performed on other EAFD constituents such as litharge/massicot

(PbO) under pyrolytic conditions. At the end, all these studies combined should be collected in
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one work and a simulation study based on these parameters should be made to predict the

kinetic effect of EAFD with different chemistries on PVC degradation.

5. Conclusions

This work reports the thermo-kinetic behaviour of PVC in the presence of FezOs (a major
EAFD component) and Fe;Os. The chlorination of FezO4 at a temperature of 400 °C was
confirmed by the XRD peaks of FeCl2.2H,0. Despite the fact that the chlorination of Fe2O3 by
HCI is thermodynamically unfavourable, the presence of reducing agents (such as H) during
the de-hydrochlorination transformed Fe>Os into FesO4 which was then chlorinated into FeCl»
which was evaporated when the temperature was increased up to 850 °C. Performing the
pyrolysis of Fez04-PVC and Fe203-PVC at a temperature of 850 °C yielded elemental iron a-
Fe, suggesting that PVC can also be used as a reducing agent aside to being a source for

chlorination.

The thermogravimetric scans under pyrolytic conditions (N2) were used along with the model-
free methods of Friedman and Ortega to calculate the kinetic parameters associated with the
de-hydrochlorination of pure PVC and its mixtures with Fe3O4 and Fe2Oz. The extracted Kinetic
data suggests that both Fe3O4 and Fe>Oz have an inhibiting effect on the de-hydrochlorination
of PVC resulting in a significant increase in the value of the apparent activation energy along
with an insufficient increase in the frequency factor. This, in turn, results in lower values of the
overall rate of degradation for these mixtures compared to pure PVC at the common PVC

pyrolysis temperatures of 250 and 300 °C.
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