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Abstract

Herein,the underpinning mechanisms associated with the microwave thermal treatment
of electric arc furnace dust (EAFD) with polyvinghloride (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 wheltethermal 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 i eaVigy

by means of usingmall cylindrical samples witta 4 mm diametemlong with the
correct positioning of the sliding short circuit such that the electric or magnetic field
was solely pasgd through the sampleHeating experiments suggests that ZnO,
ZnFeOs, FeO4, and graphite arthe major phases that contribute to the microwave
heating of EAFD with ZnO having the highest heating ¢atg7 °C/s)among zinc and

iron bearing oxides. Moreover, only 4§82 and graphite heated in the magnetic field
suggesting the possibility of seleai heating of these phases by tinécrowave

magnetidield maxima.

The nonisothermal kinetic analysigerformedon thethermogravimetric scarts metal
oxides/PVC mixturesuggests a catalytic activity for both ZnO and Z@zen which

both were found toeact directly with the PVC monomer resulting in a drop in the de
hydrochlorination onset temperature from 272 to 214 and°€3%espectively. The
resulting products from this interaction is majorly zinc in its water soluble chloride form
(ZnCl) which sygests 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



ZnFeOs while leaving iron m its stable oxide form (E©s), the pyrolysis should be
performed at temperatures as low as 235. This is because the presence of parallel
reactions with different energy barriers results in reaction channelling favouring the
chlorination of zinc while the resulting #&s remains untouched due to its slow
reactionkinetics with Hz in that temperature randee., iron remains as stable-Bg

instead of transforming to active 4&»).

The reaction of 4 and FeOs (after reduction to R©4) with PVC was found to
occur by reacting with gaseous emitted H@htrary taZnO and ZnFgD4 which react
directly with the PVC monomeiThe onset ddnydrochlorination temperature of PVC
was thus not affected when PVC was mixed witkCzeand FeOs. The capturing of
the emitted gaseous HCI resulted, however, in slowing the rateheofde
hydrochlorination stage since HCI is a known catalyst for PV@ydkochlorination
whichwas seen in the form of an increase in the activation eregpciated with that

stage.

Combining the observations from both an electromagnetic and kinetpep#ve, it is

believed that utilising microwave energy can result in a fast selective heating of zinc
bearing oxides over iron bearing compounidss, in turn, would allow PVC in contact

with ZnO and ZnFgD4 to heat at a faster rate leadingcttannding the chlorination
reactionstowards zinc oxidesyhich enhances thehlorinating selectivity, especially

that all the chlorine will be as:beforeact ed

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 (BAfsount for more than 30% of

steel manufactured global[jt]. From these furnaces, quantities ofil@0 kg of EAFD is
generated for every 1 ton of produced sf2plThe huge production volume of steedukts 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 arf@]Cdencethe 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 shooldexceed 2500 tonnes (at any one time) for

a period that does not exce#tttee 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. RecyclEdd 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 neferrous species. In the case of excess levels offeroous species,

recycling can induce many problems sucls
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1. Increasing energinput requirements for reduction reactions.

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

3. Some of the nofflerrous elements can be retained in the molten steel bath which results
in the formation of steel of undesirable chemistry witiechanical and physical

properties that do not meet specifications.

Pyrometallurgical treatment of EAFD relies on the difference in the vapour pressure of ferrous
and norferrous species resulting in the selective volatilisation offeaious species, lgang

iron in the residue. The most commonly applied pyrometallurgical technique for the treatment
of EAFD is the Waelz proce§s-7]. In this process, metal oxides in EAFD are reduced at high
temperatures (1160200 C) to their elemental forms resulting in a selective evaporation of
nonferrous 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 leasf&8]6%
Moreover, thgrocess is extremely energy intensive, and it requires complicated and expensive

dust/gas filtration systenj9].

Much research has been devoted to the extraction of zinc from EAFD using hydrometallurgical
techniqueg10-14]. The main forms in which zinc is present in EAFD are zincite (ZnO) and
franklinite (ZnFeOy) [15]. The extraction of zinc from ZnO is not problematic by any of the
hydrometallurgical échniques. ZnE©4, 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 dé#uohing iquor

with other impurities which complicat¢he 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 halogen#asticpwith a
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production and consumption amounts of 61 and 38.5 million tons, respectively if1Z(.13

In 2020, the plastic converters demand of PVC in Europe was 4.7 million[18hsA
simulation study19] estimated that in China alone, the amount of accumulated PVC 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 challerig@]. In the past, the landfilling and incineration

of PVC were the most prevalent disposal routes. In recent years, however, land&sing
become increasingly difficult due to the strict regulatiomposed by the Environmental
Protection Agency (EPA) and the scarcity of landfill sj&. Incineration,s alsodeemedn
unsuitable disposal method due to the harmful emissions during pyrelysisas hydrogen

chloride and chlorinated hydrocarbongfdns) [22, 23]

Thethermal treatment of EAFD with halogenated plashias gained an increased attenfn

15, 21, 24, 25]This is because the metal oxides present in EAFD are able to capture emitted
HCI from the pyrolysis of PV(as well agheirability to supress soe of the organic emissions
resuling from the thermal cracking of the polyni@6-32]. Aside to the fact that EAFD is able

to captureacidic emissions from halogenated plastics, it was also reporteddgraAhsheh et

al. [20, 24, 25]that valuable metals such as zinc and lead can be extracted by the leaching of
the postpyrolysis residug of EAFD and PVCThis, in turn, makes the g¢bermal treatment
option of EAFD with PVC an excellent candidate to mitigate their environmental footprint,
while simultaneously enabling the extraction of valuable metals; ttleecmal treatment of
EAFD with halogenated pliss have been done using both conventi¢d4) 25, 3335] and

microwaveenergy[20, 36]

Evidence in literature (sections331.3 and 3.4.4) shows a significant variation in the
chemistry and mineralogy of EAFD from one courttyanother and from one plant to &émer.

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 gieadlyd 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 differlatremagnetic 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 ofrttegor 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 PVC during their thermatreatment. 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 researchioégesere set:

1. Extract the dielectric properties of the major EAFD constituents and PVC under a broad
temperaturgangeto use them in an electromagnetic model. This model was then used
to be able tointroduce the samples to separated microwave electdcnaagnetic
microwavefields.

2. Study the interaction of the major EAFD constituents presented by ZnO;@nFe
FeOs FeOs PbO, CaC@ SiO, and Graphite with separated electromagnetic
microwave fieldgelectric and magnetic) to test the possibility for selectively heating
magnetic components such ags®£n the microwave magnetic maxima. This, in turn,
can potentially contribute towards ingming the chlorination selectivity by oxidising

FesO4 back to stable BE©:s.
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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 mic and iron bearing compounds present in EAFD: ZnO, 204 &e0s3,
and FeOs. 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 andir 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 implemésd the objectives to produce an output which meets the project

alms:
' N\ 4 Studying the dielectric I i ] ]
Understanding the properties of individual Papgr 1: “Microwave selecnye heating of
interaction of EAFDs with EAFD components and electric arc furnace dust constituents toward
different chemistries to identifying their interaction sustainablt.: recycling: C(.mtn'bution of
electromagnetic microwave with separated electric and electric and magnetic fields”
fields \_ magnetic microwave fields /
\ / / Extracting kinetic data \ - T
4 ) (activation energy, frequency ﬁper 2 “Therma_l delgradatlon kmetllcﬁ
Knowledge of PVC factor and reaction model) N OfPOI’)”Vlﬂyl chloride in presence of zinc
decomposition rate mixed associated with PVC I oxide
with different EAFDs with degradation in the presence of ) ]
different chemistries Zn0, ZnFe,0,, Fe,0,, and Paper" 3: _“T.hennt}dyr}amlc, pyrolytic,
\_ - \ Fe,0;. / and kinetic investigation on the thermal
decomposition of polyvinyl chloride in
Identification of reactions’ '\ d Calculating ﬂlelmodynamics\ the presence of franklinite”
sequence, mechanisms and data of chlorination and w L L
solid products from the reduction reactions along Paper 4: “A thermo-kmletlc 1nvest1g.atlon
reaction of PVC with major with a comprehensive on thf: thf:rmal degradation of polyvinyl
zinc and iron bearing characterisation of solid chloride in the . .
components in EAFD \_ reaction products D resence of magnetite and hematite

Figurel: 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 partlod electromagnetic spectrum occupying its lower
frequency end with frequencies ranging from 300 MHz to 300 G@4% This range of
frequencies is divided into three main bands: ditigh frequency UHF (300 MHE 3 GHz),
superhigh frequency SHF (B 30 GHz) and extremely high frequency EHF (3800 GHz)

[38]. An image showing the electromagnetic speutrsi presented iRigure?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

3108 3109
Frequency

(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
Figure2: Electromagnetic spectrum from low (radio) frequency to high (gamayefrequency38].

There are a set of frequencies allocatadridustrial, scientific, and medical (ISNurposes

This is due to the versatile usagg#smicrowave radiation in different applications such as
power transmission, radar, and communication which can be affected by the waves generated
in the ISM regior{39]. Microwaves can be utilised for heating in many industrial sectors such

as food processing, wood drying, treatment of plastics and rubbers, and ceraheatpre

[40]. It has many advantages over conventional heating, such as providing higher heating rates,
uniform heating, reduction in harmful emmss, smaller equipment size, and selective heating

[37, 40, 41]
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There are three types of materials adowy to their interaction with microwaveBigure 3)

[42]. Transparent materials, also known as low loss materials, allow microwaves to pass
through without absorbing enerd3]. Conductors are materials which prevent microwaves
from penetrating through causing them to reflect off the external sy#faj;evhile absorbing

materials are those which dissipate microwave energy afi3dat

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

Figure3: Interaction of microwaves with different types of materjdB).

In the following sections, microwave heating mechanisms, dielectric propertietheind

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 thect®t 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 eledteld resulting in the formation of what is called
induced dipole$44]. Induced dipoles are a result of electronic and atomic polang4iq.

Here, we will focus on polar dielectrics; materials containing permanent dipoles such as water.

These materials have an asymmetriarge 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 rotati¢d7]. The alignment of the molecules (dipoles) with the
field is called the polarisation and is denoted ashich is a measure of the displacement of

charge inside the materidigure4).

oy

Figure4: Movement of a permanent dipole when exposed to an external electri@tiafoted fronj45]).

The molecular alignment does not occur instantaneously, instead, molecules show some inertia
which is a function of the molecular size, temperature and viscosity of ¢aéum [46].

Because of this inertia, the polarisation vedtdags the external electric fieldwhich makes
the polarisation currert- have a component with the electric field, thus generating heat in the

material. The power dissipated in the material from this mechanism is gij#f|:as

~ ~

0 -0 0 JAT-O (1)

Such thatd is the average power dissipated in the mateé@al, is the amplitude of the

electric field,0  is the amplitude of the polarisation vectbris the angular #quency, and
— is the phase angle betweenandO. Hence, ifd is in phase witfO, the value of— will be

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

Thedegree of a mateci awdsedesploactr ito fai enid
dielectric permittivity: real permittivity ( U 8 ) imaginady permittivity( U $§48].) Thereal
permittivity represents the charge polarisation ability of the material, whilentaginary
permittivity represent how much of the stored energy is dissipated apiied8, 49] These

two parameters are linked together through the conpeexittivity as follows[50]:
- -> 7Q> > (2)
WhereQ W p.

For a liquid medium with permanent dipoles, the Debye migdgiwas able to describe the

real andmaginary parts of Equation 2 mathematicaty/follows:

-> ->

3

e (4)

Where- isthe permittivityat low frequency; is thepermittivity at high frequency, antlis

the relaxation time, defined as the time needed fmolecule to change orientation from one

equilibrium position to another. TH4lamdel axat

was given as follows:

T — ()

Where:¢ is the viscosity of the mediurh,is the radius of rotating dipol&® i s Bol t z mann

constant, andlis the temperature in Kelvin (K).
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Equations 3 and 4 show that ttealandimaginay permittivitiesdepend on the frequency of
microwaves and the type of material. For a certain material with fixed properties, the behaviour

of R andr >with frequency of an electromagnetic wave is shown qualitativeéiyguareb.

A

£ and €

Frequency, f

Figure5: The dispersiomf thereal and imapary permittivitieswith electromagnetic frequency (adapted from
[44]).

To find the frequency at whide imaginary permittivittshows a maximum value, we take

the derivative of > with respect to and equate it witzero[51]:

— T (6)

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

maximum loss factor iebtained51]:

17 - (7)

Equation 7 suggests thataximum-> s obtained in the material when the frequency of a

microwave equals the reciprocal of the relaxatione of the permanent dipoles of this
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material. Substituting Equation 7 in Equatidand 4 weobtain the values at andr >ata

maximum loss factdi51]:

> >
->1 z

(8)

2 > >

> )

At a maximumimaginary permittivity thereal permittivityhas a value equals the average

value ofR >andr >

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 heatingodeledtrical 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. Masramics, in contrast, heat by this mechanism only

at high temperaturgd7]. This is because, at elevated temperatates)s in the lattice become
thermally excited obtaining sufficient amount of energy to leave the lattice in the form of ions
[52, 53] Theimaginary permittivityassociated with conduction loss mechanism is given as

follows [50]:

-> > — (10)

Where,, is the electricatonductivity of the material and is the permittivity of free space.
Equation 10 suggests that tmeaginary permittivity from the conductioeffectis 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 magnetif47]. The two main mechanisms associated with

microwave magnetic heating are magnetic hysteresis and eddy currents.

2.2.4.1 Magnetic hysteredisss

Electricity and magnetism are related to one another. The spinning of electrons araund the
own axis and around the atomic nuclei is equivalent to an electric current which, in turn,
produces a magnetic mom¢s4]. 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 mal[gbhet i c
When eyosed to an external magnetic field, the magnetic moments in these domains align to
the same direction and the material becomes magng&5¢din order to demagnetise the
material, an opposite direction magnetic field is needed and a magnetisatieresig loop is

formed[47]. The magnetisation hysteresis loop is showrRigure6.

-~
M

.

L )

—

-M

v

Figure6: Magnetisation hysteresis loop for a magnetic material inside an alternating magnetihéieddvl and
H are magnetisation and magnetic field intensity, respectively (adaptedsBsHm
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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 coraplpermeability is defined §S0]:
C> Qs > (11)

Such that the real permeability represents thmat er i al 6s abil ity to s
as magnetisation, while the imaginary permeability) ¢s the ability to release this energy as

heat[47].

2.2.4.2 Eddy current®ss

According to Faradayodés | aw, whenever a chang
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 a@er@hting microwave

magnetic field, circular densely packed currents are formed in the material which are referred

to as eddy current&igure?).

B(t)

Taday = =
SR _r_# R
A 1
-~ 7

z

Figure7: 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:

o0 —— (12)

27



Where0 is the power dissipated per unit volum¥éjs the radius of the disk, aril is the

intensity of the magrie 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 he cross product of the electric and magnetic fields:

Qe (WImd) (13)

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

the surface ardd4] which may be written g$7]:

0 BO O (14)

Where(Qis an infinitesimally smalhrea. Equation 14 coupled withMagw | 6 s equati on

to the final equation describing the power dissipation in the mafé4dial

0 1-->>0 o (15)

WhereO s the root mean square of the intensity of the electric fieis the volume of the

material, and> > is the effective loss factor which accounts for the contribution of different

heating mechanism togetHdf7]:

S>> -> > > > (16)

In case of magnetic dielectric materials, Equation 15 shouhddaiied to the following form

given in[44]:

0 1-->>0 w 1" ‘>>0 a7)
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Where' > > is the effective permeability loss factor, is the permeability of free space, and

‘O 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 permittivityiglgctric materials) and permeability

(magnetic materials).

2.4 Microwave measurement and heating equipment

2.4.1Microwave nmeasurementechnique

Here, only the cavity perturbation measurement technique will be discdgssdechnique
relies on measurg an electromagnetic signal in a resonant cavitly and without a sample
inside it. The main advantages of this technique are theoaiact measurement type and the
requirement of a very small power input (power level of approximately 1 [B8}) Other
advantages of this technique are the requirements of a verysamglle size and the possibility
to perform the measurements at high temperatures above @00/, 50] Most cavity
perturbation systems are composed of cylindrical cavities containifgba standing
electromagnetic wave used for the measurements. The resonant frequency asfdctoe Q
inside the cavity are initially measured with an empty samplgehol'he Gfactor is given as

[44]:

v ¢ (18)

This means, the smalldre Qfactor is, the more energy is dissipated in the sample. Afterwards,
the sample is loaded in the sample holded then the sample holder and the sample are
inserted into the resonant cavity. The shift in the resonant frequen€afd the changmm

the Qfactor value are used to calculate ttwmplex relative permittivityaccording to the

following equation$59]:

29



TP b by —— (19)
JT0 Qg —— — (20)

Such thatp is the $ order Bessel functiomyg is the root i of the F'order Bessel function,

W is the volume of the cylindrical cavity) is the volume of the cylindrical sampl&is the
resonant frequency of the unloaded cavidjs the resonant frequency of the loaded cavity,

and0 are the Gfactor of loaded and unloaded cavitgspectively. The main limitation of

this technique is that it requires small sample size to maintain the electromagnetic configuration
of the fields inside the cavitjg0], it requires certain sample shape in order for the derived

equations to be usab]é0] and it is only accurate fdow loss materialstypically with loss

tangent not higher than 0.1 (loss tangenllf)fs

2.4.2 Microwave heating equipment
A microwave heating setug 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 nrairon oscillator is shown fRigure8 [61]. A magnetron

consists of a cylindrical cathode in the centre, surrounded by an anode containing several
cavities that are spread around in circular fasHiothis devicean electron beam is generated
inside vacuum toies and is directed using a combination of electric and magnetic[Balds

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 [@&i¢ther

The presence of the magnetic field makes the electromigdrimom the cathode follow a spiral
trajectory in their way towards the and@e]. With high enough magnetic fields, electrons do

not reacht he anode, i nstead t hey[6]]. dotatingalecfionsot at i r
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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 seffustaining oscidltions in the cavities where a portion of the
microwave power is extracted using a coupling loeigyre 8) [61]. Magnetrons were first
inverted 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 ho(B4].

Resonator

Coupling loop

Figure8: Schematic diagram of a magnet(@dapted fronj61]).

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

power in stepg63]. This means, lower voltageneed 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 greetrons is their stable power output, ability to produce

microwaves with precise frequency, and a longerdgan
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2.4.23 Waveguides
The generated microwave power needs to be directed towards the material of interest for

heating. This can be domsing 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 themicrowave source to the processed sample. A typical rectangular waveguide is

shown in Figure9.

z

/'//
Y ~

-~ /
,-'/f
/./"
L~
r//

b
) a X

Figure9: A typical rectangular waveguide with eordination systeni62].

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 theftuwavelength. A cubff
wavelength is the maximum wavelength an electromagnetic wave can propagate with without
attenuation. For the commonly used mode transverse eléc¥#ic the cutoff wavdength in

a rectangular waveguide can be given as foll@2%
qa (21)

Where,_ isthecuto f f wavel®ngsht hedwidt h Fghre9). hie wav e
also important to point out that waves propagating inside aguagte have a larger wavelength
than its corresponding frespace wave. The relation between the two can be giverdféroa

as follows[62]:
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— - — (22)

Where,_ is the guided wavelength and is the wavelength in free space.

2.4.24 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 (shrottit}.

2.4.25 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 elexnhagnetic 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 idielectr

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

as[64]:
odan O OEdan - - (23
odan O OEdn - - (24)

Such thatxis the direction of propagationjs the time, andYis theperiod. Equations 23 and
24 suggest that a sample located in the direction of propagation of a trawalinegwill be

simultaneously exposed to both theattic and the magnetic fields.

2.4.26 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 imopedatching 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 standiange which can be described by the

following equationg64]:
0 O wéi— i Q& (25)

~

0 O i Qe O — (26)

In Equations 25 and 26, it can §een 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 Bropse of dYO, 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 positiorts 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.

2.4.27 Microwave cavities (applicators)
There are two types of microwaeagplicators:

1. Single mode applicators.

2. Multi-mode applicators.

A single mode resonamtpplicatoris a microwave reflective metal enclosure into which the
electromagnetic wave is exposed to many reflections in preferred dire¢iohsThe

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 whi ch 1 s Iyaeifcelar openthg dnthe a s
top of the waveguide (applicator) which extends through a circular waveguide. The diameter
of this choke must be significantly smaller than the-aftitwavelength which allows

introducing the sample into the system without miave leakage.

The best example of a multiode 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-oadinateg§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
disadvantagehat 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 maxineises th

heating.

2.5 Some engineering challenges oficrowaves
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 déptis defined as the d&nce from the
surface of the material at which the power drops to a valuefahat measured at the surface

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

written as followd65]:
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p =" p (27)

Where_ 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 digsition from the magnetic part of the electromagnetic field. The general

penetration depth which accounts for all electromagnetic fields was giyéb]as

(@) F->‘>>-$> -S> -S> > x> > S>> T (28)

In general,whether the magnetic effect is taken into account or not, it can be seen from
Equations 27 and 28 that the penetratiepth incrases with an increase in the wavelength
_ . 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 heatiglges 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 res unheated. An example of such a phenomenon can be seguiialO.
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OD = 6 mm
ID =4 mm

Figure10: A graphite sample in a single mode§ Eavity before (A) and after (B) heating at a power of ~ 118
W and a frequency of 2.47 Glshowing localised heating (OD and ID are outer and inner diameter, respectively).

It is seen inFigure 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.

2.5.3Thermalrunaway
The volumetric heating power equatishownin section 2.3hows 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 miglencounter a thermal runawayoblem. This is because, thmeaginary

permittivity (loss factoy associated with ceramic materials contained in ores (e.g., metal
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oxides/ sulphides) increases rapidly after a
t e mp e r[%0} Al theeciGtical temperature, the permittivity of the material rises rajidly/

which makes controlling the tempasee in that range quite challengimgnen the sample is

exposed to microwave energn 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

3.10verview

Understanding the factors affecting the formation ancthenistry of EAFDs important to

assess the current practices followed for its treatment and to make sound proposals for
mitigating its environmental impact. Heneebrief introductiorto EAFs, EAFD and PVC is
presented. Types and construction of EAlsmesented and the raw materials used in EAFs
are listed. For EAFD, the material is defined, and its hazard nature is shiogvformation
mechanisms and the minimisation of EAFD formation is mentiohkd characteristics and

the treatment methodsf EAFD arealsosummarised. Finallyalternative treatment methods

of PVC are summarised, along with the mechanisms reported in literature for its thermal
decomposition. All researches tackling thetlbermal treatment of EAFD and PVC are

presentedassesse@nd summarised at the end of this chapter.

3.2 Electric arc furnaces

EAFs are used for the production of special steels by medematihg usinglectrical energy.
Chemical energy, however, also contributes significantly to heating during the process of
controlling the chemical compositipmvhere oxygen is injectednd result in exothermic
oxidation reactionfs6]. One of therincipal advantagesf EAFs is that théeedstock consists
mainly of scrap and cold pig iron. Thisakesthe amounbf needed reducing agentsuch
smallerin contrast tavhen iron org areused[67]. EAFs have many advantagesluding the

ability to process a wide variety tded stock, good control of heat generation by controlling
the electric currents, and smaller emissjaitsce heat is supplied by electricity. In contrast, it

still has some limitations, where the usag¢hese furnaces become economically unjustified
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in regions where electricity is expensive. A preview of electric arc furnaces types, construction,

andraw materialaill be summarised in the following sections.

3.2.1 Types oEAFs

There are two types @lectric arc furnaces: Alternating current (AC) and Direct current (DC)
furnaces. The interest in the development of DC furnaces began in the[@8PQdost of

EAFs are of AC typd68], however, some DC installations can be seen in Europe, North
America, and Japaj69]. This interest in the development of DC furnaces was manifested
because fothe advantages shown by this type such as the lower energy and electrode
consumptionas well as less flickering8]. According toElizarov et al[70] small to medium
capacity DC furnaces can show less electrode consumption in the ordér ®k§/ton of
molten steel. In their work, it wassal stated that the usage of DC furnaces results in a decrease
of charge losses, ferroalloys consumption, and the amounts of emitteat 8us?%, 151

20%, and 6 8 times, respectively’0]. Figurell(A) and (B) show typical DC and AC electric

arc furnaces, respectively.

(A)

i Water-cooled roof
]

Water-cooled panels

DC upper electrode
(cathode)

Eccentric bottom taphole
DC bottom electrode

(anode) /

Tilting device ”
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(B)

| CEE S E R TETRY

Figure 11: (A) DC electric arc furnace with a single electrd68] and (B) AC electric arc furnace with 3
electrodeg71].

3.2.2 Construction oBnEAF

Discussion in this section will be limited to the common type of EAFs which opénatiee

AC mode and comprises of three electrodes. A typical EAF mainly consists of a refractory
lined stell 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 furnaceg68, 72, 73] Figure 12 shows the main constituents of an AC electric arc

furnace.

L

front section view exterior side view

Figure12: Main components of a typical AC electric arc furnace: 1. Furnace body, 2. Furnace roofe3 4led
Purging cradle, 5. Operating door, 6. Electrode§yater cooled copper rings, andRcker[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 anmdrioniseheat losses. The material of
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construction of the refractory lining is either magnewitgtabilised dolomite and in some cases
silica brick[73]. The second main part of an EAF is the rabis retractable so that charged
scrap and other additives can be added to the furiheaoof is important to reduce the heat
losses during the smelting process. In some furnaces, roofs are protected by silica bricks or
chrome magnesiti@3]. In other furnaces, however, roofs are protebtedooling using water

panels which reducefractorylining consumptiori68, 74]

Electric current, which is considered the largest contributor to heatififAFs (aside to
chemical energy from combustion reactigims supplied via graphite electrodéd]. Graphite

is well-known for its high electrical and thermal conductivity, which makes it suitable for this
purpose. Typicallythe size of arlectrode range from 38 to 76 cm in diameter and the length
of the electrode is in the ordefr3 meterg74]. The diameter of electrodes in large DC fursace

are in the upper range of diameters up to 8(Qash

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

mainly controlled by two factof$8, 74}

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

abundance of recycled scrap

The conposition of thescrapmetal usedspecifies 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 (.28 The problem with these elements is

that during the refining process, they do not oxidise @mahotgo to slagbut instead they

remain in the molten bath arwrried over tahe final producf75]. Hence, wha specific
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concentration of tramp elements should noekeeededscrap of welknown chemistry or

virgin materialssuch as iron from blast furnaces or DRI should be [&E&d76]

The second factor which affects the type of the charged mlatexithe regiorof origin. In
developectountries, steel scrap accounts for 100% of the raw materials charged tg6BAFs
In othercountries however this is not the case. Thiantities ofscrap inthesecountriesis
less tharthe required amount for thenelting batchand hence, the disparity is compensated

by direct reduced iron (DRI), hot briquetted iron (HBI), and pig [G8].

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 wasaecumulated worldwide, EAFD is considered one of the
most troubling due tdhe sevee toxicity of its constituentso human health and the wider
environment.Currently no sustainable disposal meth@ availablefor 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 formatiomted the
adoption of suitable practices in the steel industry to minimise its form{&0nThe amount

of formed EAFD can reach up toi12% of the charge which is collected in dust baghouses
[82]. Consequently, this waste material witintinue tcaccumulag¢ becoming a major isste

steel manufacturers. In this section, the formation mechanisms of BEA&Djnimisation of

its emission conventionaldisposal 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 mechan&sssciated withhe

formation of EAFD. According t®irat et al.[78] the main mechanisms behind the formation

of EAFD are:

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

molten bathinside the EAF

These two mechams account for 27% and 60%fofmed EAFD respectively{78]. Muller
etal[79)studi ed the formation of particles from
scale model steel batth wasconcluded that the mafactors 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 viscosith@fiquid stee[79]. More recently, a detailed

study was conducted by Guézennec €88l to specify the main mechanisms involved in the
formation of EAFD. Their study wasased orobservationsising a high speed camera of a

molten steel battwhich resembles the conditions in a typical EAF and in waighn gas was

bubbled through and burst at the surfil8@. The morphology ofhe collected particles in the

filters was studied which helped in the interpretatibtihe causing mechanism. The following

EAFD formation mechanisms were suggests®Figurel3) [80]:

1) Volatilisation clo® to the arc (point 1) and close to the oxygenpeint 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'R

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

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

caoal (for slag foaming)scrap and fluxing agents.

. Q)® c‘Qg"'OO (>\
,.O
¥

Figure13: Mechanisms of EAFD emission in electric arc furnd8es.

Based on the morphological analysis of the collected particles, it was concluded that CO bubble
bursting (¥ 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 studiesuggested suitable practices for the reductiddAFD formation[80, 83, 84]

It was suggestethat decreasing the CO bubble size in the ranget Inm would strongly
reduce theamount of formedEAFD [80]. It was also stated that the same level of
decarbuation can still be achieved by favouring the nucleation of bubbles over their growth.
Huber et al[83] suggested ttimit adding the additives (coal and fluxes) from the top of the
furnace,but instead, introduce them from the bottom whichuld reduce the amounts of the

large irregular particles seen in EAFDs.

3.3.3 Conventionatreatmentroutes
A number ofpotentialdisposalroutes forEAFD have been investigatedhich some were
applied at a large scal€urrent practices for the disposal of EAFD are: pyrometallurgical

treatment, recycling back to the furnace, afidposalin landfills. In pyrometallurgical
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treatmenttheWaelz process is the masimmonly appliesgnethod for the treatment of EAFD

[85]. According to Suetens et al., 80% of recyd&D is treatedn theWaelz kin [7]. Some
nascent pyrometallurgical methods such as the Rotary Hearth Furnace (RHF) and Primus
process are also able to tr&#FD for the production of enriched zinc oxide (ZnO) and hot
metal (Fe) which has a grade similar to the preduced from conventional blast furnaces

(BFs)[7, 86]. More details about these methods are mentioned in seciién 3.

RecyclingEAFD back taEAFsis anotheroutefor its dispos& The mainpurpossof recycling

EAFD back to EAFsre[67]:

1. Loweling theoverall amount ofEAFD generatedrom the process

2. Increasg the zinc content in generated\FD.

Despite the significant decrease in the amount of emitfeD by usingthis technique, the

main potential benefifor recycling EAFD back to EAFs is the enrichment of the produced

dust with zinc which in someeferencesvas r ef err ed t o [4JalscredisiBe cond a
the zinc content in EAFD is important to the Waelz process and poyiderich 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 froBAFs in which only scrap wassed ashe feeding material. However,
when EAFD was recycleoackto the furnacethe collectedEAFD sample contained zinc with

a percentage up to 27.07%). According toYangandGustafsson[87] recyclingEAFD back

to EAFs resulted in the increase of the zinc content by 18¢ezandL6pezDelgado[88]
reportedthatincreasing the zimcontent 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 isne of the mostommonlyused options for the disposal of EAFD. There

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

2. Secure landfills.

Both these types of landfills follow tHenvironmental Protection AgenciZRA) standards in
landfilling in which the former requires EAFD to be stabilised before its disp@$aB8] In

the past, the disposal of EAFD in landfills wthe cheapest optide7]. However, with time,

the legislative specifications of the disposed materials are becoming stricter, and the prices of
landfilling are rising67]. Such strict regulations render the landftlategy a noisustainable

option for the disposal of EAFD.

3.3.4 Characteristicandpropertiesof EAFD

The physical and chemical properties of EAFD are strongly affected by the practices followed
in the steel manufacturing proce$te quality of theoroduced and recycled steel, the feeding
procedure to EAFs, the power input to the furnacegchaacteristicof the gas flow in the
extraction system, and the procedures followed in controlling the melting process and the
chemistry of the bathre themajor process aspects affecting the properties of E8BD84,

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 wiaadiel

3.3.4.1Particle size

The particle size of EAFD is an important parameter since it affieet the material should
be handed Many EAFD charactesation papers reported thmarticle size distribution of
EAFD [4, 12, 9092]. In general, the size of EAFD particles ranges from lower thapn20
(fine particles) to thousand microns (large partic[88). Table1l shows the reported particle

size of EAFD from different references.
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Tablel: Particle size distribution of EAFD from different references.

Reference

Particle sizepm

Li and Tsai[77]

0.3i 1.0 which agglomerate 801 20

Sekula et al[93]

0.751 4.7

Menad et al[94]

More than 70% < 15

Mantovani et al[4]

<10 and 20 80

Sof éthljo0]

From fi< 500 t

g

Guézenneet al.[80]

< 0.2to few thousand microns

Machadcet al.[91] 0.041 36
Lee and Son{B3] 0.17 22
Da Silvaet al.[92] 0.0471 40

Oustadaki®t al.[12]

0.067 0.8,0.87 120 and 20G 550

Rizescuet al.[95]

<2 and 10 100

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 EAFDrédatively high due tothe presence of heavy

metals.Table2 shows thetrue density of EAFD from different references.

Table2: True density of EAFDrom different references

Reference

True density, g/ckh

Mantovani et al[4]

2.961 4.12 for six different samples

de Vargast al.[96] 4.23
Barrenechest al.[97] 4.93
Lanzerstorfef98] 3.91

The bulk density was reported by Nyirerfé8] at 1.17 2.5 g/cnd.

3.3.4.3Chemicalcomposition

The most important property for the propendling, 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 siemllucedthe operating conditions, and

the extent of EAFD recyclmback to EAF486, 90, 100, 101]The feeding material tBAFs
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is affected by the region in which the furnace is operd88y In developedcountries, scrap

alone can meet the requirements of the melting batch. In emerging couwhiges, scrap

deficiency,the required amount for the heat is met by supplyioigbriquetted iron (HBI),

direct reduced iron (DRI), and pig iron in addition to the s¢8&f. In view of these variations

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

to varygreatlybased on the region of its productidrable3 shows the chemical composition

of EAFD from different references from different countries.

Table3: Chemical composition as a weight% of EAFD from different references.

Reference

Element

Country

Zn

Fe

Pb

Ca

Si Mn

Mg

Al

Na

Mantova
ni et al.
[4]*

Machado
et al.
[91]

Da Silva
et al.
[92]

Dutra et
al.[102]

12.16

43.04

1.49

0.81

1.02

Brazil

9.24

48.96

3.28

1.65

13.4

42

1.3

4.3

13| 19

1.6

0.3

0.7

1.6

12.2

37.08

1.72

2.19

0.41

Xia and
Pickles

[16]°

Canada

24.93

12.81

2.28

Sofi
al. [90]°

Croatia

5.51

44.79

131

4.09

2.02

5.53

2.38

0.23

0.53

0.81
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Oustadak
is et al.
[12]

Montene
gro et al.
[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

324

23.0

3.5

5.6

2.4

1.3

8.1

1.0

3.3

15

Sekula et
al.[93]

Poland

20

30

6.8

2.1

2.5

Li and
Tsai
[771°

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

Ja@an

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 cping | 314 | 276 | 0.16| 2.4 | 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 manufactudsgnriihiwan.

e: Mean concentration from seven plants in the USA.

f: Mean concentration from 6 collected samples.

3.3.4.4 Mineralogicalcomposition

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 diffetesdtment
procedures. For instance, it was reported in literature that zinc can easily be extracted from
EAFD using acidic and basic leaching when preseBAFD as ZnO, while its extraction from
ZnFeO; is difficult [14, 16, 109, 110]JAnother example on the importance of knowing the
mineralogy can be seen myrometalurgical treatmenprocedureskFor example,he required
stoichiometric amount of carbon used to reducerdrebearingoxides would vary appreciably
based on the oxidation stafeeO, FeOas, or FeOs) of iron. Finally, it was reported by Al
Harahshelpl5], that the chlorination of E®4 by HClis thermodynamically favourable, while

the chlorination of F£s is thermodynamically not possibl&able 4 summarses the main

phases in which the major elements are prasdBAFD.

Table4: Mineralogical content of EAFD from different references.

Fe Zn Pb Mg Ca Mn Source
FeOs Zn0, Not | MgFeOs | Not reported MnO Da Silva et
FesO4 ZnFeO; | reported al.[92]
ZnFe04
MgFe04
CrFe0Oq
FeOs ZnO PbO MgO CaO Not Lee and

reported | Song[33]

FesO4
ZnFeO, ZnO, Not Not Ca.15-e 8504 Not Machado
FeCpO4 ZnFeOs4 | reported| reported reported | etal.[91]

Ca.ade.s04
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FeOs ZnFeOs | PbO MgO CaO MnO Oustadakis
et al.[12]
FeOs ZnO PbO MgO CaO MnO Xia and
ZnFe04 Pickles
[16]
FeOs Zn0O PbO MgO CaCQ MnO:z Al-
FesO4 ZnFe0q4 CaSQ Harahsheh
ZnFe0q4 [15]
CaCQg
FesO4 ZnO | PsSIiGs Not CaO (Zn,Mn,Fe)| Havlik et
ZnFe0q4 ZnFe0q4 reported | CasSQ.0.5H,0 | (Fe,Mn»O4 | al.[111]

3.3.4.5 Morphology oEAFD
Different particle morphologies were reportedheliterature. A fraction oEAFD appears as
spherical particles and the other fraction has irregular sh@Pesrhespherical particles can
be divided mainly into three types:

1. Spinel ferrite[77].

2. Zinc oxide (Zr©) monocrystal$30].
3. Slag droplet$80].

An example of spherical particles is presenteBigure 14 which was reported ihi and Tsai

[77].

Figure14: SEM micrograph of spinel ferrite spherical particles with particle-&Z6/+400 mesfi77].
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Guézenneet al.[80] reported the presence of spherical particles in the form wdregty fine
zincite monocrystals and large sized (2B00em) particles which contains slag components

(Ca, Al , Fe, Siée).

Irregular particles were also obsery8d] and their presence wa#iributedt o A di r ect dus
o f fThe.chemistry of these particlexlicate thathey are formed from coal and lin{&0].

Figurel5shows a SEM micrograph tiese particlef30].

\
N :

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

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

Figure15: An example of an irregular shape particle in EARBD].

3.3.5 Pyrometallurgical treatment of EAFD

The pyrometallurgical treatment of EAFD relies on the carbothermic reduction -démons
components, namely zinc oxides (ZnO and 2@akg 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 KIR) [112]. All these techniques rely on the principle of the
carbothermic reduction; however, they vary only regarding the used facilities and the applied

technique$113, 114]

3.3.5.1The Waelz kiln process
Among many pyrometallurgical techniques, the Waelz kiln process accounts farf&0&o

recycled EAFO7]. In this process, EAFD is homogeneously mixed with reducing and fluxing
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agents and the mixture is themade into pellet$115]. These pellets are then heated to a
temperature of 1100 1200°C resuting in the reduction and volatilisation of zinc and lead
separating them from the charldd 5]. 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 slad116]. A schematic illustration of the Waelz kiln process is showigare16.

Silo truck [_] _J e ;_ Production bins

el

o |

T T Raw material storage

Pe!lenzlng plant
Water
_i
Waelz kiln Process air
\?
Water l x,;{ ﬂI

Dusl
chamber

Adsorbent Goka: Sk

YOYYYY
Waglz oxide Used adsorbent

Figurel6: A schematic illustration of the Waelz kiln procd$47].

Cooler Filter

3.3.5.2Primus process

In this process, a multiearthfurnace is utilised for the metallisation of fine EAFL18]. The

furnace in this process is different from thatled 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 othEl5]. Pulverised EAFD and coal are mixed and loaded from

the top (upper most hearth) and then transported to the next hearth by means of[&d&jpers

The temperature of this furnace reaches I’'IDOy means of coal burning and the burning of
generated CO gas fromadction reaction$115]. At these high temperatures, zinc and lead
oxides are reduced into ihelemental 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 0900

54



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 shownkigurel17.

-~
1 | Off-gas
; cleaning

Pb, Na, K, Cl

Post-combustion

Calcining stage
volatilization of Pb
and alkalis

=

Reduction stage
volatilization and post-
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Figurel7: A flowchart of PRIMUS process for the treatment of EABEDS].

3.3.5.3Rotary Hearth Furnace (RHF)

The RHF is a coal based reduction method for the recycling of HAZQ. Initially, EAFD,
additives, and reducing agents are mixed and pelldtigdd These pellets are then moved to
the heating zone inside the RHF where the mixture is heated up tQQffter which the
pellets are transported to the reaction zone having a temperature ofCL80tre series of
chemical reactions k& place[115]; metal oxides are reduced into their elemental forms.
Elemental zinc and leadeathen separated by vaporisation and are then collected through the
exhaust pipgl15]. Thesevapours are then oxidised and are eventually collected in the dust
collector as sodtL15]. 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 showrFigure18.
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Figure18: RHF process used for the recycling of EARR3].

3.3.5.4Challenges andbstaclef pyrometallurgicatreatment 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 suffersm franany

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 ranigé 3@DO

°C to impove thekinetics of the reactions which is needed to achieve certain metallisation
levels. Also, a significant portion of the energy is consumed to compéasstte endothermic
nature of the reduction reactions whereby metallic oxides are transforragdamtelemental
counterparts. All these factors combined, render the pyrometallurgical approach energy

intensive.

3.3.5.4.2 Thdinal product and process economics
Unlike hydrometallurgical methods, the products generated from the pyrometallurgical
mettods 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 priceeoptoduct 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 juEt?id 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

3.3.5.4.4 Theenvironmentalmpact

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

environmental impacts.

3.3.6 Hydrometallurgicatreatmenof EAFD

Thehigh zinc content and themall particle size dEAFD are the most attractifeaturesor
exploiting it as a source of zinc usitydrometallurgical technique$he hydrometallurgical
approach, in general, it energy intensivel3] and makes it possible to recycle the leaching
residue back to EAFs due to theduction in the amount afonferrous speciet 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
mediagq 14, 103, 126]In this section, a brief review afydrometallurgical research conducted

on the extraction afinc from EAFD is presented
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3.3.6.1 Acidicleaching

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 agBD(} hydrochloric

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

3.3.6.1.1Sulphuricacid

Much researclhas beeronducted on the extraction of zitom EAFD using sulphuric acid

as a leaching reagent. Kukurugya ef{ 826] studied the response of zinc, calcium, and iron
containing species upon the treatment of EAFD with sulphuric acid solufio@sighest zinc
extraction achievedvas 87% using a solution of 1 M54, a tempeature of 80°C and a
liquid to solid ratio of 50.Also, they concluded that the dissolutionzic from ZnO was
controlled by diffusion, while the dissolution from ZnPe was controlled by the rate of the
chemical reactiofil26]. This result was also mentioned in a work don€hyells et al[127].

In that work[127], the nomamagnetic part of EAFvas leachedt different temperatures, solid
to liquid ratios and acid concentrations. They observed that zinc can be extracted up to 80%
under optimal onditions[127]. Montenegrcet al.[103], used a multistage leaching approach
in which the lasstageusedwas a pressurised leaching to maximiseetkteaction of zinc by
attacking thezinc ferrite mineral (ZnFE©y). It was stated that the maximum possible extraction
of zinc was 99% achieved after exposing EAFD to two ambient leaching stagestblbgw
pressure leaching at 20G [103]. Hence, it was concluded that the optimal leachomglitions

for an ironfree solution with zinc extraction &0% are: roomemperature, 1 M Qs acid
concentration, and a leaching time of 20 min{i€8]. Havlik et al., published three different
researchesn the extraction of zinc from EAFD using sulphuric 4&i@, 107, 109]In the first
work [107], they investigated hydrothermal extraction of zinc fromFBA(i.e, high

temperature/pressure leachingjvasfoundthat the maximum possible extraction of zinc was
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84% which was obtained at a temperature of I5@& pressure of 4.1 bar, leaching time of 10
minutes, and a concentration of 0.4[M7]. In the subsequestudies the kaching of EAFD

was done under atmospheric pressure conditiblesmaximum 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 affemitheleaching seletivity due to the increased iron dissolution

[10, 109] Oustadakis et aJ12] testedthree different parameters on sulphuric acid leaching of
EAFD: acidcorcentration temperatureandsolid to liquid ratio. It was reported that zinc can

be extracted up to a percentage of 80% under the following conditionscacientratiorof

1.5 M, temperature of 60C and solid to liquid ratio of 10%d.2]. Under these conditions,
however, iron was extracted at 44.58P2]. Fromthis 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 capat@eipitating
calcium and lead in the form of lead and calcium sulphates which positivelysatfiect
selectivity[10, 12, 103, 107, 109Nonetheless, iron is significantly leached from EAFD in all

the aforementioned works if high zinc recovery is of concern.

3.3.6.1.2 Hydrochloricacid

Studieson 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 aqueous
solutions of HCI under different temperatures, acid concentrations and EAFD to acid ratio. The
highest zinc and iron extraction achievaedhat work were 70% and 60% respectively using 5

M HCI solution, EAFD to acid ratio of 3 g to 100 mL, temperature dfG@nd leaching time

of 15 minuteg128]. It was evident from the JRay diffraction pattern of the leaching residue
that zinc ferrite (ZnF£4) persisted leaching even under optimum conditions, while ZnO was
completely dissolvefiL28]. Earlier to that work, Langova et §l1] studied the extraction of

zinc from tandem furnace sludge (TFS) and from synthetic 20yRender atmospheric and
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hydrothermal leaching conditions. It was concluded from that work that-@aFean be
dissolvedusing0.3 M < HCI solution when operating at a temperature and pressure of 250
°C < and 85 bafl1]. The maximum zinc recovery obtained from synthetic 20kandTFS

were 90% and 99% respectively, hence, concluding that atmospheric leaching is insufficient to

extract mc from ZnFeOs, which is in agreement with the data published by Teo Et28).

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 oxidenission[21]. Theonly two studies were conducted on the
extraction of valuable metals from EAFD using HiN&e thoseerformed by Shawabkeh et
al. [129] and Yiicel et al[130]. Shawabkeh et a]129] studied different acids @#$Qs, HCI,
HNO:g) for the extraction of zinc from EAFD. It was shown that zinc can be extracteBét 21.
g Zn/g EAFDwhich translates t@3% Zn/Total zinc in EAFD in a HN©solution with a
concentration of 5 M and a temperature ofi#5@ °C [129]. In the same study, zinc was
extracted at 74.9% in43Qy at the same conditions except at a concentration of[229].
Under the same conditions of HY@entioned above, HCI extracted zinc with a recovery of

79.4%[129].

Yucel et al.[130] studiedthe effect of HN@ concentration, leaching temperature, and the
stirring speed on the extraction of both zinc and iron. It was concluded that increasing the
temperature and HNgxoncentration led to an increase in the extraction of [4i80]. The
maximum extraction éhieved was 97%when usinga concentration of 4 M HN§ a
temperature of 8€C and a stirring speed of 3(IBO]. Under these conditionsowever, ~93%

of iron was extractedt was concluded that the optimal leaching conditions are: 0.5 MaHNO

and 6080 °C to minimee iron dissolution and to obtain zinc at85%][130].
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3.3.6.2 Alkalineleaching

A number of studies have reportibe extraction of valuable metals from EAFD using afiel
solutions[14, 16, 131133]. The mainadvantage oélkaline leaching is its superior selectivity

for zincover acidic leachin§lL 33]. Inthework done by AlMakhadmeh et a[14] the leaching

of zinc from EAFD using NaOH as a leaching reagent was studied. NaOH concentration,
contact time, temperature, and thaid to Liquid Ratio (SLR) were the studied parameters
[14]. It wasreported that both temperature and NaOH concentration significantly affect zinc
recovery[14]. From the XRD results, it was confirmed that the extraction of zinc fromx@aFe

is very difficult and thezfore the recovery of zinc was calculateatsed 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 leaghtime[14]. Zhang et al[108] attemptedo

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, anduid to Solid ratio (L/S ratio)

[108]. Only ZnO was dissolved in the firstage and the highest recovery was achieved at
temperature of 70C, 5 M NaOH concentration, 15 mLIgjuid to solid and 2 h leaching
[108]. The residudrom the first stagémainly ZnFeOs) was exposed to pressure leaching in
presence oftarch asa reducing ageniWhen the residue frorthe 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 g&r) which was confirmed by both XRD and Vibrating
Sample Magnetometer (VSM). Dutra et [dl02] studied the extraction of zinc from EAFD
using different leaching conditions: 1) conventicagikation leachig, 2) pressure leaching, 3)
microwave treatment followed by leaching and 4) leaching aided withadtr@ agitation.

The aim of the microwave piteeatment and the ultsonic agitatiorwasto form cracks and

break up agglomeratewhich can enhance tHeaching efficiency{102]. However, it was
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reported that no enhancement on the rewovery was achieved when these methods were
followed and the maximum zinc recovery of 74% was achiewelgr these conditions: 6 M

NaOH, 90°C and 4 h leaching tim@02].

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 efficenough due to the

chemically resistive nature of Znfes.

3.3.6.3 Saltleaching
3.3.6.3.1 Hexahydrate ferric chloride (Fe€6H.0)

In the previous section, it was shown that Zitlzeshowed a refractotyehaviour when leached
in alkaline medias. Hence, attempts have been made utilising salt solutisssoteeZnFeO4

for higher zinc recover}8, 124, 134]Leclerc et al[8] used a solution of Fe€£6H,O to extract
zinc from synthetiZnFeO4. Theeffectsof temperature, leaching time and the molar ratio of
FeCk.6HO/ZnFeOs were thestudied paramegrs [8]. It was concluded that zinc can be
completely extractedhen the leachingzasdone at a temperature of 180D, time of 8 h, with

a molar ratio of 1¢8]. Wang et al[134] producel a similar work in which it was confirmed
that using FeGI6H.O solution at a temperature of 18GQ with leaching time of 2 h and
FeCk.6H.O/ZnFeO4 mass ratio of 15:20 can resultarzinc extraction efficiency of 97.2%

and aeaching liquomlmost compétely free of F& ions[134].

3.3.6.3.2 Ammoniuncthloride NH4ClI

Mikietal. [110]st udi ed t he behaviour of zinc, cal ci
pret r eat ed EAFDO u p eChsollies It mas shgwn in anotheg wai33]

that ZnFeO4 can be converted to ZnO andE&Os upon the thermal treatment of EAFD with

CaO at temperature of 110C for 5 h under airThis, in turn, canmprove theleaching

selectivity since ZnO is amenable to leaching while ZnBe 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 zin¢110]. It was reported that the leaching of raw EAFD ardd@hO prdreated
EAFD using 2 M NHCI solution, at a temperature of @D, and a leaching time of 2 h results
in the extraction of zinc at < 50% and ~ 9##spectively(110]. This result wa attributed to

the resisting behaviour of Zn#&y present in the raw EAFD which was absent infiGaO
pretreated EAFD [110]. Moreover, it was reported that almost altleéiron was retaned in

the leaching residue rendtgg this process to be superior in terms of selectifatyzinc over
iron. However, the préreatment step is very energy intensive which might affect the

justification of applying this process a larger scale.

3.3.6.3.3 AmmoniuntCarbonate(NH4)2COz

The applicability of ammonium carbonate ((N}3COs) 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 66380% based on the type BAFD [136]. This result is mainly attributed to the different
mineralogical forms in which zinc is presentone EAFDsample toanother (i.e., different
ZnFeOs content). ZnFgOs was reported to be refractory to leaching using ammonium
carbonate solutiond 36]. Following that statement, Havlik et 4lL11] utilised this idea for
the quantification of ZnO mineral in EAFD. In thabrk [111], the leachingefficiency of zinc
was reported to be 65%hisamount of leached zinc is believed to bkl from ZnO malkng

this leaching procedure a powerful method in determining the percentage of ZnO agdsZnFe

in anyEAFD sample.

3.3.7 Challenges andpportunitiesof hydrometallurgicatreatment of EAFD

The application of hydrometallurgical treatment methods is still limited to laboratory scale and
has not yet been scaled upatoindustrial level. Nonetheless, hydrometallurgical treatment of
EAFD has high potential of being applied at a larger scales. @dm beattributedto the fact

that hydrometallurgy, in general, is less energy intensive and more environmentally sound
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compared tohepyrometallurgical approach. Howeveeverathallenges need to be addressed

in order to realise this approach comnefg.

3.3.7.1 Procesgconomics

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 Iédng 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 obtiaing a high zinc recovery required a fireatment (high temperature) step
such as that reported by Miki et g110] where EAFD was prealcined with CaO at a high
temperature of 1108C to transform ZnFgO4 into ZnO before being leached in NE. 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 pressurisiri§,itL1, 107] In other ambient condition studies
shown above, a significant portion of zinc presented in the form of-Dakeas not leached

out due to its chemically resistive nature.

These techniques suffer fromhest large energy consumption during the calcination process
in the pretreatment approach or the contamination of the leaching liquor with undesirable

elements such as iron.

3.3.7.1.2 The material afonstruction
High zinc extraction can only be achievieyl the aid of hydrothermal approaf@) 11, 107]
where the leaching reagent is superheated above its normal boiling point by performing the

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

materials are expensive which can affect the process economics.

3.3.7.1.3 Processelectivity

Theextractionof zinc at a high percentage can be achieveldeagxpense of extracting other
undesirablemetallic species such as irdron canact as an impuritguring 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 beneficidé Products of the
hydrometallurgical processing of EAFD is the mach 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 Tle concentration of the leaching reagent
One of the parameters which can greatly affect the process economics is the concentration of
the leaching reagen High concentrations are sometimesgjuiredto achieve a high zinc

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

3.3.7.2 The variability of EAFD composition

As mentioned earlier (sectioB2.3) , steel production plants in various regions/countries
follow different smelting practices. This then introdaca great variation in the chemical
composition of EAFD. Hence, one of the major obstacles facing the hydrometallurgical
treatment procedure ibd variation of the mineralogical compositiohEAFD from different
plants/countriesvhich can affect decisis in the hydrometallurgical extraction procedure such
as the SLR, the controlling mechanism of dissolution which subsequently affect the optimum

operating temperatureMoreover, the absence of sufficient amount of data for the
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standardiation of the treament of EAFD from different sourcesakes it challenging to adopt
the hydrometallurgical approach at least internationally where different EAFDs with different

gualities are imported.

3.3.8 Carbothermic reduction of EAFD usimgcrowaveenergy

Several studies were conducted on the carbothemedigction of EAFD using microwave
energy as the heating soufd&7-140]. In the study conducted by Zhou et [dl37] EAFD

from stainlessteel and carbon steel industries were carbothermally reduced by graphite using
microwave energy. The removal efficiency of zinc oxide was about @&fke the reduction
efficiency of iron oxide was 80%< for a mixture containing 84 wt% EAFD and 16 wighigea
heated under microwaves with power of 10 kW for 20 min[i8%]. Ye et al.[139] studied

the carbothermic reduction of EAFD with biochar using microwave irradiation. In the same
study, a compason was made between the reduction efficiency with microwaves and with
conventional heatinfi39]. 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 franventional heatingl39]. 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 béhigherandwas attributed tdhe volumetric heatingeffect of microwaves
preveningt he f or mat i ented o r eas efincto | idn cc[h39]vAestutlyi o n a l
conducted by Omran et 4lL38] addressedhe possibility of the selective separation of zinc
from EAFD by means of carbothermic reduction with graphite under a microwave field. A
microwave generator with 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, af@ §&E8].
Results from that work suggest that a temperature of€%@as not enough to evaporate zinc

while a temperature of 95 resulted in a high zinc removal percentage of 9438]. The
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residue from the thermaleatment mainly contained metallic iron and calcium ferrite which

can be recycled to steelmaking furnajd33].

3.4 Polyvinyl Chloride plastic

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

polypropylene and high and low density polyethylene) in terms of plastic demand from
converters in Europe at 4.7 million tons in 2Q28]. A studyconducted by Zhou et d19]
suggestd 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
applicatons such as pressure piping, packaging, simulated wood house siding, and disposable
gloves [141]. The disposal of this material is consideradorincipal challengdaced by
environmental engineers. Landfilliragnd incineration of PV@rethe most prevalent disposal
routeg17, 142] Recently, however, landfilling has become an unsustainable option since PVC
does not decompose and can cause soil undernjiii3§ Moreover, the high stability of PVC
results invast dump areasith a consequdial increase in landfiltost,rendeing 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 PVC, significant amount of Cl

containing oils are evolved which were reported to be corrosive to handling equjfident

3.4.2 Alternativetreatmenimethods of PVC

Some alternative nascent technologies were developed for the treatment of wastespieé. D

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 degnadaftiPVC including reaction

mechanism and kinetics.
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3.4.2.1 Vinyloop PVC recyclingrocess

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 pdhiagrin

this process, PVC contaminated with other materials is selectively extracted usingran orga
solvent[146]. The solvent used by the vinyloop process was the Methyl Ethyl Ketone (MEK)
with n-Hexane as a esolvent[147]. After the dissolution, PV@& then precipitated by means

of evaporation using stegii46]. The PVC is also filtered and dried while the organic solvent
is recovered and returned to the prodéds]. Since the process was unable to separate PVC
completely from the other addigg such as phthalate ester plasticiget6], the plant
established in Ferrara, Italy in 2002 was shut down in 2D4@. A schematic diagram of the

Vinyloop process is presentedrigure19 [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, (Hyeot recovery, and (F) recycled PYTA6].

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

holding, ECVM and the Norwegian company Norsk Hyftd5]. Initially, other materials
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such as polyethylene, polypropylene, wood, sand, iron, brass, copper are separated from PVC
[145]. The thermal decompdigin of PVC takes place in a reactor at a pressure and temperature
of 21 3 bar and 375 °C (max), respectivily5]. The filler added with PVC during the thermal
degradation is limestone (Cag)(}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 concentnapetd 60 wt% lead) and
Organic condensate. The metal concentrate and the presened chtebe attributed to the

presence of stabilisers in the original recycled PVC.

3.4.2.3 Stigsnees PVf&cyclingprocess

In this process, PVC cables are exposed to leaching using spent caustic soda[¢dBition

After the course offte reaction, PVC is completely dechlorinated and a solution of g€l
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 fracsiovhich can be used for energy extrac{ib48].

34.2.4MVR Hamburg (municipal solidiasteincineration)

This plant is able to treat PVC with municipal waste and chlorine is eventually recovered as
hydrochloric acid to a quality thateets industrial specificationi$48]. In this process, two
incineration lines are present each fitted with a grate and a steam gefi&@ltorhe flue gas

is then passed through an acid scrubber to capturedmatmgmpounds (HCI, HF, HBr, HI)
[148]. 107 12% HCI solution is produced from passing the flue gas through the acid scrubber
[148]. The major products generated from this process [#48]: Electricity, Steam,
Hydrochloric acid, Metals (steel (major) and Alerrous metal), Gypsum, and Slag. More

information on this process is presented in detail in Kreil3ig g148].

69



3.4.3 The hermal degradatioof PVC
Knowledge of howPVC 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 presenroBAF

the thermal degradation of PVC will also be covered.

3.4.3.1 Reaction mechanisai PVCde-hydrochlorination

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

(PP) Figure20) [17].
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Figure 20: Thermogravimetric analysis of PE, PR19], PET [150], PS and PV({149] at a heating rate of 10
C/min (datacollected and presented|iti7]).

This themal instability of PVC was mainly attributed to the presence of thermally kabile
sites/defects in the polymer chditbl, 152] According tolvan [153] and Starnefl51], the
thermal dissociation of PVC starts from sites that contain allylic and tertiary chloride atoms
generated during the polymerisation process. Minfk®et], in contrast,attributedthe poor

thermal stability of PVC to the presence of ketoallylic chlorine atosSQ(CH=CH}CHCIb )
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produced from incidental oxidation duririge plasticproduction. Crawley McNeil[155]
suggested that the instability can dmsociatedo the head to head structure in the polymer
chan. Despite the absence of consensus on the initiator of the thermal decomposition of PVC,
allylic and tertiary chlorine were considered the most important suggested [d&ifjeBased

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 polyen 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 cH8f. Some debate within the literature concerns the
number of stages involved in the dissociation of PVC uadénert environment (pyrolysis).
Miranda et al.[157] reported three dissociation stages of PVC under nitroghith was
apparent from the presence of three derivative thermogravimetric (DTG) petider. O
researchers, in contrast, reported the presence of only two degradatioj%tadas 158] It

was reported by Miranda et §L57] that this contradiction can be assignethe variation of
experimental conditionssuch as sample mass and heating rate. There &g@Eement,
however, on themechanistic steps occurrindguring the degradationin the first (two
overlapped)tage, it was reported that the mass loss is betwe€b%3and it extends from
~200°Cto ~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 firgtgs, it is believed that all HCI is removed
from the PVC chain along with low molecular weight organics, mainly arom&fi¢sL59]

The solid residue from the first stage, on the other hand, consists mainly of conjugated double
bonds chain (polyene structure) and a ctodsed hydrocarbon structuf®]. The chemical

reaction in the first stage is represented as folld®8]:

(bGHCHChY)( bHC=CHbCHHCHb) (1)
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The formed alternating single and double bond structure then dissociates partially to form

aromaticssuch asenzendFigure2l).

\ 7 —

ww CICH—H,C CHCF—CHyww» ww CICH—H,C CHCl—CHyww»

. O o CHCl—CHywwe

Figure21: Schematic showing the formation of a benzene ring from PVC degrafiegibjn

wn CICH—H,C + CHCl—CHywww

The above reactions describe the overall events happening in the first stage at a macroscopic
level. In literature, however, the discussion is more detallecee initiationmechanismsire

reportedfor thede-hydrochlorination of PVJ162]:

1. Unimolecular dehydrochlorination mechanisfi63].
2. Free radicatle-hydrochlorinatiormechanisnj164].

3. lonicdehydrochlorinatiormechanisnj165].

3.4.3.1.1Unimolecular dehydrochlorination mechanism

This mechanism was introducég¢ Braun and Benddi63]. The mechanism suggests that
transition states with cyclic forms in the PVC chain can result in itsydeochlorinatior{162,

163]. This dehydrochlorination then yields HCI as a gaseous emission. A schematic showing

themechanism is presentedkigure22.
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— CH; — CH——CH —CHC(I

—» —CH; — CH=CH—CHC]— + HCly

Figure 22: Schematic illustration of the unimolecular mechanism for R@ydrochlorination(adapted from
[162]).

It was also suggested that the formation of allylic chlorine positions in the PVC chain can
promote this mechanism | eading to the HAzipp:

sequences (@tnating singledouble bonds) at the efithb2, 163]

3.4.3.1.2Free radical dehydrochlorinationmechanism

This mechanism wasroposed by Winklef164] and Stromberg et dl166]. Themechanism
suggests that a chl or i nagenfatonef®m a raethylenia positiorC| A)
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 caroarbon double bond on the PVC chiif2,

164, 166] The newly formed (ClA) then attacks
continues. A schematic siwing how the free radical mechanism works is present&ture

23.
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Figure23: Free radical mechanism for tde-hydrochlorination of PVC.
Thedehydr ochl orination in a PVC chain terminat

chain.

3.4.3.1.3lonic dehydrochlorination mechanism

The mechanism proposdry Rieche et al[165] suggestghat the charge separation in the
chlorinecarbon bonds intensifies when certain allylic cites are fonrakedive to the chlorine
atom[162, 165] This, in turn, results in the loss of chloride Yy@hd hydrogen (H ions which
then react together to form HCI, leaving behind carbarbon double bond462, 165] The
formed double bond then results in thetivation of a new allylic chlorine site, which then

allows the mechanism to proceed to completion.

3.4.3.2 Polyenethermal cracking stage

The second decomposition stage of PVC extends froniG28 520°C [9]. During this stage,
the formed polyene structure from the first stage decomposesrftottow molecular weight
organics mainly unsubstituted and alkyl aromatif&7]. The final mas% after the two
degradation stages was reported to be +Wbtch mainly consists of chdait42]. The total

dissociatiorof PVC is shown irFigure24.
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Figure24: Total thermal degradation of PV{27].

3.4.3.3 Kineticsof PVC degradation

Much research has been devoteddtrulaing the kinetics parameters of the first and second
stage of PVC dissociatid®, 23, 28, 158]Obtaining the activation energy and the frequency
factor of the degradation stagesmntributes to derminingthe rates of reactionthat are
necessary foperforming mass and energy balances on reactors. The main technique used in
studying thekinetics of PVC degradation stagésthe nonrisothermal techniqyevhere the

mass of the sample is recordedsuss temperature at a fixed heatirgnp A number of
methods were proposed by several authors for theswbimermal kinetics TGA analysis such

as: Ozawdrlynn-Wall (OFW), KissingerAkahiraSunose(KAS), and Friedman methods
[167-171] Other models such as a the Goanhd Redfern method72] were also used.
However, data obtaineflom single temperature programme methods such as the Coats and
Redfern should be used with extreme cauéisithg can generate large errors for complicated
multi-stage processes. Depending on the model, wsguibt of a special function for each
methodversus the reciprocal eémperatureshould produce a straight line. The slope and the
intercept of that line shouldrovide values of thactivation energy and tifeequencyfactor
respectively Table 5 shows values of the activation energy and frequency factor of PVC

degradation frondifferentsources.
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Table5: Kineticsparameters of PVC degradation from different references.

Kinetics parameter
Reference Activation energy, #mol PreExponential factor, s
15t stage(de- 2"stage | 1°stage(de 2" stage
HCI) (polyene HCI) (polyene
thermal thermal

cracking) cracking)

Ahmad and Manzodd 73] 160.5 - 2.94 x 16° -

Zhang et al[30] 1730 - - -
Sivalingamet al.[31]° 1477 177.4 5.25 x 10* 6.44 x 102
Miranda et al[157] 2000 243 2.18 x 108 6.47 x 10°
Kim [23]¢ 129.9 282.05 1.82 x 10° 1.58 x 162
Marcilla andBeltran [158]° 135.8 234 1.18 x 16% | 4.43 x 10°

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

The variation in the values of the kinetic parameterfable5 may be attributed to the fact

that the authors above used different kinetic methods and probably due to variations in the PVC
type (polymerisation degree, stabilisedatabilised PVC, plastised/nopplasticised, etc.).

The difference in the kinetics data might also be attributed to different analytical
instrumentation used during the analysis from one study to andthany case, the data
presented above show that the activation energthéofirst 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 PVGwith metal oxides

During the incineration of PVC, pure PVC exhibitifferent 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 stiplenanufacturing.

The presence of metal oxides as stabilisers helps in preventing the degradation of PVC when
exposed to heat and UV light in addition to the mitigation of hydrogen chiemdssion174].

In addition to the chlorine fixing ability, some metal oxides were reported to have excellent

76



ability in supressing aromatic emissions produced from the cracking of the PVC bai&tjone
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 ofstudieswere conducted on the effect of zinc oxide addition to the behaviour of
PVC degradatiof27, 30, 32] Ballistreri et al[27], studied the effect of metal oxddaddition

on the suppression of the unsubstituted and alkyl aromatics emission. It was observed that the
addition of ZnO drastically decreased the evolution ofretics such as benzene, toluene, and
naphthaleng27]. Moreover, this addition also significaptleduced the onset temperature of

the dehydrochlorination stage. The reaction between PVC and ZnO was proved by the
detection of ZnGl 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 result$ that study were close to those reported by Ballistreri €74

such that the addition of ZnO significantly suppressed the emission of benzene and toluene
[32]. In addition, it was shown that ZnO can also signifigamievent the emission of
chlorinated hydrocarbons such as chlorobenzene which is considered one of the main
precursors of the toxic polychlorinated dibesedioxins (PCDDs)32]. In the same study,
around 51% of the initial amount of Cl in PVC was reported to be captured by32p0O
Finally, the chlorine fixing ability of ZnO was also reported by Zhanhal.[30]. In the same

study, the effect of ZnO on the onset ai@position temperature was also repof&a.

3.4.3.4.2PVCand PbO

A number of studies investigatdélae ability ofPbOto suppress the emission of HCI and low
molecular weight organics from PVC dissociat[88, 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 [@7¥O
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More importantly, PbO was reported to have superior chlorine fixing afdRtyl76]forming
PbCb in the procesfl76]. According to the study done by Masuda ef32], it was reported
that only 30% of the initial chlorine in PVé&scaped adCl in the presence of PbO and the rest

wascaptured.

3.4.3.4.3 PVC and~e03

Many studies were performed on the effect ofatdition of FeOz on thethermal behaviour
of PVC degradation{181, 31, 32, 35]In literature, it is believed that the metal chlorides
resuling from metal oxide chlorination are responsifie affecting the déhydrochlorination

of PVC|[31]. According to AlHarahshelji1l5], however, the chlorination of K&s to FeCk by
HCI is thermodynamically not possible, yet it was found thaOkeoessignificantly affect
PVC degradatiof27, 177] For instance, it was observed thai®sresuledin the promotion

of chlorobenzene emission, yet significantly reduces thiestom of unsubstituted aromatics
and alkyl aromatic§27, 32, 175] According to Uegaki and Nakaga\i/ 7], the interaction
between FgO3 and PVC can be @ibuted to an ionic mechanism, whereiwe iron atom is
believed to be responsible for facilitating the detachment of the chloride anion from the PVC
chain. However, néurther evidence supporting this theory onc¢héorination of FeOs can be

seen in lierature

3.4.3.4.4PVC andZnFeOs

Only the studyperformed by Zhang et 4B0] addressed the effect of Znfr on the thermal
behaviour of PVC. In that work, the formation of iron oxides at different oxidation states (FeO
and FeO4) was alsodetected as a result from the chlorination of Zn by the emitted 30T

and the subsequent reduction of formed(zdo lower oxidation states by emitted End
carbonaceous materials was also observed that Znfe® resulted in lowering the onset-de

hydrochlorination temperature of P\[80].
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3.4.3.4.5PVCandFe0q

The only studyundertakeninvestigatingthe effect of F€O4 on the thermal behaviour and
pyrolysis products of PVC degradation was done by Ye ¢1a8]. In that work, different
FesO4-PVC ratios (10, 20, 50, and 75 wt% o&Bg) were studied178]. It was concluded that
the amount oHCI escaping is strongly dependent on theCrecontent in the F©4-PVC
mixture[178]. For instance, the mixture containing 75 wt%®ecaptured 97.6% of the HCI
content pregd in PVC[178], while the mixtures containing 50, 20, and 10 wt%Jzeaptured
80.8, 56.2, and 50.2%, respectij&l§8]. The study also confirmed the formation of iron

chloride in the tetrahydrate forfh78].

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

Fromthe work reported in the previous sectititan be seen that many metal oxides have the
ability to captue emitted HCI during déwydrochlorination of PVCWaste EAFD contains
large quantities of metal oxides in the form of ZnO, ZQkeFe04, and FeOs. Hence, irthis
sectionan overview of the literature on tirgeractionof EAFD-PVCis presentedn terms of

kinetics thermodynamicsand metal extraction under both inert and oxidative conditions.

3.5.1 The kinetics of PVC degradation in tipgesence of EAFD

The kinetics of PVC dissociation with EAFD wasly studied by AlHarahsheh et a[9].

Some other studies, however, addressed the kinetics of PVC degradation with pure metal
oxides[28, 30, 31] It wasreportedthat the addition ofomemetal oxides catalysethe de
hydrochlorination of PVC and resulted in lower values of the activation enetgye some
othermetal oxides such as CuO, {n, CrO3, M00O3, and Pb@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 degrad&ibnl73] It was reported
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that PVC chlorinates the metal oxides to form metal chlorides, and the forr&tioatal

chlorides, in turn, results in further catalysis of the dissociation of the po[@tiler

In the work performedby Al-Harahsheh et al[9], the effect of EAFD on the thermal
degradation kineticef PVC was studied Coats and Redfer[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 mistwigh EAFD with ratios of 1:1,

1:2, and 1.3 (FPVC1, EPVC2, and EPVC3). 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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Figure25: Activation energy of PV@ehydrochlorination (first stage) and backbone cracklng (second stage) in
the presence of EAFD at different ratios and heatitgs[9].
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Figure 25 showsthat EAFD affectedthe kinetics ofboth the first and the second PVC
degradatiorstages. It is also important to note that the heating rate showed a large effect on the
value of the adtation energy of the first stagleut not the second one. Such a result suggests
that the deéhydrochlorination of PVC in the presence of EAFD involves more than one
stage/reaction (i.e., a multep process); each process controlling the degradatioratgiag

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 tiige s

Consideringthe 10°C/min graphs, it can be seen that the activation energy of PYC de
hydrochlorination (1 stage) was lowered from ~ 160 kJ/mol when pure t8@%J/mol for a

1:1 EAFD to PVC ratio. The s ameghtibmapplieable chl or
in the case of EAB-PVC, since it was shown in Adlarahsheh 201J15], tha most metal

oxides in EAFD are prone to chlorination by the emitted HCI as will be shown inettte

section.

3.5.2 The thermodynamias the chlorination oEAFD constituents
Al-Harahshelfi1 5] reportedhe thermodynamic data of the-tttiermal treatment of EAFD with
PVC. Thefollowing are the expected reactioreccurringduring the thermal treatment of

EAFD with PVCandthe Gibbs free energylot associated witkeach reactionigure26) [15].

FexOs + 6HClg Y 2FeChs)g + 3H2Qg) (2)
ZnFeOus + 8HClg Y ZnCh + 2FeClg) + 4H:0.q) 3)
FesOu + 2HClg Y FeClys,) + FeOsg + H20( 4)
PbQg + 2HClg Y PbCls)) + H20() (5)
CaQq+ 2HClgY C @@+ H:0q) (6)
ZnOg)+ 2HCly)Y  Z &+ H20() (7)
ZnFeOsi)+ 2HCg) Y ZnClys) g+ FeOss)+ H20(g) (8)
PbOHCls)+ HClg) Y P b+ H20() (9)
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2FeOus+ 120:Y  3Psy (10)

PbQs)+ 4HClg + 1120 Y P hdg+ 2HO (11)
6Fe0si5+ Cs)Y 4P+ CO (g (12)
ZNnChs)+ FesOus)Y  Z n®a@+ FeChs) (13)
2FeChs)+ ZneSiO4s)Y  BS#Ous)+ 2ZnCh) (14)
ZnFeOs + FeChe)Y  Z nglHIFeOus) (15)
4Fe0s)+ OpiqY 6P (16)
Co+ QY C0 (17)
A 15 ) B 150
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Figure26: Gibbs free energy of the chlorination (A) and fadriorination (B) reactions (FactSage 7.109].

The chlorination of the zinc containing species ZnO and Zdfaccording to Reactions 7 and

8 is thermodynamically favourable in the temperature windoiwl1®00 °C. Nevertheless,
ZnFeOs shows eqilibrium behaviour in the temperature range from ~ 650 to 950
Likewise, PbO shows amenability towards chlorination forming PbCPbCh according to
Reactions 5 and 11 respectively over the entire temperature range. This thermodynamic data,
suggestghat 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 mairspecies: hematite (F83), magnetite (F€.) and franklinite (ZnFg)4). While the
chlorination of iron from F€s is possible in the temperature rangd 0-570 °C, the

chlorination of iron in FgOs and ZnFeO4 becomes thermodynamically unfavourable above
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12 5 C and 250 C, respectively (Reactions
reported to be released from the pyrolysis of PVC at temperatures from3Z8]9], which

makes the formation of ferric chloride (Feldrom FeOsz and ZnFeO4 unlikely. Hence, it is
believed that if iron was present in the form of®# the selectiity of zinc and lead extraction

will be negatively affected due to the formation of Fe&icording to Reaction 4 which is
water soluble. It is important to note that in the presence of reducing agents such as GO and H
the formation of FeGlfrom FeOs and ZnFeO4 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 Fe®l oxidising FeOs to FeOz and by converting any

formed FeCGl back to FgOs.

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

by its cethermal treatment with PVQ20, 24, 25, 33, 35]The thermal treatment in these
studies were either conducted under oxidgde 35]or pyrolytic[20, 25, 33Jconditions both

of which affected the percentage of metal extraction. The themmainients were also
conducted using either conventional heatiag, 25, 33, 35Jor microwave energy20]. 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 theatingsource
In the study done by Lee and Sdid3] 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 significantlgri@ased the amount of formed and volatilised keCl

due to an increase in the-situ pressure/concentration of released F83]. 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 metalf33]. 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 PVC percentagg38]45%

The recovery of cadmium, however, remained almost unchanged ranging between 95 and
100% at all PVC percentagf3]. Finally, heat treatment at 100C 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 worK33] was studied without any ptesatment. A new study
conducted by AHarahsheh et gl25] studied the effect of &D pre-.washing on the recovery

of metals when treated with PVC under pyrolytic conditions (nitrogen). The EPVC mass ratios
of 1:1, 1:2 and 1:3 were also studi[@dinal ong
these experiments, however, | ow temperature
only 20 min. In the EAFD collected from a Jordanian smelter, it was reported that soluble
chlorine was present at 8.32% mainlgrfr halite (NaCl) and sylvite (KC[R5]. The recovery

of zinc was reported to be 100% for both washed and unwashed EAFD when mixed with PVC

at a ratio of 1:425]. 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 ratge todmpledr atQ)25eThowashigdpoda hd)l
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 1raifovashed 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 rat[@5]. However, it was reported that oxidising Fe2+ in the leaching

liquor can result in a reduction in the iron recovi@y.

85



3.5.3.1.2 Microwaveenergy asghe heating source
Al-Harahsheh et g20] utilised microwave energy to perform the thermal treatment of EPVC

mixtures. Two EPVC ratios of 1:1 and 1:2 were stu¢l®d. In that work, theomplexrelative
permittivity for both EAFD and PV@vasmeasured to determirtlee suitability of microwave

treatment; figures are shown bel¢20]:
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Figure 27: The complex relative permittivities (real and imaginaof) EAFD against temperature at the two
frequencies 911 MHz and 2.47 GHz reported irHarahsheh et aJ20].
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Figure 28 The complex relative permittivés (real and imaginarnygf PVC against temperature at the two

frequencies 911 MHz and 2.47 Gkaported in AlHarahsheh et gJ20].

It can be seeln Figure 27 and Figure 28 that EAFD causes thkeeating initially (at low

temperatures) due to isgher value of loss factor. Howevéigom a temperature df00to 250
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°C, the loss factor of PVC increases appregiabaking it the major microwave absorbing

species in that range.

Results from the pyrolysis using microwave energy suggested that nirfbeaxtracted at a
percentage as high as 97.1426] when the EPVC ratio 1:2 was used. However, at the same
conditions, iron was extracted at 57.3720] 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 cothple2d 3 min

compared with 20 min in conventional heating.

3.5.3.2 Oxidative thermal treatment of EAFEYC blends
The thermodynamics data presented earlier (sectio)3eported by AHarahshel15]

asserted the huge advantage of oxygen introduction in ttreecmal 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 enhafit&d The effect of oxygen is either
attributed to the oxidation of E@s to stable FgOs or the oxidation of any formed FeQack

to FeOs.

This theoretical data was confirmed experimentally by two separate studiesneerioy At
Harahsheh et a[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 astboigermgture,

holding time, and pH of the leaching solution were also addré24kd

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 oxyep=unar 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 rdedyery

The pH of the leaching solution was alspaded to have a profound effect on the recoveries

of both iron and lead; such that apH above 4a significant reduction in recovery was
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observed24]. However, the lowest iron extraction with normal leaching water was reported
to be 12.5%24]. In the study that followe{B5], it was noticed that to minimise iron recovery
further, it is essential to increase the contadbserarea 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 powdewhich increased the oxygewlids contact surface area gred8%].

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 shfgigsThese results confirmed the validity

of the thermodynamics data reported byHsrahsheljl5] 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 environmentallydsoureconomically 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 royldermal 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, vile 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 disposedf 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 miirpose
metal extractiorf20, 24, 25, 33, 35]This, in turn, contribute towards mitigating the wider
environmental footprinbf these wastes while simultaneously utilising them for producing
useful products. Among these studies;Hdrahsheh et aJ20] reported the high potential of
using microwave energy for the thermal treatment of these two wastes mixed together in a short
time of 21 3 min. In that work, theomplex permittivityof these materialwasreported along
with the recovery percentages wifajor metallic elements in EAFD from the post water
leaching of the pyrolysis residues (zinc, lead, iron, cadmium, [@@]) In another study
conducted by Ye et a[139] the complex permittivitywas also reported for EAFD. €h
reduction of EAFD with biochar using microwave energy was also reported in thath88ik
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 zinand iron concentrations were 26.28 and 5.65 wt% (zinc) and 17.31 and 52.54

wt% (iron) from AkHarahsheh et aJ20] and Ye et al[139], respectively.

EAFDs with different mineralogy can thus exhibit different response to mioesmva terms
of impedance matching (which affects the heating rate) due to the differencecomipkex
permittivity of each individual constituent in it. For example, doenplex permittivity (real
and imaginaryYor FexOs is higher than ZnF€4. Thus, t would be expected for an EAFD
samplecontaining higher concentrations of:Be to exhibit an overall higheralues of the real

and imaginary relative permittivithhan a sample containing more Fe in the form of Z@ke
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Herein the major components of EAFD were exposed to microwave testing whereby the
complex elative permittiviy for each component were extracted at frequencies 2.47 GHz and
912 MHz. The response of these components was also studied under the influencatafdsepar
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
dustconsi t uents toward sustainable recycling:
detailing the dielectric characterisation of the major EAFD constituents over a wide
temperature range for the extraction of tleal 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 characerisation
To visualise how the constituents of EAFD exhibit significantly diffeparmittivity values
the loss tangerfd @ § 6f the major EAFD components is showrFigure29; The loss tangent

is defined as the ratio between thmginaryto thereal permittivity:

oa')équT (29)
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Figure29: The loss tangent of the major EAFD components agangberature at a frequency of 2.47 GHz.

Datain Figure29 shows that ZnO and EK@s, 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, chatadsing thecomplexpermittivity of the major components of EAFD

can help in making sound predictions of tuenplex permittivityof EAFD samples based on
relative composition. Theomplex permittivityof all these componenis presented in detall

in thepublished manuscript in Appendix 1.

Since the main goal (section 1.2) is to assess the microwave recycling possibility of EAFD
mixed with PVC, theelative permittivityof two PVC samples are also presenteBigure30

(A) and (B). Theeal and imaginarpartsfor both pure Figure30(A)) and wase PVC Figure
30(B)) follow a very similar trend. Below 400 °C, tiraaginary parfor both pure and waste
PVC show a peak between 20@50 °C The increasehowever, 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 thanholecules of PVC can now polarise in the direction of external electric field, thus
promoting the vale of theimaginary partAfter the dehydrochlorination of PVC (350 °C <

T), polyene is formed (see Appendices 2, 3 anéigure30 (A) and (B) sugest 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, @aththereal and imaginarpartsincrease for pure

and waste PVCHigure30 (A) and (B)).
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Figure30: The dielectric properties of pure PVC (A) and waste unplasticized PVC (B) in the temperature window

2571 700°C.

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

4.3.1 Electromagnetic simulation and the experimental setup
A singlemode”YO microwave applicator was used to perform the heating. This applicator is

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

An image of the experimental setup is showFRigure31.
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Figure31: A photo of the experimental setup used to perform the electric/magnetic microwave heating.

The extractedrelative complex permittivityof 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 metallibat 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 iRigure 32 in which the standing wave pattern of a
microwave at a frequency of 2.47 GHz insid® & T waveguidewasutilised to expose the
samples once to the electric fieldigure 32 (A)) and once to the magnetic fiel&igure 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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Figure32: A top view of the waveguide showing the positioradtnOsample in the maximum electiig) and
maximummagnetiqB) fieldswith 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 representativexample from the heating runs, the heating curves for a pure dielectric
material (ZnO) and for a dielectric magnetic materiak(zgare presented iRigure33 (A)

and (B). When ZnO was placed in the electric field maxima, a very rapid heatingG/s37

was obtained, while placing it in the magnetic field did not cause any heating. In cong@st, Fe
heated in both the electric and magnetic fields yielding even higher temperatures in the
magnetic field Figure 33 (B)). The results appearing Figure 33 can be assigned to the
difference in the values of permittivity and permeability of these two materials as shown in
Table6. Data associated with the heating of other EAFD components are presented in more

detail in the manuscript (Appendix 1).

Table6: Permittivity and permeability data for ZnO andiBGgat room temperature and a frequency of 2.47 GHz.

Material Permittivity Permeability
Real,rR > Imaginaryr > Real,f > Imaginary,” > >
ZnO 2.7 0.14 Non-magnetic | Non-magnetic
FesOq 12.6 0.9 1.2 0.5

a: data was collected from Hotta et[aB1].
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Figure33: Response of ZnO (A) and & (B) to pure electric anguremagnetic microwave fields in a single
mode"YO cavity under a microwave power of 1282 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 magnetcomponents while other dielectrics being inert to heating. With a
sufficient supply of oxygen, heatedsBa can be converted to &3 which could be useful in

promoting the chlorination selectivity when EAFD is thermally treated with PVC. Further

detailson 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 tiariats with magnetic
susceptibility or higher electrical conductivity (se@anuscript appendix 1) are the only ones

that heat when exposed purely to the magnetic field. Other dielectrics, in contrast, respond only

to the electric ditd dhenatkiimg dthetmhdé& i magnet i c

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 frequemes 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 generalisingethtve

permittivity data of a bulk EAFD sample to other samples wuiildie.
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CHAPTER FIVE

The effect of zincite (ZnO) and franklinite (ZnFeO4) 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 ZnF®©, are considered major sources of zinc in EARDB]. Hence, several
researches have focused on the possibility of extracting zinc from EAFD by-theromal
treatment with PV(J20, 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 addressele effect of these compounds (ZnO and Zakgin their pure form on the
degradation of PVC in terms of organic emissions and chlorine fix@iQr80, 32, 182]The

only study which reported the kinetics of PAZBO nanocomposite degradation was that done

by Alfannakh[183]. In that work, however, only the KAS and FWO modéi7, 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 pbssibly
based on a presumed reaction model which could lead to significant errors when calculating
the reaction rat§l83]. Finally, the reaction model associated with the degradation was also

not reported183] and the reaction sequence and products were also not idefit8&d

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

reaction model) and reaction sequence and products were identified.

Herein, a nonsothermal thermogravimetric study was carried out which allowed the extraction

of the temprature independent kinetic parameters. These parameters can then be used to

100



calculate reaction rates at different temperatures thus allowing the determination of processing

times and temperatures required to achieve certain conversion levels.

Appendicesand 3 contain the manuscripts titled
chloride in pregB4daadofTIke nopyrdbytny aimti Kinetic
investigation on the thermal decomposition
[185] detailing the thermal behaviour and the kinetics of the decomposition of polyvinyl
chloride in the presence of stoichiometric quantities of ZnO and -XaHas major zinc

sources irEAFD).

5.2 Pyrolysis and thermal stability

The thermal behaviour of pure PVC and its stoichiometric mixtures with ZnO and@ike
presented ifFigure 34. A clear effect of these oxides can be seen on the thermal stability of
PVC. Using the tangent method, the onsehgdrochlorination temperature dropped from 272

°C in case of pure PVC to 214 and 235 °C for Z2Q0C and ZnFgD4-PVC, respectively. Such

a result is apparent from the derivative signals appearikr@gure34 where the ZnO mixture
shows a derivative peak befoadl the other systems, followed by ZnBPa mixture. This
behaviour suggests a significant change in thieydizochlorination initiation pathway towards
lower stability which can be assigned to the direct abstraction of Cl from the PVC monomer
by these oxids at temperatures well below the normahgdrochlorination temperature (272

°C). This direct reaction appeared in thehyerochlorination stage in the form of DTG
triplet/doublet as can be seen for both ZnO and ZB&FBVC 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 martuschippendix 2.
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Figure 34: The thermal behaviour of pure PVC, Z#R¥YC (39.4 wt% ZnO), and ZnE®s-PVC (32.5 wt%
ZnFe0O4) 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 ZAQ@C at a temperature of 370 °C is

shown inFigure35.
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Figure35: Chemistryand morphology of a particle in the pyrolysis residue of B2\ mixture at a temperature
of 370 °C.

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

potentially be related to Znglatomic ratio close to 1 : 2). The deviation of the atomic

103



percentage in the table igure35 from the theoretical one of Zngtould be assignead the
threedimensional 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 tableFigure 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, thmaps presented in the supplementary material of the manuscript attached
in Appendix 2 show that some stgtraped crystals are associated only with Zn and CI. The
data presented in Appendices 2 and 3 are in agreement with the thermodynamics results
reportedby Al-Harahshel15], such that the ClI 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 zio from EAFD by means of post pyrolysister leaching.

5.3 The kinetics of PVC dehydrochlorination in the presence of ZnO and
ZnFex0g4

Knowledge of the temperature independent kinetic parameters (activation €Bergy
frequency factod, and reaction model) makes it possible to make predictions of reaction rates
at any arbitrary temperature. Moreoveheatomes possible to choose the optimal temperature
at which zinc can be extracted selectivelyFilgure36, theactivation energy and the natural
logarithm of the frequency factor associated with théaytirochlorination of PVC alone and

with stoichiometric quantities of ZnO and ZnBg are presented. Different activation energies
can be seen when ZnO and ZsBeare 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 sather 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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Figure36: The activation energy (Ajhe ratural logarithm of the frequency fact@mit of A is mint) (B), and
the rate constant at a temperature of 20QCYXassociated with the elgydrochlorination of PVC, Zn@VC, and
ZnFe04-PVC under nitrogen flow of 100mL/min (kinetic parameters reported using Friedman metfi&s).

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

ZnFeO4is added to PVC. The main reason behind such an increase (which was not seen for

ZnO) is the reduction of @3 generated as a side product from the chlorination of Zdf-e

by Hzinto FeOs. FeO4 then captures any emitted HCI forming Fe@lus preventing HC

from catalysing the dbydrochlorination according to the mechanism reported by Starnes and

Ge[186]. The reaction sequence can be written as follows:
ZnFeOs+ 2(GHCn Y  Z n €Fe0s + 2(GH2)n+ H20

PVC Y HgCHPolyeneH organic volatiles [178]
3FeOs+H Y 2Pet+ H0 PG 143.3 kd/mol, T = 240C

FesOs+ 2 HCI ¥ FePetGhO PG 144.2kd/mol, T =240C

(18)

(19)

(20)

(21)
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Theevidence of this reaction sequence and the chlorination is shown in detail in the manuscript
attached to Appendix 3.he morphology of formed Fefis shown inFigure37 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 values of the rate constafX’Y which is the most
important parameter in determining reaction rates. rhbe constant equation can be given

according to the Arrhenius function:
QY o68AA @B (30)
And enters in the overall ragguation as follows:

— QY8Q (31)

Such that;— is the reaction ratéQ"Y is the rate constan is the universal gas constant and

"Q is the reaction model.

4um

SE/BSE MAG: 13871 x HV: 15.0 kV WD: 13.1 mm
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Zinc K-series 0.1 0.2 0.1 0.2
Oxygen K—-series 4.5 5.8 14.3 2.5
Chlorine K—-series 38.0 49 .3 54.3 3.9
Iron K-series 34.5 44 .77 31.3 3.2
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Figure 37: The morphology and chemistry of formed Fe@lring the pyrolysis of Znk&,-PVC (32.5 wt%
ZnFe0,) at a temperature of 650 °C and under a nitrogen flow of ~ 5 mL/min.

Accordingto Figure36 (C), the addition of ZnO produced the highest rate constant over the
conversion 0.1 0.9 followed by pure PVC and then ZnBa-PVC at atemperature of 200

°C. Again, while ZnFgO, initially catalysed the déydrochlorination 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 keepgpiing with conversion, contrary to

pure PVC. This can be explained by the mechanism suggested above wbieERaapture

released HCI preventing it from catalysing thehgerochlorination.

More details on the reaction models and the mechanisms invimivihe 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 kinetitata presented figure36was confirmed by comparing
the reaction rates calculated using the kinetic data presented here with the reaction rate obtained
experimentally (se€igure38). Clearly fromFigure38 (A), (B) and (C) there is an excellent

agreement between experimental rate and the rate calcukatedthe kinetic data presented

here.
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Figure38: A comparison between experimental ameblel based déydrochlorination rate of (A) PVC, (B) ZnO
PVC mixture (39.4 wt% ZnO) and (C) Znfa-PVC mixture (32.5 wt% ZnFgO,) using data extracted from
Friedman model.
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5.4 Summary

An investigation on the epyrolysis of ZnO and ZnkE®s with PVC was reported in this
chapter. This included performing negothermal thermogravimetric scans, pyrolysis of the
solid mixture at differet 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 degradati@re also extracted for pure PVC and for PVC in

the presence of stoichiometric quantities of ZnO and Zdke

The presence of ZnO resulted in a catalysis of tHeydeochlorination while ZnE®©4 resulted

in an inital catalysis only which both caused the onsehyldrochlorination temperature to

drop from 272°C (pure PVC)to 214 and 235°C for ZnOPVC and ZnFgD4-PVC,
respectively. According to the kinetic calculations, the rate constant associated WARVZhO

at a low temperature of 20C exhibited higher values throughout the degradation (conversion
range 0.1' 0.9) compared to pure PVC. In contrast, the gmee of iron bearing compounds

in the ZnFeO4 resulted in an overall reduction in the rate ofhgerochlorination which can

be assigned to the ability of Fe304 to capture gaseous emitted HCI thus preventing it from
catalysing the ddéydrochlorination futter. 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 chloringresent in PVC and transformed into their chloride counterparts. Such
a behaviour suggests that zinc extraction via ththemmal 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, magnetites@ge and hematite (E©3) (aside to
franklinite mentioned in the previous chapter) are considered the major mineralogical forms in
which iron is present in EAFDThese oxides can have a huge impact on the choice of
processing temperatures and holding times needed to achieve dewvt@indegradation
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 tiieecmal treatment

with PVC|[20, 25] However, in these studies, iron was also extracted with these metals which
can complicate the downstream processing for obtaittiegn 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 ithpact of the addition of both E@s and FeOs on the
thermal decomposition of PV[30, 32, 178, 182]Zhang et al[30] studied the effect of F©3

on the dehydrochlorination onset temperature of PVC and the gaseous emissions during the
degradation. Masuda et 4B2] studied the emissions from PVC degradation (liquid and
gaseous) in the presence of several metal oxides. It was shown that the additigBsof Fe
appreciably suppressed liquid productsnirPVC degradatiof82]. This was attributed to ¢h
potential formation of a small catalytic amount of Feddspite the fact that no iron chloride
phases were detected using XRE2]. Meng et al.[182] reported the chlorine capturing
capability of several metal oxides including®e The study also reported the effect of these
oxides on CI distribution, thermodynamics, kinetics of PVGhgarochlorination, and the

percentages of formedblatiles[182]. Finally, Ye et al[178] studied the effect of E®4 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 inorgddic]. None of the aforementioned
studies addressed systematically the effect of baids4znd FeOs on the kinetics of PVC de
hydrochlorination. Herein, the effect of bothe®gand FeOs on the decomposition kinetics is
studied systematically using nasothermal thermogravimetric scans coupled with- iso
conversional techniques for the extractiorthadtemperature independent kinetic parameters

(activation energy, frequency factor and reaction model).

The manuscr i p tkindtadirivéstegationfoithettherenal degradation of polyvinyl
chloride in the presence o0 fdix mshgws eatdetailed an d
investigation on the thermal stability, pyrolysis behaviour, reaction products and kinetic
parameters of PVC deydrochlorination in the presence of stoichiometric quantities gibfe

and FeOs powders (mixed with PVC). In that studyixtures of FeO4-PVC and FgOs-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 Pyrolysisand thermal stability

The thermal behaviour of pure PVC3Be-PVC and FgOs-PVC mixtures is shown iRigure

39. Contrary to zinc bearing oxid€Shapter 5), the onset digydrochlorination 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 théyldrochlorination was

clearly afected 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 s@i drel

FeOs at a conversion of 0.004 with values of 109.9, 204.2, and 215.1 kitnpure PVC,

Fes04-PVC, and Fg03-PVC, respectively. Unlike zinc compoundszBegis 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@néfrom the kinetic data. ¥as,
in contrast, is thermodynamically stable and does not chlofit@fbefore being reduced into

FexO4 by the B emitted during the diydrochlorination step.
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Figure39: The thermal behaviour of pure PVC:6¢PVC (31.6 wt% F¢D,4), and FeOs-PVC (29.9 wt% Fg05)
under a nitrogen flow of 100 mL/min and a heating rate of 10 °C/min.

After the dehydrochlorination stage of E@4-PVC andFe0s-PVC, chlorides of FeGland
FeCb.2H,O were detected by XRBnd 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

temperatee of 600 °C for a mixture of E@3-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

Figure40: The morphology and chemistry afcrystalobtained from the pyrolysis of F@s;-PVC mixture at a
temperature of 600 °@hich is potentially related to Fe£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 Fe@btained from the pyrolysis of K&;-PVC mixture at a
temperature of 600 °C.

The deviation of the atomic percentages in the tablesn

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
assignd to the three dimensional nature of the samapkbthe 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 indudes
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 H and the char generated from the thermatking of the polymer. At the end, iron is

present in its elemental form ag~e along with iron carbide &€ (see Appendix 4).

6.3 The kinetics of PVC dehydrochlorination in the presence of FeO4 and
FexOs

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

reaction rates at arprocessing temperature, hence assessing the thermal stability of reactive
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systems. The temperature independent kinetic parameters represethieddiywation energy

and the frequency factor are presenteBigure42 (A) and (B). Both Fg04 and FeOs result

in a significant increase in the vals of the activation energy. In the case efdkehowever,

the increase is drastic especially in the conversion range@6&} The reason for the increase

in the activation energy can be assigned to the ability of these oxid€s)(Brd (FeOs after
reduction) to capture HCI; a material identified before as an accelerating agent for the de
hydrochlorinatiorf186]. The evidence for this can be seen in Appendix 4 where peaks af FeCl
and FeCl.2H,O can be seen for both the reaction systems gd#FeVC and FgDs-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, the frequency factor should follow a similar trend to that of the
activation energy. Thus, the same spike foCd®?VC mixture is seen fdhe frequency factor

in the conversion range 0i40.6. The huge increase in the activation energyfeegliency

factor for FeO4-PVC and FgOz-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 parameter@\) activation energy and (B) frequency factor (units Hyiassociated with
PVC dehydrochlorination alone and in the presencstoifchiometric quantities of E@4(31.6 wt% Fe304) and
Fe0:(29.9 wt% FeOs).
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Due to the high activation energgsociated with E®;-PVC and FgOs-PVC degradation,
they can be consideredias e mper at ur e demandi ngo processes.
a look at the value of the rate constant at different temperatures of 200 and B0§ut€A3

(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 ratentaisFeOs-PVC

higher than that of PVC in the conversion rangei0046. 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 compensationdadjfgielding a rate constant with a larger value

than that of pure PVC. This, however, does not necessarily mean that the rate associated with
FeOs-PVC degradation is higher at that temperature since the reaction if@pdetan 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.

( A) PVC mFe304-PVC mFe203-PVC

0.01

0.009

0.008

0.007

0.006 -

0.005 -

0.004 -

Rate constant, min

0.003 -

0.002 -

0.001 - i:
O —

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Conversion, U

120



(B) “PVC ®Fe304-PVC ®Fe203-PVC
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Figure43: The rate constant at temperatures of 200 (A) and 300)f(Be dehydrochlorination of PVC alone
and in the presence of stoichiometric quantities @O €31.6 wt% Fe304) and @3 (29.9 wt% FeOs).

To confirm the reliability of the kinetidata shown ifrigure42 (A) and (B), the experimental
rate and the rate generated from these kinetic data were compared and are preSmuted in

44,
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Figure44: A comparisorbetween experimental amdodel based déydrochlorination rat®f (A) Fes0-PVC
(31.6 wt% FeOa) and (B) FeOs-PVC (29.9 wt% FeOsz) 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
generatedfrom PVC degradation

For the FeO4s-PVC mixture, in the temperature window 57%15 °C, a mass loss of about
4.0% can be seerfrigure 39). The char formed from the thermal cracking of the polymer

backbone reacts with excess®g(major reduction stage) forming FeO as follows:
FesOs+ CA 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
Figure45 (A) and (B). The activation energy does not show large variation throughout the
conversion 0.1i 0.9 averagingat 146.4 kJ/mol. Following the compensation effect, the
frequency factor also did not change appreciablth conversion suggesting a single
controlling mechanism with a reaction model'Qf | 8 in the conversion range 0i8

0.9.
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Figure45: The kinetic paramete®\) activation energy and (B) frequency factor (unit is ®inssociated with
the carbothermic reduction of f&& to FeO by the char generated from PVC degradation.

Frequency factor In(A), In(min-t)

With a further increase in temperatué®%i 750 °C), a second major reductistage appears
which is related to the transformation of FeO to elemental ifeRe). The kinetic data

associated with this stage is showrrigure46 (A) and (B).
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Figure 46: The kinetic parameter§(A) activation energy and (B) frequency fact@jsociated with the
carbot her mi ¢ r eFe bydhe chargenerdted fFoen®VQ degradation.

Clearly, the activation energies associated with these reduction stages especially the second
one are significantly higher than those associated with Ri&hydrochlorination. This
explains why these processes occur at significantly higher temperatures. Moreover, the data in
Figure45andFigure46 show comparable frequency factor values, however, with much higher
values of activation energy for the transformation of FeO jrk@ which is also inithe with

the fact that this reduction stage occurs at a significantly higher temperature. The reliability of
the data presented Figure45 andFigure46 was confirmed by comparing the experimental

rate with the rate generat@sing extracted kinetic dataigure47 (A) and (B)).
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Figure47: A comparison between experimental and model beasgbthermic reduction rate of (A) f&&to
FeO and (49 usikgadda ektacted from Friedman model.

Experimentabnd model based datakigure47 (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. Both38a and FeOs showed a good ability in capturing HCI
such that the former reacted directly with HCI while the latter was first reducegdwoled

from the dehydrochlorination into F€4 after which it was transformed into iron chloride.
The HCI scavengingbility of these oxides resulted in a drastic increase in the activation energy
associated with the d®ydrochlorination which upon combining with the frequency factor
yielded an overall lower value of the rate constant, especially at low pyrolysis &unpsr

such as 200C. 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 éhgapot
recycling of EAFD with halogenated plastics (namely PVC) can be based. Initially, the major
components of EAFD were analysedttoeir relative permittivityover wide temperature range
thus facilitating making predictions on the microwave interactioth 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 dielgcoperties of these components into an
electromagnetic simulation using COMSOL Multiphysics, thus allowing exposing these
materials to pure electric and pure magnetic microwave fields. This phenoroandre
exploited to use microwave heating for the sti¥e® 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. Tdeffect of the following oxides: ZnO, Znf®s, FeOs, and FeOs

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 he 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 procdss@sa 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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U Electromagnetism manuscript (appendix 1):

1. The separation of microwave electromagnetic fields was achieved YiD acavity

2.

3.

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 andbservation 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 studydimeter of the sample was
2.3% of thewavelength of the guided wave inside the waveguide (microwave
at a frequency of 2.47 GHz was used in a WR340 waveguide).

c. Thepermittivity and permeability parametaythe material of interest need to
be introducedin the model to take into account its effect on the resonant
frequency inside the waveguide.

ZnO, ZnFeO4, Fe0s4, and graphite were found to be the major components of EAFD
contributing to the overall microwave heating. Other components such@g 5&,

CaCQ, and PbO were found to be poor microwave absorbents, especially PbO and
SiOe.

A very good agreement was seen between the heating behaviour and the extracted
permittivity dataof materials; materials with lownaginary permittivityshowed 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 {6¢) and electrically conductive (graphite)
materals 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 dé the microwaves.

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

. The addition of both ZnO and Zn¥&® reduced the thermal stability of PVC which
appeared as a drop in the onsehgdrochlorination temperature from 272 °C to values

of 214 and 235 °C fohe addition of ZnO and Znk®s, respectively.

. Chlorine present in PVC resulted in a complete destruction of the stable structure of
ZnFe0O4 transforming it into its chloride counterpatsich canbe utilised for zinc
extraction.

. Both ZnO and ZnE®©4 were found to react directly with the PVC monomer abstracting

Cl via a direct reaction and thus changing théngigrochlorination initiation pathway.

This, in turn, reflected on the value of the initiation activation energy which changed
from 109.9 kJ/molor pure PVC to 121.9 and 148.2 kJ/mol for ZROC and ZnFg0s-

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 tempera
200 °C for the Zn@VC mixture.

. For ZnFeQs, the presence of Febearing oxides post chlorination and reduction
resulted in capturing of emitted gaseous HCI. This, in turn, yielded high values of

activation energy associated with thetd@lrochlorindon when compared to pure
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PVC due to the capturing of gaseous HCI by®eformed after the chlorination of
ZnFeO4 and the reduction of F@z side product.

6. Fes0O4and FeOs were found to increase the activation energy effigi#grochlorination
to values mah higher than those related to pure PM{ to the capturing of emitted
gaseous HCI which is a known catalyst for thengidrochlorinationOperating at low
pyrolysis temperature of 200 °C yielded lower rate constants for beth-P&C and
FeOs-PVC compred to pure PVC. This means that bothGzeand FeOs can be
deemed as PVC dwydrochlorination inhibitors.

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

activation energy thus slowing the-dgdrochlorination sige.

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 cthermal treatment dAFD-PVC, many gaps still need to be filled.

7.2.1Microwave electromagnetic interaction with EAFD and PVE€elective heating using
separatednicrowavefields

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, hpthesser
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 thauarter of the wavelengtf 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
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the concept discussed in the manuscripAppendix 1 reflects more realistically to the
industrial applicability of theseparated electric and magnetic fields concept. The major
challenge that will be faced when trying to operate at that ,shaleever,is that it will
potentially require usingigh power input to achieve a certain power/nrasie. 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 PVC 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/nneralogy.

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 isghermal kinetic studies need also to be carriedmfiirther confirm the
data extracted from the ismnversional methods reported here. This is because, in the
iso-conversional (noisothermal) approach, different controlling mechanisms occur at
different temperatures leading to variation of activatioargy and frequency factor

with conversion. Such a result sometimes is avoided whethémal 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 aste 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 tagmerowave fields. ZnO,
ZnFeOs, Fe04, and graphite were found to be the main contributors to the heating of EAFD
based on their dielectric properties and heating profiles. ZnO andQstkeated only in the
electric field yielding temperatures of 846d 720 °C after heating for 30 and 40 s, respectively

at a power input of 118 + 1W/. FeOs 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 okBghas 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 gibjwthhe
amount of crude stl 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]. During steel manufacturing, hazardous EAFD is
geneated in large amoun{]. According to estimations, 180 kg of EAFD is emitted for

every ton of recycled stegl]. Most of the charge supplied to EAFs is steel sgthand since

most of the recycled steel is galvanised, lagit concentrations argenerally 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 pyrometallurgighl While the hydromethaurgical
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 spe¢i&s9-12]. 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 estimates08o of the recyclé dust is treateoh theWaelz 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 towardshe thermal treatment of EAFD with halogenated plastics such as polyvinyl
chloride (PVC) andetrabromobisphend\ (TBBPA) [2, 8, 1520]. In these studies, EAFD is
reacted with the halogen acids generated from these plastics when heated up to temperatures
of 2007 300°C, followed by water leaching of the resulting metal hal{@e46]. A problem
encountered in this approach, is the reaction gdkF@m EAFD with the halogen acids, leading

to the formation of iron chloriderfomide which is carried over tthe final leaching solution
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as Fé" and impairs the extraction of zinc at a high pufit§, 17, 21] Since these techniques
require significant heat addition, much work has been directed towards studying the use of
microwave energy as a heating souradtie treatment of EAFIL6, 17, 2227]. 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 syAbtem et al.[23] and Omran

et al.[25] studied the microwavassisted reduction of EAFD using graphite as a reducing
agent, while Sun et gl22] reported the effect of different carbon types for the reduction of
EAFD. Al-Harahsheh et gl16, 17] measured the dielectric properties of EAFD pyiblysed

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 coraptphases 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 microwavassisted recyclingpf EAFD. The presence of magnetic and
electrically conductive species in EAFD has been reported in the litef2ture29, 30]
Magnetite (FeO4), a welkknown iron bearing magnetic mineral, was reported in many studies

to be present in appreciable amountEAFD [6, 21, 31, 32]Al-Harahshelfi21], reported that
FexOsis 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
microwawe 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 ¥2 W. Dielectric characterisation of the
individualmineralphases was undertaken. These propertiesimguéintoan electromagnetic

model (COMSOL Multiphysics) of the microwave heating system, to enableyiseem to be
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adjusted so thmteraction of thenineralswith either themagnetic 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 conductethermodynamics analysis by-Marahshell19, 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 inr€igju

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 attributeddmlectric, magnetic, and condive losseg33].

2.1.1Dipolar polarisationoss

Materials with permanent molecular dipoles heat by the dipolar polarisation mechanism due to
their interaction with the electric field component of microwaj&y. Quantitatively, the

mat er i al @ the aleetric fietdis siseially represented by the dielectric confuand

the loss factor(§] )Jof the material. The former represents the ability of the material to store
energy as charge polarisation, while the latter represents the ability oitierial to dissipate

this energy as hef84-36]. Both are expressed in terms of the complex dielectric con&jant (

as follows[37]:
=010 (2)
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Where j =M1 p. The power dissipated in the material as heat shows a direct dependency on

the imaginary part of the complex dielectric constant of the mafaéal
0T xAOS&KR &R % (2)

Where is the angular frequency of microwaves,is the permittivity of free spacenkis

the root mean square of the intensity of the microwave electric field.

2.1.2Magnetichysteresidoss

Similar to dielectrics, an external alternating magnetic field interacts with the magnetic dipoles
present in magnetic materials which makes thenilagcas well[39]. Since the domains in
magnetic materials become permanently magnetised in a certain dif@é]pa magnetic

field in the opposite direction is needed in order to demagnetise and eventually magnetise in
the opposite direction, forming magnetisation hysteresis loop. The amount of energy
dissipated in the material is directly related to the area enclosed in the hystere$#lJoop

Likewise, a complex magnetic permeability can be defined for magnetic majé2ials
H=pijp” ©)

Wherep’ is a measure of the ability of the material to store magnetic energy in the form of
magnetisation (magnetic polarisation) andis its ability to dissipate this energy as hdaie

power dissipated in the magnetic field is primaréiated to the imaginary part pérmeability

as follows[38]:
01T xAOS8 § ( (4)

Wherepo is the permeability of free space anghds the root mean square of the intensity of

the microwave magnetic field.

2.1.3Electricfield conductive loss
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Translational motion of charge in the form of electrons or ions also contribute signifiantly
microwave heatingWhen a conductive material is exposed to microwaves, the electric field
drives the free charge through the material regulin resistive heatind42-45]. The

conduction loss factor and the power dissipated per unit volume of the material are given by:
0T - (5)

01 x A O3 (6)

Wherel is the electrical conductivity of the material.

2.1.4Magneticfield conductive loss

The alternating nature of the magnetic field in microwaves produces an electromotive force (emf)
in conductive materi al s aneledric eudenthrough theamaferial Thi s
resuling in resistiveheating If the material is solid and not hollow, densely packed currents

form which are referred to as eddy currents. poeer dissipateth a conductive solid disc

due to eddy currentsgiven as[46]:

01 x AO—0 8®B— (7)

Where D is the diameter of the disc, h is the disc thickneds,tBe intensity of the magnetic

flux, andmis the electrical resistivity of the maita.

3. Experimental work
3.1 Materials
All materials used in this wonkere of high purity. ZnO, Fg)s, PbO, C, and CaCQwere

purchased from Fisher Scientific with purities > 99.99% except for Ga@h was at
99.95%. FeO4 and SiQ, were purchased from Siga#ddrich with purities of 99.99 and

99.995% respectively. Finally, ZnE©4 was purchased from Alpha Aesar wathurity 099%.

3.2 Cavity perturbation measurements
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The @vity perturbation techniqueas used for measuring the dielectric propefd@s47] A

schematic diagram of thepparatus ipresentedn Figure 2.

F

Heating elements

Tube furnace ——» “—5 Hot
L | Y zone

Water cooled base

Copper TMno\

cylindrical

cavity

Support stand —— Sample
Quartz

< sample

holder
Motorised
stage

Figure 2. 8hematic diagram of the cavity perturb_ation apparatus.

A guartzsample holdewith aninternal diameteof 4 mmwas usedBefore measuring the
properties of the powders, the effect of the empbg twas ifst measure@nd subtracted later.

A specified mass of powder samplas loaded inside the tube awds packed to apecific

height so that samples with similar bulk density can be reprodudesl 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). tOackesired temperature was
reached, the sample was held at that temperaturei f@08nin, to ensure homogeneity of the
temperature inside the sample. The motorised stage then immediately lowers the sample into
the cylindrical copper cavity, where theslgictric 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 rangei dfZ® °C at frequencies of 2.47

GHz and 912/910 MHzDielectric properties extracted at 2.47 GHz were important for
understanding the heating behaviour and for the building of the electromagnetic simaflation

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®ewvere purged through the lower portion of the quartz
sample holder with 99.9992 % pure & ~ 10 mL/min. Since Njas contms trace amounts

of Oy, it was initially passed through a sacrificialBg sample which scrubbed the purging

gas completely from ©traces. Powders were analysed usingRay Diffraction (XRD)

technique before and after the measurements.

3.3 Microwave ekctric and magnetic field heating
3.3.1 Rectangular waveguide andid Eavity

A straight aluminium rectangular waveguide connected toacEiity 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
N Y
1] Sample .
| Lz pre j Tuners, |Port ("Microwave generator
il I o
¢ T Network analyser
Short - : dC::: IR signal to
circuit aveguide

camera

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

In a TEocavity, the micowave 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 forree gnes.
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Figure4. Vertical positioning of hematite (E®s) sample inside a Tigcavity; 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 samjgleasnaximum. 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, hBag via the magnetic component of the microwaves

dominates.

3.3.2Samplesize consideratioandheatingprocedure

Samples were loaded in powder form in a quartz tube with an internal diameter of 4 mm as
shown in Figure 4. Sindbe maximum intensities of the electric and magnetic fields for a 2.47
GHz standing guided wave are theoretically separated by a distand& ofim, 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 wihikbwed 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 theycawitonfirm 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 mdel, avectornetwork analyserAgilent E5071C) was connected from

the port sid€Figure 3)Yto measur¢he degree of power absorption in each case. For the heating
tests, a microwave generator (SAIREM Miniflow 200SS) was connected throughypeN

port ushg a coaxial transmission line. The power deposited into the waveguide during the
heating tests wak18 + 12W at a frequency of 2.47 GHz. Through the observation port (left
hole in Figure 4), a thermal InfilrRed cameraNEC Avio H264Q was used taneasure the
surface temperature of the sample with the emissivity set at 0.75. Samples that are prone to
oxidation (graphite and E@s) were purged with 99.9992% pure fér at least 10 min., after

which the flow was shut off and heating was started.

3.33 Electromagnetisimulation

Figure 5 showshe 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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Figure5. COMSOL Multiphysicssimulation 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) pasthrough the sample relies
principally on the distance between the sample and the short circuit. The shifts in the short
circuit positionin Figure5 (b) and (c)were adapted in the experiment and based on this
simulation the experimental heating belwavi was studied. In highly lossy materials (e.g.,
graphite) slight variation to short circuit shift was introduaedef tosupplementary material

Table S1 for more detajls

3.4 X-Ray Diffraction analysis

XRD analysiswas carried out for solid samplaftercavity perturbation measurements and
also afterelectric and magnetic heating experimeAt8ruker D8 Advance witla LYNXEYE

2D detectorand aCu k U r samutceveas usednfor iils analysis.The instrument was
operated at a current and voltagfe40 mA and 40 kV, respectively. Data interpretation was

performed using QualX 2.0 softwg#s].
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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 Beckman Coulter LS13320MWaser diffraction analser 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, £&, and ZnFegO, are presented in Figuée The behaviour

of the dielectric properties of ZnO, B@3, and ZnFegO, 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 increaseesved. The
variations in the dielectric properties may be attributech&édffect 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 latticecisg at high temperatureigl2].
Consequently, more electron cloud deformation can be achjé2edrhe increase in lattice
spacing also grants the ions forming the crystal broader potentials and more movement

becomes attainabld?2].
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Figure6. Dielectric properties profiles as a function of temperature at frequencies of 2.47 GHz and 912/910 MHz
for (@) ZnO with a density of 1.89 g/én(b) FeOs with a density of 0.58 g/cfrand (c) ZnFgO, with density of
1.09 g/cm.

The behaviour sedn Figure § can be understood by considering the effect of temperature on
the relaxation time of dipoles in the sam@\aelaxatiortime is defined as the time needed for

a dipole to change orientation from one equilibrium position to another. For thabtémeigd
double well theorenfi34] was used in which the relaxation timeis related to an activation
energy’Y [34]. This activation energy resembles the energy barrier that must be overcome in
order to polarise a dipole from one equiprobable pasittoanother in materials where the

intermolecular interactions are significant (e.g., solids). The relation is written as f{Bkbjws

T (8)

Where, Qi s Boltzmann constant, T is absolute
oscillation in the potential well, and and- are dielectric constant at static and very high

frequency, respectively. In Equation 8, increasing the temperature, |bwetaltie of the term
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~

—0 which decreases the relaxation ti me. As

able to follow the rapid electric field oscillations, thus enhancing the extent of polarisation,

which in turn, increases the value bétdielectric constant.

Tablel: Particle size of thpowdersused in this work.

Material Mean patrticle siZze um
ZnO 466.2+ 25.4
ZnFe04 13.2+4.2
FeOs 36.6£ 4.8
FesOq 31.7+5.0
SiOz 224.5+ 7.6
PbO 101.1+ 6.7
CaCQ 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 electricabnductivityat high temperaturgg2]. The loss factor presented in
Figure6ist he neffective | oss factoro which- 1 umps

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

JT 1T -1 (9)

Where term 1 represtes 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 exeitiaitdn
results in the formation of vacancies through which ionic conduction occurs under the influence
of an external electric fiel§b0]. Thus, the increase in the effective loss factor is mainly
attributed to the increase in the conduction loss facte tduthe increase in electrical
conductivity at high temperaturegdquation 9. This point can further be emphasised by
understandinghe behaviour of the loss factor at different frequendesemperaturesk@ove

700 °C, the loss factor at PA0MHz is always greater than that at 2.47 Ga$zseen in Figure
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6. This is attributed to the inverse dependency of the corahuciss factor on the frequency

of the radiation (Equation 5). €arge differencén 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 ZhH®ave relatively high loss factor at
room temperature, dipolar polarisation might be assigned as the heatingnieectinitially,

followed by conduction loss at high temperatures.

Figure 7 representhle dielectric properties for PbO, Si@nd CaC@ The dielectric constant
increases steadily from room temperature for all of them. The transformation ok @G4€O

CaO in the temperature range 60000 °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 tedftening 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 bermuded that PbO, SiDand CaC®are expected to make the
lowest contribution to the overall microwave heating of EAFD, while both ZnO and:@nFe

can be classified as part of the major contributors to bulk heatin@s Fright start

contributing signifiantly to heating at temperatures above 600 °C.
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Figure7. 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/énfb) SiQ with a density of 1.50 g/cfrand (c) CaC@with density of 0.50
glcnt.,

Figure 8 shows thdielectric properties of E®, as a function of temperature at frequencies of
2.47 GHzand 9D MHz. The dielectric constant and the loss fagioofiles show aunique
behaviour for a solid since thégllow the Debye theory of relaxation. The only diffecenis

that Figure8 showsthe dielectric propertiesagainst temperature rather than frequency. The
theorysuggested by Debye, however, should still hold based on the qualitative shape of the
curve and quantitative data obtained frdmAt low temperaturesthe material has a high
relaxation timewhich prohibits any form of polarisation thyiglding relativelylow dielectric
constant and loss factor. As the temperature increases (~ 100 °C), polarisation commences,
leading to an increase in bothe dieledric constant and the loss factdiith further
temperature increage 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

constantplateaus.Quantitatively, substitutinghe values of- and- (Figure § in the
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following equationr J which isextracted from Debye model, produces theoretical

maximum loss factor values very close to those reported from the experthmeetical
values are 2.53 and 2.24, while experimental values (Figure )5 @and 2.15 at 2.47 GHz

and 910 MHz, respectivelyhe relatively high loss factor seen forBgcompared with other
EAFD constituents might be explained by taktivelyhigh dc electrical conductivity reported

in Miles et al[51] for the materialThis suggests that heating of:Bein the electric fielccan

be attributed to dipolar polarisation and conduction loss mechanisms simultaneously and a
maximum heating ratehould be expected to be around 150 and 200 °C at frequencies of 910

MHz and 2.47 GHz, respectively.
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Figure8. Dielectric propertieprofiles as a function demperaturdor Fe;0, at frequenesof 2.47 GHzand 910
MHz and a bulk density of 1.01 + 0.0g&n?.

4.2 Microwave electric and magnetic heating

Table2 shows the heating rates and temperataf&AFD constituents when exposed to pure
electric and magnetic microwave fields at a frequency of 2.47 &tz power inpudf 118

+ 12 W. Heating profiles are in Figure S3 in the supplementary material
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Table2: Microwave heating undéhe influence opure electric and magnetic microwave fieldafrequency of
2.47 GHz anda power input ofL18+ 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
ZnFe0Oq 16.8 40 720 No No No heating
heating | heating
FexOs 1.65 210 180 No No No heating
heating | heating
Fe&sOq 10.8 70 374 16.5 70 506
PbO 0.20 360 50 No No No heating
heating | heating
SiOz 0.43 360 51 No No No heating
heating | heating
CaCQ 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, Z0k&-e04, 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 reporeadlier (Figures 6 and 8This result also
agrees with the high dielectric propes (= 2 6 { & hldrepdrted for graphite in Hotta

et al. [52]. PbO, SiQ, CaCQ, and FeOs all exhibited very low heating rates and final
temperatures (especially PbO and §i®hich is in agreement with the low loss factor values
determined fothese materialsHgures 6 and 7)endering them the poorest contributors to

EAFD microwave heating.

The mostimportant feature in Table 2, however, is the distinctive response 0k lead
graphite to the microwave magnetic field. Both@gand graphié 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

Fes0O4 and graphite, respectively gidting of FeO4 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 h€atadbeve its

curie temperare (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 183/ 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 E®4 since the material has a band gap of 0.153.

With such a small energy barrier Ween 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 whichauses Joule heating.

4.3 Magnetic heating and the selective extraction of Zn and Pb

In previous works, AHarahsheh et @19, 21]reported the significance of &4 elimination
from EAFD on the selective extraction of zinc and lead upon the thernadinget with
halogenated plastics such as PVC and TBBPA. The elimination©f Bemeant to be through
oxidising it to its higher oxidation state and more stable pha$& [21]. The thermodynamics
reported in these works provide a good insight to tlatsmeity of chlorination/bromination

of iron bearing compound49, 21} Figure 9 shows the change in the Gibbs free energy of

ZnO, PbO, Fg)4, and FeOs chlorination and the oxidation of & into FeOs [21].
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Figure9. Change in Gibbs free energy thfe main reactions of EAFZonstituentswith PVC decomposition
product (HCl)using FACT SAGE software packaf].

The decomposition of PVC occurs at ~ 230 °C as reported-iHafdhsheh et a[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, regulting
formation of water leachable chlorides (Zn&hd PbGl). However, the chlorination of @4

is also thermodynamically possible in the temperature windéovws80 °C, yielding soluble
FeCb during water leaching step. To prevent the chlorinationes®¥ it must be oxidised to
FeOs. FeOzsis impervious to chlorination and its reaction with HCI g@svalues higher than
zero above 120 °C. The kinetics ofsBe oxidation, however, are known to be strongly
temperature dependefti4, 55] such that in@asing the temperature increases the reaction
rate. Hence, efficient elimination of & can only be achieved at elevated temperatures. The
utilisation of the microwave magnetic field allows targetingdzealone without heating the
other constituents. E®4 can be heated selectively and oxidised efficiently (fast kinetics) to
FeOs prior to any polymer decomposition into gaseous HCI. In contrast, using microwave

electric field will heat up the entire EAFBVC mixture which causes the polymer to degrade
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before appreciable oxidation of §@s has taken place. This can negatively impact the

extraction selectivity of other valuable metals such as zinc and lead.

The selective magnetic heating okBepresent in appreciable quantities in EAFD, in presence
of O, will potentially contribute to more effective and sustainable recycling for this hazardous
waste.Further investigationhowever, 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:
1 In the electric field maxima, ZnO, Znk&, FeO4, and graphite werfound to be the
main contributors to the microwave heating of EAFD, whilgtkeCaCQ, Si0,, and
PbO were found to be the minor contributors to the overall heating (especiallgrsio
PbO).
1 The ®lective heating of E®4 can be achieved by exposingdta microwave magnetic
field. Magnetic hysteresis loss mechanism is believed to be the source of heating up to
the curie temperaturés80 °C) above which eddy currents due teelatively high
electrical conductivity are believed to be the source of hgatin
1 At temperatures above 600 °C, conduction loss becomes the dominant heating
mechanism for the heating of ZnO, ZaBg and FeO3 as evident from their measured

dielectric properties.
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Abstract

This work investigates the degradation kinetics andptirelysis 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 hbhigrened
treatment of the hazardous waste elearc furnace dust (EAFD) which contains significant
guantities of ZnO with PVC. The degradation of pure PVC was characterised by three main
decomposition stages: PVC -tgdrochlorination (two overlapped stages) and subsequent
polyene thermal cracking, Mle ZnOPVC mixture (ZPVC) demonstrated four
decomposition/volatilisation stages. The Fiall-Ozawa (FWO), KissingeAkahira
Sunose (KAS), and Friedman models were utilised for the extraction of the kinetic parameters.
The average activation energy fuure PVC dehydrochlorination 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 ZPWigdtechlorination starts by
chlorine abstraction oZnO at temperatures wedelow 272 °C with an activation energy
comparable to that of pure PVC-tgdrochlorination (115.8 kJ/mol). The chlorination of ZnO
then yields zinc oxy/hydroxide chloride phases2(@@k.2H.O / -Bn(OH)CI) by the reaction
between Z€l>, ZnO and emitted ¥D. These phases then decompose at approximately 222 °C
into ZnCbk, ZnO, and HO with a relatively low energy barrier of 102.2 kJ/mol. Formed ZnClI

then lowers the activation energy for the polyene thermal cracking of PVC from2218.%
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(PVC) to 87.3 = 9.7 kd/mol (ZPVC) due to the physical contribution of volatilisation to the

overall mass loss.

Keywords: PVC, ZnO, polymer degradation, pyrolysis, TGA,-ismthermal kinetics
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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 (FFBetween 15

and 20 kg of EAFD is generated for every ton of recycled Rgdtach yar approximately 8
million tons of EAFD are generated and this is predicted to increase to a minimum of 18 million
tons/year by 205[B]. This alarming production rate with the absence of a sustainable recycling
route poses a great challenge to environalesrigineers. The major part of the feed supplied

to EAFs is steel scrg@] and since a significant portion of this scrap is galvanised, high zinc
concentrations are usually seen in EAED 5-7]. This, in turn, rendered EAFD as a potential
secondary sage for zinc. The conventional methods suggested in literature for the extraction
of zinc from EAFD can be categorised into hydrometallurg,a#-11] and pyrometallurgical
[12-14]. The former approach, whilst typically lower in energy consumption ange mo
environmentally benign, suffers from incomplete extracfidnl17], harshness of the leaching
medium[16], and poor selectivitjl 6, 18] Pyrometallurgical treatments, have found industrial
scale applications such as the Waelz kiln. However, this apipieghighly energy intensive
(furnace operates above 1000 °C) and environmentally harmful and therefore requires

complicated gas/dust filtration systems downstréHm

Parallel to accumulations of EAFD, polyvinyl chlorid®\C) is another waste stream
generated in huge quantities. 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 applicatiofi®]. The global production and camaption capacity of

PVC in 2013 was 61 and 38.5 million toj20] 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 ha®tecincreasingly 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 theereased number of landfilling sitg&?] and the
associated environmental burden. In addition, the high stability of PVC in lan@d]s
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 (PCI#4%)25]

Recently, thex has been a growing interest among researchers towards -therroal
treatment of waste EAFD with halogenated plastics such as[P\&; 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 H{Zl, 22, 27] Masuda et a[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 &aipre of 400 °C.
Likewise, ZnO resulted in a significant reduction in the yield of chlorobenzene; one of the main
precursors of PCDD/H&8]. Ballistreri et al[29] studied the effect of eight metal oxides on

the decomposition of PVC among which ZnOwkd a very powerful supressing effect on the
emission of aromatic species. In the same study, the formation of volatilised &a€l|
detected by a mass spectrom¢®®]. Zhang et al[30], studied the decomposition of PVC in

the presence of ZnO, Zn¥&, and FeOs 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 ob® fragments evolved from chlorination using a mass

spectrometef30].

Sincethe interest in the ethermal 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
ZnO, a comprehensive kinetics study on the effect of ZnO on the decompo$iBMT 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 mechafisifor ZnO-PVC (ZPVC)

mixture and pure PVC. In this study, we present a completasotimermal kinetic study of

pure PVC and ZPVC mixtures in the temperature windowi ZB0 °C and under inert
environment. From this, the activation energy, the frequeiactor, and the reaction
mechanismQ| ) can be extracted using different4isonversional kinetics modelsamely the
well-known FWO, KAS, and FriedmdB1-35] along with a linear fitting method. Pyrolysis
products of ZPVC mixture were also identified usingR&y 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 withtst pti99.999%, and
powdered PVC was obtained from Sig@larich. 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, po@der 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 ZPVCmixture was then tumbled for 15imutes 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 fordtheat 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 weaperformed at three different heating rates (10, 30, and 50 K/min) in the

temperature window of 26900 °C and under a nitrogen flow of 200 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 370G ZPML 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 residsiebtained after the pyrolysis. The tube

was connected from one end to high purity nitro@nh9992%}Yo 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 btwh 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 thatthe 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 gethpeeatures

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) coupitdEnergy 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 electricadietivity 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-tay Xdiffraction (XRD) for
mineralogical identification of products. Tammise 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. Bruker D8 Advance with a LYNXEYE 2D detectand a

Cu kU s our cthe minaralogivasamalysid. The instrument was operated at a current
and voltage of 40 mA and 40 kV, respectively. Pyrolysis residues were scanneddnathge?

571 90° with a step size of 0.02° and a scan rate of 1.7 sec/step while pure ZnO was atcanned
0.1 sec/step due to its high purity and mmaisy signal. Data was interpreted using QualX 2.0

[36] and DIFFRAC.EVA V5.2 softwasewhich use COD and PDE databases, respectively.

3. Nonrisothermal kinetics model
3.1 General rate equation

The rate obolid decompositioni () can be given by the product of the temperature dependent
rate constanfQ’Y and the temperature independent conversion funcn (reaction

model)

i — QvYsQ (1)

In which| is the degree of conveos and— is its derivative with respect to time

The mathematical expression used for'the function depends on the controlling mechanism
of the reaction. An empirical [3fdodteelformoft r o d u c

"Q] can bewritten as:

Q | pzZl 1 1p | 2)

Where different combinations of m, n, and p result in different reaction mf{&RjlsThe
conversion is calculated from the wt% data produced from the TGA profile as follows:
— 3)
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Wherew is the wt% at tim®, w is the initial wt% andb is the final wt%. The rate constant

in Equation 1 depends on temperature etiog to the Arrhenius function:

QY o8&y (4)

Whereo is the temperature independent frequency factor given irt,r@iis the activation
energy in J/mol,Y is the universal gas constant (8.314 J/mol.K) avics the absolute

temperature in K. Combining Equations 1 and 4 and multiplying both sides with the reciprocal

of the heating rate- — yields the following equation:

— — -08Q (5)

Equation 5 is the derivative form of the rate equation. Rearranging and integrating both sides

yields the integral form of the rate equation:

o — - aQY (6)

In which "Y corresponds to a conversi of zero. The righband side of Equation 6 has no
analytical solutiorf39]. 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
activaion energy and the frequency factor. Among many kinetics methods, the iso

conversional technique allows for a reliable prediction of the kinetic paranversl]

3.2 ModelFree methods
3.2.1 Calculation of the activation energy

The FlynnWall-Ozawa (WWO) method[33, 34] uses the Doyl¢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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afe ae—— U oppdtu-e— @)

For aspecific value of conversion ], three different temperatures are obtained for three

thermograms at three different heating rates. A platidfversus— should produce a straight

line with a slope of p8t v € from which the apparent acttion energy is obtained.

KissingerAkahiraSunose (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:

— (8)

Likewise, a plot ofad é— against— at a constant conversion for three different

thermograms at three different heating rates must yield a straight line with a slope of

Friedman nethod[32] uses the differential form of the rate equation. The model can be written

as follows:

Gi— AatdaElQ — (9)

Aplotofa ¢— against— at a constant conversion for three heating rates producesgast

line with a slope of —.

3.2.2 Calculatiorof 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 factaen then be linearly correlated (see Figure S3 in supplementary

material) according to the following Equatipt8]:
a®d O o (10)

Such that a and b are constants obtained from linear regression. Activation energies obtained
from the modefree methods can then be inserted into Equation 10 to extracinsersional

values ofd £0

3.3 Prediction of the reaction model

Thesemet hods, usual lyxonekesi ednat 0 as fAmedel for
calculating the activation energy, Qsbdisce t he
not required. Hence, these methods cannot be used to predict the reactibnTinede

arrangement of Equation 5 into Equation 11 allows the prediction of the reaction"®@odel

by means of linear fitting af ¢—8— against-:

GE—8— a®d — (11)

The criteria followed for this method wtsat 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. Wherpossible, 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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Figurel: TGA/DTG profiles
flow of 100 prfL/min.

of the first

canbe written as follow$45]:

EHC| BIEGIHC LY )( bHC=CHbC

theoretical

solid is a gonjugated polyene struct{@8, 44] The chemical r

800

o stages, the PVC chain is stripped from its chlorine contgnt and™t

ction in the

HHCI b )

X thenpolymer chal

900

and the

JCl congent in the P
nomer is 58.3%. The disparity between 65% and, 58.3% was ssigned ¥Q the emission of

volatile aromatic compoundsych as benzene, naphthalene, and antbyd@8heAt thesend

e remaining

irst two stages

(12)



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 stjuiitoeother
hydrocarbons such as polyenyl aromatics, alkyl aromatics, and polyarofaétiost the end

of the third stage, about 6% of the initial weight remains in the crucible. The pyrolysis residue
was reported to be chir, 29]. Hence, the chemikteeaction occurring during the third stage

can be written as:
(bHC=CHbCH¥CB8bar + Volatile hydro¢arbons

Both the dehydrochlorination (first two stages) and the polyene thermal cracking (third stage)
are accompanied by endothermic evestgwddent 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 ZPVC 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. Thényakochbrination onset

temperature for the ZPVC mixture is 214 °C, wsdlow that of pure PVC (Figure 2).
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