Catalytic De-halogenation of Halogen-containing Solid
Wastes by Nanostructures of Transition Metals and Their

Oxide Configurations

Oday H. Ahmed, BSc, MSc
This thesis is presented for the degree of

Doctor of Philosophy

MURDOCH
UNIVERSITY

PERTH, WESTERN AUSTRALIA

College of Science, Health, Engineering & Education, Murdoch

University, Western Australia

2020



Declaration

| declare that:
a) The thesis is my own account of my research, except where other sources are acknowledged.

b) The extent to which the work of others has been used is clearly stated in each chapter and

certified by my supervisors.

c) The thesis contains as its main content, work that has not been previously submitted for a

degree at any other university

Oday H. Ahmed
October 2019



Supervisory Statement

We, the undersigned, attest that Higher Research Degree candidate, Oday H. Ahmed, has
devised, synthesised and carried out the computational quantum-mechanical calculations,
analysed data, and has written all papers included in this thesis. Associate Professor Zhong-
Tao Jiang and Associate Professor Mohammednoor Altarawneh provided the necessary
advice, project direction and assisted with the editing of the papers, consistent with normal

supervisors-candidate relations.

A/Prof Zhong-Tao Jiang A/Prof Mohammednoor Altarawneh
October 2019 October 2019



Dedication

This thesis is dedicated to my father Mr. Hameed Ahmed:
You are gone but your belief in me has made this journey possible.
You would have been the most proud of what | have done.
Forever in my heart and thoughts.

I love you endlessly.



Acknowledgements

I would like to express my deepest appreciation to all those who made it possible for me to

complete my research and the thesis.

| give special gratitude | give to A/Prof Zhong-Tao Jiang and A/Prof Mohammednoor
Altarawneh, supervisors of my PhD project and thesis. | sincerely thank the principal and
coordinating supervisor, A/Prof Zhong-Tao Jiang, for providing friendly, instructive and
supportive environment during my PhD candidature period at Murdoch University. To my co-
supervisor, A/Prof Mohammednoor Altarawneh, | would like to think him for his professional
guidance, patience, enthusiasm, encouragement, and valuable support throughout my

candidature. | am forever grateful.

| would also like to extend my gratitude to the team members of the Surface Analysis and
Materials Engineering Research Group at Murdoch University. Many thanks to Dr Hatem
Taha, Dr Niveen W Assaf, Dr Ibukun Oluwoye, Dr Khalil Ibrahim, Dr Hantarto Widjaja and
Dr. Waleed Nassar for friendship, support, sharing your knowledge and experience with me

throughout my PhD years.

This PhD study would not have been possible without the financial support of the Higher
Committee for Education Development in Irag (HCED) scholarship, it is gratefully

acknowledged.

To my family, special thanks go to my Mother. Thank you for all the sacrifices that you have

made for me and your prayers for me during my difficult times. I cannot express how grateful



| am for you. Of course, a big thank to my brothers for supporting and encouraging me during

this challenging period.

Last but not least, | wish to thank my loving and supportive wife, Basma, for her endless
support, understanding and encouragement. And to my darling and wonderful girls, Meena and

Dania, who provide unending inspiration.



Abstract

This thesis presents a series of scientific investigations examining the potential dual role for
nanostructure of several 3d transition metals and their oxides in the catalytic de-halogenation
of halogen laden materials as well as their mediating formation of toxic halogenated aromatics
through accurate density functional theory (DFT) calculations. These investigations have been
instrumental to (i) understand, on a precise atomic scale, mechanisms operating in fixation of
halogens on transitional metal and their oxides, (ii) design of a large-scale catalytic upgrading
unit that operates to extract the valuable metals loads from electric arc furnace dust (EAFD)
and (iii) provide important fingerprints for environmental burdens associated with thermal
recycling of e-waste and subsequent generation of notorious dioxins compounds and phenoxy-
type environmental persistent free radicals (EPFRs). Herein, we have carefully benchmarked
the accuracy of systematically obtained results versus experimental values pertinent to

investigated systems, namely, lattice parameters, density of states and surface relaxations.

The initial part of the dissertation focuses on the reaction mechanisms of major products from
thermal decomposition of polyvinyl chloride (PVC) and brominated flame retardants (BFRS)
with nanostructures (clusters and surfaces) of hematite (a-Fe203), zincite (ZnO) and magnetite
(FesOs4). The detailed kinetic analysis indicates that dissociative adsorption of hydrogen
halides molecules, the major halogen fragments from thermal degradation of halogen laden
materials, over those metal oxide structures affords oxyhalides structures via modest activation
barriers. Transformation of oxyhalides into metal halides occurs through two subsequent steps,
further dissociative adsorption of hydrogen halides over the same structures followed by the
release of H,O molecule. In the course of the interaction of halogenated alkanes and alkenes
with the selected metal oxide structures, the opening channel in the dissociative addition route

requires lower activation barriers in reference to the direct HCI/Br elimination pathways.

Vi



However, sizable activation barriers are encountered in the subsequent g C-H bond elimination
step. The obtained accessible reaction barriers for reactions of halogenated alkanes and alkenes
with the title metal oxides demonstrate that the latter serve as active catalysts in producing

clean olefins streams from halogenated alkanes.

Finally, we examined the dissociative adsorption of a phenolic molecules on Cu and Fe surfaces
and their partially oxidized configurations to elucidate the specific underpinning mechanism
of the title reaction and the kinetics feasibility to germane to generate phenolate-type EFPRS.
Our simulated results show that dissociative adsorption of the phenol molecule is kinetically
and thermodynamically preferred over the partially oxidized configuration in reference to neat
surfaces. Computed charge transfer and density of state (DOS) indicates accumulation of spin
density on the phenolic’s O following fission of the O-H bond. Obtained results shall be

instrumental in efforts that aim to recycle the non-metallic fraction in e-waste.
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Chapter 1

Introduction and Overview



1.1. General Overture

Halogenated flame retardants (HFRs) are a wide group of commercial chemicals (particularly,
chlorinated and brominated flame retardants) that are applied to many consumer products to
improve their fire resistance [1, 2]. Chlorinated and brominated flame retardants are just like
a pair of twins, albeit with different characteristics, that are utilized in a wide range of indoor
and outdoor objects such as furniture, plastics, and electronic and electrical equipment [1]. The
association of increasing consumption of HFRs with the accumulation of high volumes of
halogenated organic waste imposes serious environmental and public health concerns despite
their high energy content [3-5]. Disposal of this waste through thermal processes such as
incineration and thermal pyrolysis is a truly daunting task as it often includes high-temperature
processes inside well-enclosed combustion chambers [6]. In addition, the formation of harmful
halogenated organic pollutants, most notably polychlorinated dibenzo-p-dioxins and furan
(PCDD/Fs) and their brominated counterparts, produced during thermal-based recycling

processes, has the potential for harmful environmental and health consequences [7, 8].

Integration of pyrolysis with catalytic upgrading has emerged as a viable alternative strategy
for the commonly utilized high-temperature combustion based on two compelling grounds: (i)
to minimize environmental pollution and (ii) to maximize resource recovery [9]. Nevertheless,
commonly used catalysts in these methods such as sodium hydroxide, treated red mud and
zeolites usually results in the formation of considerable quantities of coke and afford a rather
lower selectivity in the generation of the valuable single aromatic compounds [10, 11], which
is a major drawback of the available thermal/catalytic recycling technique. Hence, there is a
need to examine the performance of other economical — yet efficient — catalysts on a large
scale. Co-pyrolysis of halogenated organic waste with electric arc furnace dust (EAFD) now

represents a focal abatement strategy of the title two categories of waste materials on an



industrial scale. Experimental results from different groups have demonstrated an effective
performance of EAFD in generating halogen-free hydrocarbon feedstock from thermal

recycling of halogenated plastics wastes, due to its high content of metallic oxides [12, 13].

Quantum mechanical simulations and computational modelling by using accurate density
functional theory (DFT) calculations have had an unparalleled influence in providing an
insightful understanding of challenging problems pertinent to the chemistry of materials and
their chemical reactivity. The research being reported in this present thesis employed DFT
calculations to thoroughly investigate the modelling structures of transition metals and their
oxides in their dual role of the catalytic de-halogenation of halogen-containing solid wastes
and their mediating generation of notorious dioxins compounds and phenoxy-type

environmental persistent free radicals (EPFRS).

1.2. Thesis Objectives

The purpose of this thesis is to present the findings of research to design more efficient catalysts
and to optimize currently deployed procedures. The thesis will provide atomic-base insight
into the detailed reaction pathways and to identify the key elementary steps that dictate the

reaction rates. The dissertation fulfils the following objectives:

1. Mapping out reaction corridors leading to halogenation of metal oxides (namely Fe>Os,
ZnO and Fes304), an important chemical phenomenon in the chemical recycling of the

metal oxides content in the EAFD.



2. ldentifying and investigating the elementary steps that govern the degradation of
multiple halogenated hydrocarbons over a copper surface. This, in turn, will provide
an atomic-based insight into mechanistic and thermo-kinetic aspects that might not be

easily acquired by explicating the experimental measurements alone.

3. Investigating reaction mechanisms and energy barriers for the formation of phenoxy-
type EPFRs over surfaces of pure Cu(100) and Fe(100) and their oxygen-covered
configurations. The prime focus is to contrast the catalytic capacity of the
aforementioned reactions of the title reaction with analogue values reported in the

literature for transition metal oxides.

1.3. Thesis Structure

Figure 1.1 presents the structure of the thesis which is arranged as follows.

Chapter 2 reviews the relevant available literature on: 1) the formation mechanism of EAFD
with a principal focus on its chemical structure, 2) the thermal decomposition of halogenated
flame retardants, and 3) the most commonly used methods to treat and recycle those wastes.
The chapter:

(a) Briefly summarises the industrial synthesis of EAFD

(b) Presents the main mechanisms for dust formation

(c) Reports the chemical structure of EAFD and identifies its main mineral phases

(d) Summarizes the chemical structure of polyvinyl chloride (PVC) and brominated

flame retardants (BFRS)
(e) Summarizes previous studies relevant to the treatment of two hazardous wastes

(EAFD and halogenated flame retardants, mainly PVVC and BFRs plastic wastes)



(f) Presents the most effective technique for processing those two types of waste to
obtain the highly valuable resources of all elements, taking into account the

environmental impact of the toxic components that are anticipated to form.

Chapter 3 summarizes the theoretical background of the computational techniques employed
within the scope of this study as well as concepts behind the deployed quantum chemical
processes along with a brief summary of the basic concepts of ab initio atomistic
thermodynamics and density function theory (DFT) approaches. This chapter also presents a

brief description on the computer software utilized within the scope of this study.

Chapter 4 reports a theoretical investigation into the reaction of HCI and selected chlorinated
hydrocarbons, with a-Fe2O3 as a model compound for metal oxides in EAFD. Throughout the
discussion the difference in activation energies among the two halogenated systems is pointed
out. This chapter maps reaction networks operating during the interaction of a cluster model
of dehydrated a-Fe.O3z with both HCI and major products from the degradation of PVC.
Findings can help to understand, on a precise molecular basis, the mechanisms of chlorine
fixation on transitional metal oxides in the form of metal chlorides. Such knowledge finds
direct application in the pursuit to design effective and viable recycling technologies for

halogenated waste steam.

Chapter 5 provides a systematic theoretical thermal-kinetic study to investigate chemical
interplay between HCI/HBr and zincite surfaces, as a representative model for structures of
zinc oxides in EAFD by using different sets of functionals, unit cell size and energy cut-off.
Geometric and electronic properties of bulk and surfaces ZnO are introduced. The chapter

compares computed conversion of ZnO into zinc chlorides and bromides into ZnO versus data



extracted from a weight loss curve for the ZnO + HCI system. It is hoped that thermo-kinetic
and mechanistic aspects pertinent to HCI/HBr uptake by ZnO surfaces can assist in the design
of a large-scale catalytic upgrading unit that operates to extract the valuable zinc loads from

EAFD.

Chapter 6 reports a comprehensive computational study of the initial reactions between
(Fes04)(111) surface and selected chlorinated hydrocarbons. The geometric, structure and
electronic properties of the bulk and the clean (FesOs) (111) surface are first discussed. That
is followed by a comparison of the catalytic effect of both Feocto and Feret1 terminated magnetite
(111) surface toward dissociative adsorption of HCI molecule. Finally, we provide a significant
insight into the possible interaction pathways of the selected chlorinated hydrocarbons over
magnetite (111) surface. Results reported in this chapter shall be instrumental in efforts aiming
to optimize a unit operation for the concurrent treatment of the title two categories of waste

materials; i.e., EAFD and PVC.

Chapter 7 introduces a comprehensive density functional (DFT) study into the mechanistic
steps and kinetic factors dictating fission of Br/CI-C bond in a selected group of halogenated
compounds. The first part of this chapter benchmarks calculated parameters for bulk and
copper surface with analogous experimental and other calculated values. This is followed by
a survey of energy requirements for the fission of CI/Br-C bonds in the title compounds (2-
chloropropane, chloromethane, chloroethyne, chloropropene, chlorobenzene, and their
brominated counterparts). Finally, we present Arrhenius parameters for the bond scission
reactions. It is hoped that findings from the study in this chapter can provide an insight into
chemical phenomena operating in the recycling the polymeric fraction of e-waste and other

severely halogenated fuels.



Chapter 8 investigates reaction mechanisms and energy barriers for the formation of phenoxy-
type EPFRs over surfaces of pure Cu(100) and Fe(100) and their oxygen-covered
configurations. The prime focus is to contrast the catalytic capacity of the aforementioned
reactions of the title reaction with analogue values reported in the literature for transition metal
oxides. Kinetics parameters are provided for all investigated reactions. It is hoped that results
of the study reported in this chapter will be useful in the continuous pursuit to understand the

transformation chemistry of phenol — phenoxy-type EPFRS.

Chapter 9 makes concluding remarks and presents recommendations for future research.
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Chapter 2

Literature Review



2.1. Introduction

Chlorinated and brominated flame retardants or so-called halogenated flame retardants (HFRS)
include a diverse group of anthropogenic chemicals (namely, organochlorine and
organobromine compounds) that have been widely employed to slow or prevent the ignition.
The purpose of deploying these materials is to improve the fire resistance features of treated
objects in order to meet flame retardant criteria as defined by fire safety codes [2, 3, 14-17].
HFRs show considerable potential for delaying combustion by releasing halogen atoms that
capture hydroxyl radicals from the gradually established ignition medium. HFRs are
extensively deployed in myriad industrial and commercial applications such as textiles,
mattresses, furniture, plastic, baby products and electronic and electrical equipment [2, 18-20].
However, because of their persistence and their widespread utilization, brominated and
chlorinated flame retardants are distributed all over the world and can be found even in remote
areas where they had never been employed [3, 21]. This, in turn, has accumulated a massive
amount of halogenated organic compound wastes in the environment. Incomplete combustion
of these halogenated organic wastes often results in the formation of notably large fractions of
hazardous halogenated hydrocarbons compounds including polychlorinated dibenzo-p-dioxins
and furan (PCDD/Fs) and their brominated counterparts (PBDD/Fs) [7, 8, 22-24]. PCDDI/Fs
along with their brominated counterparts migrate into the environment from nearly all thermal
processes such as heated materials, uncontrolled fires, waste recycling processes and municipal
waste incinerators, etc [25, 26]. As a result, the continuing release of halogenated organic
wastes poses a significant concern, not only on the environment but also on public health [27,

28].

Landfill and open burning processes are largely considered to be the most common — as well

as widely used — processes to deal with the incremental volume of halogenated organic waste
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[29, 30]. A great deal of research has been undertaken to explore sustainable and more efficient
recycling technology [6, 11, 31, 32] to overcome drawbacks of landfill and open burning, such
as loss of high chemical value and high energy density of the organic matter in halogenated
wastes, a reduction of landfill capacity, high equipment costs and release of hazardous
compounds. Recently, energy recovery processes such as catalytic pyrolysis are receiving
more attention as a mainstream approach for the environmentally safe and economically
effective disposal of the polymeric constitutes of halogenated organic wastes [33-35]. The
presence of appreciable concentrations of metallic content in halogen-containing objects (as in
e-waste) was shown to be effective in capturing emitted hydrogen halides during pertinent

thermal operations [35-37].

Of all the investigated catalysts, transition metals oxides are potentially effective catalysts for
capturing emitted hydrogen halides and reducing the generation of halogenated hydrocarbons
from thermolysis of polymeric materials laden with halogenated compounds [38, 39]. Iron and
zinc oxides, which are the main constituents of electric arc furnace (EAF) dust [12, 13, 40],
have shown a remarkable halogen fixation ability toward hydrogen halides in a complex

process that releases water and corresponding metal halides [41].
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2.2. Electric Arc Furnace Dust (EAFD)

Steel-making industrial technology, employed by most integrated mills, comprises an electric
melting apparatus that uses an electric-arc furnace (EAF) as the principal equipment for melting
steel scrap. A variety of gaseous and liquid effluents, and solid wastes, are emitted during
various processing steps in the EAF operation. The major contaminants that enter the
atmosphere are nitrogen oxides, carbon (1) oxide, organic compounds and solid particles [40,
42-45]. Among those solid wastes, EAFD, which is complicated of recycling in the steel-
making plant, is a potentially hazardous metallurgical waste by-product to both human health
and environment [43, 46]. In general, both blast furnaces (which produce approximately 70%
of steel production worldwide) and EAFs are the main sources for dust formation during steel
scrap recycling, steel making carbon and steel making methods. To date, four main industrial
processes for the production of crude steel have been patented: elastic blast furnace/basic
oxygen furnace, direct reduction, smelting reduction and direct melting of scrap by EAF; the
latter has increased in importance over the last two decades [42, 47]. During the last two
decades, the global output of crude steel via electric arc furnace technology has substantially
increased from ~30% to ~40% with a projected increase of another 10% by 2030 [48]. In 1980,
1990 and 1998 the electric arc furnace method accounted for 23%, 28% and 34% of total global
production [42]. Consequently, increasing steel generation through electric arc furnace
technology increases the amount of dust. In each tonne of crude steel manufactured, around
15-20 kilograms of dust are collected, creating 4.3-5.7 metric tonnes of hazardous EAFD that

requires disposal on a yearly basis worldwide [49, 50].

Formation of EAF dust is a relatively complex process and comprises five main stages, stages

as shown in Scheme 2.1 [44, 51].
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Furnace
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Melting

Refining

Slag
foaming

Casting

» Steel scrap and the additive materials (i.e., coal, lime, etc.) are placed into

specific charging containers that are emptied into the furnace.

An electric arc is generated among the steel scrap and the graphite electrodes
which requires the charge melting and the creation of a steel bath covered by
a slag layer, which can be removed by a number of volatile solute elements
such as cadmium and lead volatile together with zinc.

Phosphorus is separated from the steel bath via interfacial interactions
between both the liquid metal and the slag, while injection of oxygen
enhances the decarburization reaction with dissolved carbon and bubbles of
carbon monoxide are generated. This, in turn, serves to eliminate other
dissolved gases.

The slag layer transfers the bubbles of carbon monoxide into foam, which
can be promoted by adding coal powder.

In this step, the liquid steel is cast after control the temperature of the bath
and the composition.

Scheme 2.1. Five main steps for formation of EAF dust [44, 51].

In the EAF process, five mechanisms are suggested for the formation of the dust precursor [44,

52-54]. Figure 2.1. displays the schematic representation of the dust formation mechanisms in

a typical EAF process.

e Volatilization mechanism, particularly obvious at the hot areas in the arc spot (a) and

the oxygen injection spot (al), but also occur in the CO bubbles.

e Mechanical emission of metal drops as the result of electric-arc blow (b) and of the

oxygen injection (b2) on the steel bath.
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e Projection of small metal drops by blowing out CO bubbles (c) which are formed
through the decarburization of the steel bath.

e Bursting of metal drops (d) as a result of the contact with an oxidizing gaseous phase
within the surface.

e Direct fly-off of solid particles (e) through the introduction of powder materials into
the furnace (i.e., coal for slag foaming, turned back dust, additions, slag making

additions, etc.).

it

Figure 2.1. Schematic representation of the mechanisms of dust formation in EAF [55].

Among these mechanisms, volatilization and the bursting of the CO bubbles represent the
principal mechanisms of dust precursor emission. According to previous experimental
quantifications of each mechanism made by numerous authors [52, 56, 57], it is obvious that
volatilization mechanism accounted for about 27% of the dust, while 60% of the dust is
produced by the bursting of CO bubbles mechanism. The latter formed the dust in an Fe/ air
system which is similar to the bursting of CO bubbles mechanism in an H2O/system [57].

Figure 2.2 displays the percentage of materials produced in the final EAF dust.

14



Fly-off
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Metals
41%

Figure 2.2. Part of volatilization, direct fly-off, metals and slag projections in final EAF dust
[54].

Metal contents in EAFD are found either in the form of free oxide or as composite structures
of iron oxides conjugated with metals of the spinel type: MFe.O4 (M= Zn, Fe, Mn, Ni or Cd)
[58-60]. The principal elements of EAFD are zinc and iron followed by calcium, in the form
of simple or mixed oxides. This is confirmed by Pickles [61] who found that the calcium
represents the third highest metallic component in EAF dust after zinc and iron [61]. These
latter two compounds notably lead to franklinite (ZnFe>Oa), zincite (ZnO), hematite (Fe203),
magnetite (Fe304), wustite (FeO) and may also be present in small concentrations of hydrated
zinc chloride. Dust also comprises a small but significant amount of nickel, magnesium,
cadmium, manganese, copper, lead and chromium in the form of oxides in addition to halides
such as potassium chloride (KCI) and sodium chloride (NaCl) [12, 51, 62, 63]. Table 2.2 lists
the content of other components in EAF dust. Although the majority of element species are
oxide forms, there are also sulphates, silicates and small amounts of chlorides, fluorides and
sulphides [61]. Several laboratory-scale experiments on EAF dust samples using X-ray

diffraction, scanning electron microscopy and mass spectrometry found the principal
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constituent is franklinite followed by magnetite, which are a strong presence of zinc and iron

oxides [64, 65].

However, in recent years the amount of chlorine in the dust has increased because of rising
chlore-containing impurities in steel scrap such as paints, rubbers and polymers [40]. Chlorine
is known to be involved in the generation of alkaline metal chlorides via thermal degradation
of these contaminants by the high temperature of the electric arc furnace steelmaking, and
chlorine can form hazardous Cl-compounds either in simple gaseous forms such as Cl> and HCI
or in a form of notorious pollutants and so-called persistent free environmental radicals (PEFR)
[66-69].  Polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans
(PCDFs) and hexachlorobenzene (HCB) represent the most highly hazardous compounds that
are emitted during this process [67, 70, 71]. These hazardous Cl-compounds are mainly
produced in the process of the electric arc furnace steelmaking via de novo synthesis reaction
after incineration. It has also been revealed that some existing metal chlorides in the dust can
work as catalysts for the synthesis in a low temperature of 573 K [72-74]. To conclude, as
chlorine represents the third abundant component in EAF dust after zinc and iron its behaviour

is particularly significant and deserves further analysis.

2.3. Physical Characterization of EAFD

The physical properties of EAF dust can be determined based on both the steel species and the
smelting technology conditions [75]. Basic physical properties of EAF dusts include: (i)
dimensions of particles, (ii) absolute dust density and (iii) grain composition [76].
Determination of the particle size of EAF dust is a fundamental for both the chosen removal
equipment and estimating the hazardous of the human organism exposure [76]. EAF dust

particles cover a wide range of sizes vary from 0.1 um to more than 200 pm [54, 77]. Thus,
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EAF dust is finer particles and can be easily airborne which indicates the difficulty in separating
its contents or its treating by utilizing the traditional physical processes [76]. Absolute dust
density can be defined as the absolute density of its particles being identical in terms of crystal
structure and chemical composition of the individual components [76]. The density of EAF
dust ranges from 1.1 g/cm?®to more than 2.5 g/cm?, and its specific surface area is about 4m?/g
[78]. This means that numerous voids exist inside the dust and they in turn occupy great
volumes for transportation and storage [75]. While the grain composition of EAF dust
represents one of the most important physical properties being a quantitative distribution of its
particles regarding their size. This characteristic can be determined by means of a multi-sieve
elutriator by appropriately selecting the set of sieves identical to the range of particle
dimensions [76]. After sieved the dust samples, the remains on each sieve are scaled and then
a respective percentage share is calculated regarding the initial sample weight. Table 2.1
displays some physical properties of EAF dust.

Table 2.1. Some physical properties of EAF dust.

Physical property Determination value References
10 um [40]
Mean Particle Diameter 75 um [76]
20 um [79]
3.27 um [80]
2.5 g/lcm? [40]
Density 3.91 g/cm?® [78]
4.93 g/lcm® [81]
Specific Surface Area 4.01 m?/g [82]
Specific Gravity 0.8-5.5 [80, 83]
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Table 2-2. Chemical structure wt% of EAFD obtained from various investigations.

Iron | Zinc | Aluminium | Copper | Nickel | Palladium | Cadmium | References
39.20 | 2351 0.3 0.34 0.04 4.57 0.01 [84]
37.08 | 12.20 0.41 0.17 - 1.72 0.01 [85]
3588 | 0.77 0.34 - 5.26 0.28 - [86]

32.0 | 24.80 1.03 0.02 - 1.84 0.03 [87]
27.23 | 17.05 - - 0.0 1.28 0.9 [88]
24.60 | 19.40 - 0.42 - 4.5 0.1 [89]
2201 | 411 0.21 - 2.2 0.36 - [90]

2.4. Chemical Structure of EAFD

EAFD forms as a result of volatile metals that cross into the vapour phase as the producing
temperature of the furnace in which they are oxidized is cooled in the extractive air flow. EAF
dust can also be defined as a complex form of chocolate-brown particles or as a form of fine
powder accompanied by fume gas [91, 92], the latter frequently comprised of various
compounds of heavy metallic oxides and some chlorides as well [93]. In general, EAF dust
structure depends on both the quality of steel scrap and other process input substances, with
the structure becoming quite complex in various scrap types that contain a range of components
[94]. In addition to factory-specific parameters, dust production mechanisms interfere in the
metal speciation as well. The produced volume of EAF dust is approximately 1-2% (mass
fraction) of the scrap charged in a typical smelting furnaces mill [95]. As this production can

lead to a considerable amount depending on the mill size, the gquantity might also play a
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significant role in dust processing [96, 97]. Consequently, EAFD is truly the end outcome of
a sequence of chemical and physical phenomena in which the materials give rise to the EAFD
pass. The phenomena, which occur over various environments along the gas path, define the
physical aspect and mineral and chemical composition of the newly produced dust [40]. The
significant point of identifying the chemical composition of the dust lies in the control or
reduction of the respective issues that might be encountered through processing these
substances or can help to expect the results. Once the dust is collected in the baghouse, it is of

importance to analyse it for its chemical forms and mineralogical structures.

Mineralogical structure and grain morphology of EAF dust is investigated by various
laboratory techniques such as the combination of high-resolution Auger electrons spectroscopy
(HR AES), X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM)
coupled with energy dispersive X-ray [67, 93, 98, 99]. Based on those techniques, the sizes of
EAF dust particles can be characterized as three morphological kinds [42, 44]. The first
morphological type is in the form of sphere-like particles whose sizes are less than 20 um. The
second type involves lime and coal particles which can be in the form of an irregular spheroid
of the medium size in the range of (20-500 um). The last type is likely generated by low-
temperature agglomeration, which is fragile and breaks up easily. Their sizes vary between 20

and 1000 pum [44, 79].

The produced dust is opulent in metallic oxides that can be used as secondary feedstock in the
generation of valuable metals such as zinc, iron, lead and precious other metals [50, 100]. The
average concentrations of both zinc and iron in dust vary in the range of 2-46% and 10-45%
with an average production amount of 0.86-1.14 and 1.33-1.77 metric tonnes per year,

respectively [12, 55, 101]. In fact, EAF dust bearing zinc and iron metals present various forms
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of oxide compounds that can be extracted from franklinite (ZnFe.QO4) [40, 102]. Zinc can exist
in two main phases: zinc oxide (ZnO) and zinc ferrite (ZnFe2O4). Approximately 50-80% of
the zinc from EAF dust is in the form of ZnO, the remainder associated with iron oxide,
resulting in the form of ZnFe>O4 [103]. In addition to franklinite, iron can mostly present in
the form of magnetite, FesO4. This dust also contains other metals such as lead (4-9%),
manganese (1-1.5%), silicon (1-1.5%), copper (0.1-0.5%) and cadmium (0.1-0.3%) [89, 104,
105]. Table 2.3 and Figure 2.3 present mineral phases for elements encountered in the EAF

dust and their crystalline structures, respectively.

Table 2-3. Some identified mineral phases for different elements encountered in the EAFD.

Element Identified mineral phases References

Zinc Zn0, ZnFe204, ZnCl; [67, 106]

Iron Fe203, Fe304, ZnFe 04, MgFe204, Fe-Ni, Fe-Cr alloy | [106, 107]

Aluminium | Al20.SiO2, Al,O3, Al,0.2Si0,.2H.0 [42]
Nickel Ni-Fe alloy, Ni-Cr-Fe, [108]
Sulfide FeS, S, Ni7Sg;NiSz, [42]

Cadmium | CaF,, Ca(OH)2, 3Ca0.2SiO2, Ca0, CaCOs [106, 107]

Magnesium | MgO, MgFe204, Mgz304, Mg2SiO4 [106, 109]

Lead PbClz, PbO, PbO.PbSO4, PbSO3/PbSO4 [42, 110]

In view of the above, the products contain high purity and crude zinc oxides, pig iron, and other
more stable deposits. When zinc and iron is extracted from EAF dust and returned to the
economic cycle, there will be a saving in the energy required for the production of these metals

from their natural ores and greater protection of natural resources [92, 105]. Therefore, EAF
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dust is of high economic importance as a secondary source of Zn and Fe in the steel making

processes and when using an economical method to separate the EAF dust metals mixture.

/n0

Ca(OH), Ca0
‘ N
()
(%)
- @
I
PbCl, PbO

Figure 2.3. The typical crystalline structures of the mineral phases for various elements in the
EAFD.
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2.5. Polyvinyl Chloride (PVC)

Polyvinyl chloride (PVC) represents one of the most commonly employed polymers in piping
systems, thermoplastics and many other household and industrial applications [111-113].
Among the thermoplastic industries, it ranks third in the volume of worldwide production,
following polyethylene and polypropylene [114, 115]. The polar nature of PVC because of the
Cl atom in its repeat unit allows it to be a compound that can be added to a wide range of rigid
and flexible products, more than any other polymer [116, 117]. This is the major factor
responsible for the versatile application of PVC [118, 119]. Moreover, because of its virtues
of acid and alkali resistance, mechanical strength, chemical performance stabilization and cost-
effectiveness, PVC has become a universal polymer utilized into wide ranges of short and long-
life products such as wrapping materials, shopping and garbage bags, packaging films,
clothing, toys, fluid containers, cable insulation, window frames, floors coverings, roofing
sheets, etc. [119-122]. The demand for this polymer has grown steadily over the last few
decades with all global major markets registering a positive increase in demand and production,
specifically in the Eurozone. The predicted world market demand for PVC in 2015 was more
than 43 Mt/Y in contrast to the recorded production of 36 Mt/Y in 2011, of which close to 5.5
Mt was consumed in Europe alone [114, 123]. This trend is expected to increase by 3.2%
annually in the future [6, 124]. According to the United Nations Environmental Program, 22—
43% of the thermoplastics utilized globally is wasted. Figure 2.4 shows the regional

distribution of global PVC production.
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Figure 2.4. World distribution of PVC plastic production in 2016 [6].

Due to their relatively long life-cycles, there is a long term time-lag between the consumption
and accumulation of PVC waste (~50 years), a gigantic and undesirable volume of waste
accumulates at the end of their life cycles globally [118, 122, 125]. The matter of finding an
effective and safe disposal method for this waste has increasing gained importance in public
discussion. Landfill and open burning methods have been the most common and widely used
processes to deal with the profusion of PVC-containing waste in past decades, but these
methods are now considered undesirable and do not comply with regulations enacted by the
Environmental Protection Authority (EPA) [112, 126-128]. For example, the European Union
(EV) has established a series of regulations and legislations to reduce the amount of landfilled
or incinerated wastes [129]. Incomplete combustion of PVC products leads to the generation
of notorious polychlorinated dibenzo-p-dioxins and furan (PCDD/Fs), which has triggered a
great deal of research to pioneer alternative methods to deal with the ever increasing amount

of PVC wastes [130].

In the past two decades the formation mechanism of PCDD/Fs during combustion processes

has been closely examined in laboratory studies under different conditions of combustion [131-
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133]. PCDDI/Fs are formed through homogeneous and heterogeneous pathways [134]. The
homogeneous pathway involves the interaction of structurally related precursors in the gas
phase at temperatures between 400 K and 800 K [135, 136]. The heterogeneous route involves
two pathways. The first is the so-called de novo synthesis during the burning of a carbonaceous
matrix with simultaneous chlorination and oxidation in a temperature range of 200-400 K in
the presence of oxygen. The second route occurs in the same temperature range as the first but
through catalytic-assisted coupling of precursors [131, 137]. Toxicological profiles of these
compounds depend principally on the number and position of chlorine atoms on the two

benzene rings [132, 136]. Figure 2.5 depicts the chemical structures of PCDD/Fs compounds.

Polychlorinated dibenzodioxins Polychlorinated dibenzofuran
(PCDDs) (PCDFs)

Figure 2.5. General structure formula of polychlorinated dibenzo-p-dioxins (PCDDs) and
dibenzofurans (PCDFs). The position of chlorine atoms and the possible number results in 75
different isomers in PCDD congeners and 135 in PCDF congeners (x = 1-4 while y = 0-4)
[138].

The consensus in the literature is that recycling of the PVC is the most environmentally friendly
and economic alternative to recover energy [139-141]. Numerous studies have discussed
examples to evaluate the feasibility of recycling process. They found the properties of the PVC
profile are not affected when virgin PVC polymer is replaced by recycled polymer [142-144].

The studies concluded that recycled PVC waste can be successfully reused in a variety of
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products including pipes, bottles, pipe fittings and other forms, retaining excellent features for
performance and appearance. On the other hand, Al-Salem et al. [145] and Wu et al. [146]
strongly recommended that contaminant waste plastics not be redeployed in food packaging
applications owing to serious health issues. Because it is suitable for all recycling methods,
PVC waste is currently among the highest recycled waste in developed countries, particularly

in the United States and European countries.

In recent years three main methods have emerged for recycling and treating PVC-plastic waste:
energy-recovery (incineration and pyrolysis), mechanical and chemical techniques [145, 147-
149]. Energy-recovery can treat P\VC waste that comprises a large volume of impurities and
combustible solids [139, 141]. This method involves taking advantage of the high energy value
of PVC wastes by incineration, but problems occur with poor or incomplete burning of PVC
waste, such as health and environmental damage because of the release of large amounts of

hydrogen chloride and other toxic products, including dioxins and acid gases [9, 150, 151].

Mechanical recycling or so-called “material recycling" is a technically relatively simple
recycling method by reinserting clean PVC waste in a new product with nearly the same
performance level as the original product [112, 118]. This method entails separation, grinding
and feeding of ground product into conversion machines, with no change in inherent properties
of the PVC-material. Mechanical recycling processes can be preferable and attractive when
there is a sufficient stream of single homogenous waste separated at source [152, 153]. For
example, approximately 1.4 Mt of pre- and post-consumer PVC waste was recycled in 2010
through the mechanical process [118]. On the other hand, this method of treatment remains
economically unacceptable because of costly corrosion problems associated with hydrochloric

acid and chlorine emission from PVC-waste. In addition to these economic constraints, the
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lack of homogeneity in PVVC wastes presents a major problem for mechanical recycling of used

plastics as well [9, 145, 154].

The third method is chemical or feedstock treatment, which has become an economically
feasible and environmentally friendly technology for PVC plastics recycling. This method,
which includes various techniques such as pyrolysis, hydrothermal processing and catalytic
pyrolysis, involves the conversion of PVC polymer into shorter-chains (low molecular weights)
based on the idea of cracking polymer waste into the primary chemicals. The obtained products
generally appear in the form of liquid or gas with a high purity grade, which can be purified
and reused in polymerization or petrochemical processes to provide either the same or a related
polymer. This process can be suitable to deal with mixed plastics waste from various sources

and is considered as a significant end-of-life cycle for PVC treatment.

Table 2-4. Main differences between the three main methods of PVC waste recycling [122].

Recycling Pollution Costs Recycled Feature of the recycled product
methods formation product
Landfill Very high Low cost | No recycled -
materials
Open Very high Low cost Energy Generally, energetically not efficient
burning
Mechanical Low Middle cost PVC Depends on the feedstock materials and
process methods variable of recycling
Chemical | Usually low | High cost | Diverse row | Depends on the feedstock materials and
process materials | methods variable of recycling
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2.6. Brominated Flame Retardants (BFRS)

Flame retardants (FRs) are frequently utilized in many combustible materials in order to retard
ignition and to achieve fire safety requirements [17, 155, 156]. The principal criteria for the
running of any compound as a flame retardant are compatibility with the polymer and stability
during the lifetime of the product. As a result, there are more than 175 types of FRs for
commercial use such as phosphorus compounds (e.g., phosphine oxides, organophosphates and
red phosphorus), inorganic salts (e.g., aluminium hydroxide, antimony trioxide, and borate),
nitrogen-based compounds (e.g., melamine derivatives and melamine) and halogenated organic
compounds (e.g., chlorinated paraffin and alicyclic compounds, and brominated aromatic
compounds) [157-159]. With lower decomposing temperature and higher trapping efficiency,
organobromine compounds have become more popular and frequently applied as a flame
retardant in comparison with other FRs types. At least 75 FRs are brominated flame retardants
(BFRs), each of which has specific features and toxicological performance [17, 160]. BFRs
can be defined as a wide group of bromine-containing organic compounds which are
incorporated into polymeric materials of consumer products such as electrical and electronic
equipment, construction materials, furniture, textiles and upholstery, vehicles and various
commercial plastic products to enhance their fire resistance [17, 21, 161, 162]. Based on their
wide usages and mode of incorporation into the polymers, BFRs can be categorized into three
subgroups: brominated monomer, additive and reactive components [17, 163]. A brominated
monomer is applied in the generation of brominated polymers, which are then introduced into
the feed blend prior to polymerization or mixed with non-halogenated polymers. Additive
BFRs are incorporated into the mass of materials or polymers and reactive BFRs are blended
covalently to the chemical structure of the polymers. Therefore, additive BFRs do not
chemically bond strongly to the matrix in which they are more likely to release or leach from

the substrate through their lifespans [163, 164].
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BFRs are used to prevent/delay the inset of ignition in treated materials through emitting Br
atoms, which are effective in capturing the hydroxyl radicals, primarily produced from the
progressively established burning environment [17, 155]. This, therefore, eliminates the
capability of the flame to propagate. The global market demand for these chemicals has
increased steadily with all major markets recording positive growth in production and demand.
For example, in 2000 approximately 310,000 metric tonnes of BFRs were demanded
worldwide [17], growing to over 690,000 tonnes in 2008, which represents a growth of over

100% over less than one decade [3].

Polybrominated diphenyl ethers (PBDESs) and polybrominated biphenyls (PBBs) have been
among the most widely used chemicals and attracted great interest as BFRs during the past
decade [155, 165]. However, those two types of BFRs were voluntarily withdrawn or banned
globally because of their adverse effects not only on the environment but also on the health of
living organisms and human beings [166]. Bans for producing and utilizing PBDEs and PBBs
have resulted in all major markets moving toward the use of alternative BFRs (specifically,
hexabromocyclododecane (HBCD) and tetrabromobisphenol A (TBBPA)). The latter
represents the most extensively employed BFRs as it has been deemed a substitute for certain
polybrominated diphenyl ethers, with a global market production more than 170,000 metric
tonnes in 2004, which is approximately 60% of BFRs production [156, 163]. Figure 2.6
illustrates the chemical structures of the four brominated flame retardants. With the current
high growth rate in both production and concomitant expanding inventory, significant volumes
of TBBPA can be released into the environment in the foreseeable future [156]. In Figure 2.7,

the main products formed by the degradation of TBBA are illustrated.
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Polybrominated diphenyl ethers Polybrominated biphenyls
(PBDEs) (PBBs)

Hexabromocyclodod Tetrabromobisphenol A
(HBCD) (TBBPA)

Figure 2.6. Chemical structure of the four brominated flame retardants (PBDEs, PBBs, HBCD,
TBBPA) [166].
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Figure 2.7. Weight % yields of main products formed through the degradation of TBBA at a
constant heating rate of 10 °C/min [167].

BFRs are globally distributed through the environment in a variety of ways, such as car

interiors, workplaces, emissions during manufacture, waste disposal, volatilization or dust
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formation through the utilization of treated products in homes, and during recycling of BFR-
containing objects [168-171]. Consequently, they have been found in biota such as birds, fish
and mammals (including humans), and the environment such as water, air, lakes and soil [163,

172-174].

This pervasive environmental distribution of BFRs has been a subject of concern that stems
from reported adverse effects created by some BFRs on the environment and human health
[162, 175, 176]. BFRs are the main source of bromine in Br-containing dioxins and furans and
can act as potent precursors for the generation of PBDD/Fs and PXDD/Fs [177-179]. The toxic
emissions could be formed throughout the entire lifecycle of BFRs products: production,
pyrolysis, recycling and uncontrolled fire and combustion. PBDD/Fs and PXDD/Fs refer to a
group of 75 PBDDs and 135 PBDFs the same species as for their chlorinated analogous [177].
PBDD/Fs have physical-chemical characteristics similar to those of PCDD/Fs, although they
might be low volatile and bind more particulates [160, 179]. Moreover, the analogous chemical
features of chlorine and bromine propose that the generation mechanism of both PBDD/Fs and
PCDD/Fs might undergo comparable paths [179]. Bromine is not as ubiquitous as chlorine in
fires and combustion, yet it follows related sets of reactions as chlorine and therefore has the
potential to form a group of compounds similar to PCDD/Fs [180]. Therefore, PBDD/Fs can
be formed either via de novo synthesis or from coupling of structurally-related precursors, as
the same pathways as for PCDD/Fs [181, 182]. Figure 2.8 depicts the chemical structures of
PBDD/Fs compounds. The coupling of structurally-related precursors represent the most
relevant path for the generation of PBDD/Fs, resulting from the presence of Br in brominated
aromatic compounds (e.g., PBBs, PBDEs, bromophenols) serving as direct precursors for the
formation of PBDD/Fs [183, 184]. However, these precursors can be decomposed and give

the preference to the de novo synthesis in the formation of new PBDD/Fs under efficient
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combustion conditions, as is the case of PCDD/Fs in municipal waste incinerators [185]. Du
etal. [186] reported that the release of PBDD/Fs from stack gas created by different combustion
and metallurgic industrial thermal methods are because of both reactions of precursors and also
de novo formation, mainly BFRs as polybrominated diphenyl ethers (PBDES) present in wastes
from commercial products, which can be used as alternative fuels in such processes. In contrast
are the findings of Ortufio et al. [187] and Vehlow et al. [188] who examined the formation of
PBDD/Fs in laboratory experiments. They revealed the de novo pathway of PBDD/Fs is highly
predominate under well-controlled combustion conditions. Other investigations have revealed
that the presence of the catalytic metals such as iron, zinc, copper and metal oxides has a
significant effect on the decomposition of BFRs, resulting in by-products such as
bromophenols, and then continue, by means of dimerization or condensation of the

bromophenols to generate PBDDs [189-191].

Polybrominated dibenzodioxins Polybrominated dibenzofuran
(PBDDs) (PBDFs)

Figure 2.8. General structure formula of polybrominated dibenzo-p-dioxins (PBDDs) and
dibenzofurans (PBDFs) (x +y =1 —8) [192].

Because of the structural similarities between PBBD/Fs and BFRs (e.g., PBDES, PBBs HBCDs
and TBBPA, etc.), PBBD/Fs can be formed even under mild thermal stress through precursor
pathways, which are of higher relevance for the formation of PBDD/Fs during thermal

processes. Experimental investigations suggested that thermal degradation of pure BFRs and
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material laden BFRs usually include (i) release of HBr and the formation of brominated
bisphenols (ii) fission of the isopropylidene bridges and the liberation of brominated phenols
and (iii) generation of growing molecular weight components [193]. Those suggestions well
correspond with Marongiu et al.’s study [194] who used a semi-detailed kinetic model to
examine the thermal degradation of TBBPA as the most commonly used BFRs materials. They
revealed that the decomposition of TBBPA occurred in a temperature range of 473-773 K,
liberating gaseous mixtures of HBr molecule and various harmful bromo-organic compounds
such as the precursors of PBDD/Fs and brominated phenols [194]. Moreover, Barontini et al.
[195] investigated the primary thermal degradation pathways of tetrabromobisphenol A
(TBBA) in a laboratory-scale fixed bed reactor in both constant isothermal (483-K) and heating
rate (283 K/min, 276-K) modes. They reported that HBr, brominated phenols, brominated
bisphenol A species and char were the principal products formed in the decomposition method.
They also found that scission reactions to phenols and radical de-bromination reactions

represented the most important thermal degradation mechanisms of TBBA.

The profusion of BFRs-based materials that produce enormous undesirable amounts of wastes
have accumulated all over the globe, making effective and safe disposal of these brominated
materials a truly daunting task. As mentioned previously, among the used recycling methods,
chemical recycling represents a promising technology that would transform plastics into their

basic chemical building blocks.

2.7. Chemical Recycling of Plastic Waste

Chemical recycling of plastic waste, also known as tertiary recycling, can be defined as a most
effective technique to obtain the entire resources of all the elements and to eliminate the toxic

components contained in the polymeric wastes [196]. This technique is employed to break
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down or convert the waste polymers chain into their basic chemical building blocks (original
monomers) or into valuable chemicals via many chemical processes [144, 197]. The quality
of the product formed from this recycling method depends on two main factors, namely the
chemical composition of the polymeric material and the operating conditions of reactors
applied such as pressure, temperature and residence time [198]. Obtained products can be
utilized again as feedstock in numerous industrial processes for the production of
petrochemical products. The chemical recycling technique includes three main approaches:

hydrocracking degradation, gasification process and pyrolysis process [197, 199, 200].

2.8. Pyrolysis Process of Plastic Waste

Pyrolysis process has received renewed attention for recycling plastic waste that is currently
not recycled, but are incinerated and/or landfilled and that are a challenge to depolymerize,
owing to the several operational and environmental advantages [201, 202]. It has been reported
that the pyrolysis process has more merits compared to other recycling processes, such as good
selectivity to higher added value products and very low energy consumption (only 10% of the
energy content of plastic waste is consumed during the pyrolysis process) [203, 204].
Moreover, the emission of toxic gases is much lower than that of the incineration process. In
general, the pyrolysis process is defined as a thermal process that enables a variety of
hydrocarbons in an oxygen-free atmosphere, and works to preserve valuable resources and
protect the environment by limiting the volume of non-degradable plastic wastes [205, 206].
The long-chain organic components of the plastic waste are degraded by the single impact of
high temperatures (573-1173 K), forming liquid oil and gaseous products, whilst the inorganic
elements such as fillers and metals remain unaltered and free of any organic matter, which
makes their separation easily recovered and reused [204, 207]. The choice of this method by

many researchers stemmed from its capacity to produce a high volume of liquid oil up to 80
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wt% at a moderate temperature (i.e., 773 K) [208]. The high amount of liquid oil produced
can be utilized in various applications such as turbines, furnaces, diesel engines and boilers
without the requirements of treatment and upgrading [209]. Unlike other recycling methods,
pyrolysis is considered as a green method and does not cause water contamination. Also, the
gaseous by-product of pyrolysis has a substantial thermal value that can be reemployed to

compensate for the overall energy demand of the pyrolysis plan [210].

Although it has been suggested that pyrolysis is a promising method for treating halogenated
plastic waste, it forms hydrocarbons (oil) with a high content of chlorine and bromine [211,
212]. Moreover, pyrolysis of chlorine/bromine-containing plastics produces acid gas
(hydrogen chloride/bromide) which generate toxic and corrosive conditions that affect
processing equipment [212]. A fundamental challenge of the pyrolysis process is the
complexity of interactions that take place, especially when mixed plastics wastes are treated.
In this context, various polymer wastes give rise to totally different products based on their
dominant decomposition route. The obtained products can be affected by any type of

impurities and could lose a large part of their value [11].

The pyrolysis process can be improved by means of dehalogenation methods which prevent
the formation of halogenated compounds when plastic wastes are pyrolysed. De-halogenation
methods can be divided into three convenient groups: stepwise pyrolysis, co-pyrolysis with
adsorbents and catalytic pyrolysis [204]. Stepwise pyrolysis process occurs at a low-
temperature to remove chlorine from the original sample as HCI which is pyrolysed as in a
conventional run [213]. However, introducing the adsorbents to the sample will decrease the
HCI emission because the resultant HCI is fixed by means of physical and/or chemical

adsorption and is consequently retained in the solid fraction [214, 215]. In the co-pyrolysis
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process with adsorbents, the emission of HCI can be reduced, since the evolved HCI is fixed
by physicochemical adsorption and retained in the solid fraction. Several green materials have
been used as HCI adsorbents such as alkaline adsorbents (e.g., CaCO3z, CaO, NaHCO3) and
biomass constituents [204, 216]. By comparing stepwise pyrolysis with the conventional
pyrolysis process, it has been suggested that stepwise pyrolysis can be an effective technique
for the dechlorination of pyrolysis liquids producing a low quantity of aromatic compounds
and heavy hydrocarbons [213]. For example, introducing CaCO3 as adsorption leads to the
retention of a significant amount of chlorine in the solid fraction, but more chlorine is observed
in the liquids, which includes a higher volume of aromatics [217]. The chlorine content of the
liquid produced can be reduced to one third by using a low-temperature de-hydrochlorination
step; the effectiveness of this process cannot be improved by introducing CaCOs adsorbent
[217]. By using TG-FT-IR, Zhu et al. [218] studied the pyrolysis behaviour of PVC with a
heating rate of 30 C/min. They found that the pyrolysis of PVC might be divided into two
main steps. The first step occurs in a temperature range of 553-673 K and involves de-
hydrochlorination with the formation of some conjugated double bonds that break through the
second decomposition step. The second step involves the formation of some hydrocarbons in
a temperature range of 673-833 K. The authors also observed that the mass transition ratio of
65% and the temperature maximum rate of 593 K were in the first decomposition step of PVC.

Figure 2.9 illustrates the main two steps of PVC pyrolysis.
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Figure 2.9. TG-DTG curve of degradation steps of PVC pyrolysis [218].

On the other hand, the pyrolysis behaviour of bromine-containing plastics primarily depends
on the form of chlorine. In this context, in the absence of any fire retardant synergists (e.g.,
Sh203), the emission of HBr will not occur at a different temperature range from the
degradation of the polymer matrix as in chlorinated plastics [219]. On the contrary, when the
plastic has synergists Sh,03z, the degradation undergoes into two different regions. Sb.Oz starts
the degradation by reacting with the HBr that evolved from the FR at the low-temperature level,
which is the reason why Sb>Os can be applied as a FR synergist [219]. For example, Bhaskar
et al. [220] and Mitan et al. [221] investigated the pyrolysis of
polyethylene/polypropylene/polystyrene mixed plastics with high impact polystyrene
containing decabromo diphenyl ethane (DDE) as flame retardants with or without Sb,03 as a
synergist by using the two-stage method. They found the first stage occurs at 603 K for 2 hours

and the second stage took place at 703 K continuing until the end of the pyrolysis reaction.
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Their results showed that under the controlled temperature pyrolysis conditions, the generated
oil from the first stage had higher brominated compounds than in the second stage in all samples
and the presence of antimony could further enhance the rate of bromine release through
generating SbBrs at low pyrolysis temperatures. Therefore, oil products that include relatively
less bromine content can be obtained in the second stage. However, processing brominated
plastics containing antimony by the two-stage pyrolysis technique does not convert the toxic

organic bromines into inorganic bromine, but just concentrate them in the first stage oils [221].

The limitations with the two pyrolysis routes are that the entire processes are temperature-
dependent (high operating temperatures), and the obtained liquid oil may contain impurities
and residues in addition to halogenated compounds, which hinder its further reuse in
commercial applications. Therefore, catalytic pyrolysis could provide a solution to these
difficulties by allowing control of the product distribution and decreasing the reaction

temperature [217, 219].

2.9. Catalytic Pyrolysis Process

Catalytic pyrolysis has become more important in terms of resource conservation and
environmental protection. Catalytic pyrolysis is potentially an effective and appealing
technique for processing plastic wastes to produce high-value products [11, 222]. The use of
a catalyst during the treatment of plastic wastes will make the reaction conditions less stringent
and reduce energy consumption throughout the entire process, thereby affecting the total
operating cost [217]. The catalytic pyrolysis process has numerous advantages compared to

other treatment processes as follows.
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e Reducing the interaction temperature rate and shortening residence times. This
significant reduction in the decomposition temperature and reaction time in the
presence of the catalyst will increase the conversion rates for a wide range of plastic

wastes with less energy consumption [223, 224].

e Inhibiting the generation of undesired products such as chlorinated and brominated
hydrocarbon compounds. This represents an interesting feature especially in the

presence of material-laden PVC and BFRs [9, 225].

e The selectivity of products is enhanced under catalytic conditions. For example, the
presence of catalyst in the pyrolysis process of polyolefins, aromatic hydrocarbons and

branched will increase the quality of the potential obtained fuels [9, 225].

Table 2.5. presents the main differences between thermal pyrolysis and catalytic pyrolysis

processes using various types of catalyst. It can be concluded that the latter process shows not

only high potential for producing liquid oil but also for reducing decomposition temperature.
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Table 2-5. The main differences between thermal pyrolysis and catalytic pyrolysis

Red mud | Red mud | ZSM-5 ZSM-5 Y-zeolite | Natural
i
Type of catalyst zeolite
PE, PS, PE, PS, PE, PS, PE, PS, Municipal | Municipal
. PP, PVC, | PP,PVC, | PP,PVC, | PP,PVC, plastic plastic
Type of plastic
PET PET PET PET waste waste
Operating 713K 773K 713K 773K 723K 723K
temperature
Amount of catalyst 10% 10% 10% 10% 50% 50%
0 Gases 17.7 34.0 17.7 34.0 28.0 28
2
o
N 2 Liquid 79.3 65.2 79.3 65.2 58.0 58
3] [
= S
8 |5 Char 3.0 0.8 3.0 0.8 14.0 14
5 | £
%
2| e Gases 21.6 41.3 40.4 58.4 52.0 34
s |2
> —
Q o
= 2 Liquid 76.2 57.0 56.9 39.8 14.0 50
S [&]
£
ISl Char 2.2 1.7 3.2 1.8 12.0 16
S
References [214] [214] [214] [214] [37] [37]
In general, catalytic pyrolysis is either homogeneous or heterogeneous [198, 226]. The

homogeneous process involves a single phase (usually a liquid solution), while in the

heterogeneous process the catalyst is solid. Aluminium chloride (AICI3) catalysts are a

common homogeneous catalyst in plastic solid waste pyrolysis [227]. In this process (liquid

phase), the catalyst comes in direct contact with the molten polymer phase to assist with

converting the partially degraded oligomers.

On the other hand, the heterogeneous ones

represent the most common kind of catalysts utilized in pyrolysis of plastic solid waste. This
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is in turn based on the fact that the fluid product can be simply separated from the solid catalyst
and then can be easily reformed and reused. Most general examples of such operations are
nano-crystalline zeolites applied ones [228], conventional acid solid, mesostructured catalyst,
metal supported on carbon and basic oxides [229]. Moreover, heterogeneous catalysts have
been reported to resist stringent reaction conditions up to 35 MPa and 1573 K and can generally

be simply separated from the gas and liquid reactants and products [230].

The literature regarding catalytic pyrolysis of plastics reveals that extensive investigation has
been made into catalytic efficiency and mechanisms in various catalytic systems. A range of
catalyst materials have been investigated for their potential in upgrading the quality and de-
halogenation from the pyrolysis of materials laden with both PVC and BFRs. Among those
catalysts, natural zeolite [37, 217, 231-233], FCC catalysts [234-237], red mud [217], minerals
[238] and metallic oxides [239, 240] have attracted greatest attention. In particular, metal
oxides such as Fe>O3, ZnO, Fe304, Al203 and PbO have shown good results for capturing
emitted hydrogen halides (HCI and HBr) and reducing the generation of halogenated
hydrocarbons from thermolysis of polymeric materials laden with halogenated compounds. In
this context, metal oxides interrupt the aromatic hydrocarbon formation and this process can
occur without changing the type of chemical species found in the final products. Benzene is
one of the main liquid products and it can be produced in various amounts based on the type
of metal oxides [241]. For example, Blazs6 and Jakab [242] found that introducing metal oxide
catalysts, especially Fe-Oz and ZnO, can delay the formation of benzene by approximately
30%, less than for pure PVC. Even though metal oxides display significant catalyst reaction
steps through heterogeneous formation of PCDD/Fs and PBDD/Fs, they readily react with
hydrogen halides (HCI and HBr) in a process that eliminates the halogen content from the

reaction medium. The consumed halides transform the metal oxides into metal halides.
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2.10. Fixation of Cl Content in PVC by Introducing Metal Oxides

Considerable interest in investigating the performance of metals and their oxides on the thermal
degradation of PVC polymer arises based on their great potential to act as chlorine fixers or
absorbers [243, 244]. In this context, combined treatment or so-called “co-pyrolysis” of both
electric arc furnace dust (EAF) dust and PVC has emerged as a promising approach for an
environmentally synchronous recycling methodology for both resources (i.e., metallic oxides
in EAF dust and the chlorine content in PVC polymer [38, 101, 245]. As we mentioned in an
earlier section (i.e., section 2.3) the produced dust of the EAF process essentially contains a
considerable amount of zinc and iron in the form of simple or mixed oxides, followed by a
small but significant amount of calcium and lead oxides. XRD patterns reported by Al-
Harahsheh found that EAF dust contains mainly of zincite, franklinite, hematite and magnetite
[101]. The consensus of opinions in the literature has shown that the introduction of metallic
oxides through thermal decomposition of PVC polymer acts as a dechlorinating agent and can
inhibit the formation of chlorinated hydrocarbons [59, 241]. Consequently, the metallic oxides
will convert to their respective chlorides (volatile metallic chlorides) which are easily volatile
at low temperature or dissolvable in water [59]. A study carried out by Al-Harahsheh et al.
[59] showed that the presence of EAF dust through the thermal degradation of PVC polymer
enhances the mass loss of PVC polymer in the initial step from 37% to almost 80% and
significantly decreases the activation energy values of the de-hydrochlorination system. They
also found that the activation energies of H-Cl bond cleavage by the metallic oxides will be in
the range 33.7%—-41.8 kcal mole™. This step is associated with the generation of metallic
chlorides (mainly, FeCls, PbCl2, ZnCl and FeCl,) and water vapour. Additional evidence of
the interaction of metallic oxides with the thermally evolved HCI was reported by Karayildirim
et al. [246]. The authors reported that the pyrolysis of PVC polymer in the presence of red

mud can produce iron chloride. The relationship of this product with iron oxide stems from
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the fact that the major reactive component in the used red mud is iron oxide, which represents
approximately 37% of the other oxides. The authors concluded that iron oxide present in the
red mud worked as an HCI fixator. Introducing metallic oxides during thermal degradation of
pure PVC polymer considerably changes its structure and reduces the onset degradation
temperature to a lower value [247, 248]. TGA profiles indicate the weight loss curve of the
decomposition of pure PVC exhibited two main peaks corresponding to elimination of HCI
gaseous at around 470 K and fission of the carbon bonds in the PVC backbone above 633 K.
In this regard, Zhang et al. [249] examined the reaction mechanism of PVC polymer with ZnO
based on thermogravimetric—-mass spectrometry (TG-MS). They showed that the PVC
polymer interacts directly with ZnO at a temperature of 473 K, which is lower than that of
thermal degradation of the pure PVC polymer (i.e., >523 K). The authors also observed that
dehydrochlorination of PVC polymer in the presence of ZnO proceeds without the formation
of volatile organic compounds and the only volatile product was water. Table 2.6 summarises

studies that report co-pyrolysis of PVC with metal oxides.
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Table 2-6. The catalytic effect of metal oxides on the pyrolysis of materials laden with chlorinated compounds.

Type of Analysis Composition Catalyst effect References
catalyst technique/operating
used conditions
Zn0O TG-MS ¢0.3Zn0O -0.6 PVC | e Prevent the formation of HCI and the volatile organic compounds [249]
(353-1223 K) ¢0.3Zn0O-1.0PVC such as benzene.
¢ Reduce the chlorination temperature of Zn from 523-473 K.
Heating rate 40 K/min ¢ 73% and 84% of ZnO has been chlorinated for 0.3 ZnO -0.6 PVC
Particle size 1.48um and 0.3 Zn0O-1.0 PVC, respectively.
Fe203 TG-MS ¢ (.25 Fe203-0.6 PVC | e Dehydrochlorination of PVC takes place at a lower temperature [249]
(353-1223 K) ¢0.25 Fe;03-1.0 PVC range of 513-673 K.
Heating rate 40K/min
Particle size 8.45um
ZnO GC/IMS e1:2 ZnO/PVC e Introducing ZnO significantly suppresses the formation of liquid [241]

(673-1073 K)
Particle size 1.9 pm

Quartz reactor tube

products and enhances the char formation.
¢ Reduction of chlorobenzene formation.

¢ ZnCl> evaporation started above 673 K
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7=10 and 30 min

Fe203 GC/MS ¢ 1:2 Fe,0O3/PVC e Addition of iron oxide enhances the formation of gaseous [241]
(673-1073 K) products, CO and CO: and promotes the formation of
chlorobenzene.
Particle size 9.9 um e Formation of FeCl enhances the char formation.
Quiartz reactor tube
=10 and 30 min
La203 GC/MS e1:2 LayO3/PVC e Adding of La,Os converts ClI from PVC to oxychloride with the [241]
(673-1073 K) performance of more than 75% at 673 K and 95% at 1073 K.
Particle size 15 um
Quiartz reactor tube
=10 and 30 min
ZnoO TG-MS ¢0.3Zn0-0.6 PVC |e ClinPVC is converted into chlorinate Zn at 473-893 K. [250]

(353-1223 K)
Model batch-type reactor

Particle size 0.3um

¢0.3Zn0O -1.0 PVC

e Evolution of HCI is negligible compared with the case of pure

PVC decomposition at a similar temperature range.
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ZnO XRD The activation energy of ZnO chlorination is 14 kcal mole™ and [251]
(1023-1273 K) this relatively lower than the value of dissociation of the unstable
compound in the gas phase.
Fe20s- XRD * 36.8% Fe203-12.4% Zinc oxide and lead oxide were converted to ZnCl, and PhCly, [100]
ZnFe;04- ZNnFe204-4.3% Zn0 and removed from oxide mixture, while iron oxide remained as
(1346 K) and PbO.
ZnO-PbO oxide in the chlorinated residue.
mixture Oxygen and chlorine partial pressure have affected the
chlorination rate of ZnO, while that of lead oxide was scarcely
affected.
Fe203 TGA, X-ray, XRD ¢1:1 Fe203/PVC The chlorination test of hematite showed that the P\VC can be used [252]
(473-1273 K) as a chlorinating agent. The reaction gives metal chlorides.
Quiartz reactor tube
Metal oxides TGA, SEM, X-ray ¢ 9:1 metal Chlorination of iron oxides occurs at 573 K in form of FeCls [253]
mixture oxides/PVC

Particle size under 10 um

ZnCl volatilizes at a lower temperature than the other metal
chlorides.
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ZnO TGA. XRD, FT-IR ¢0.75 Zn0O-1.0 PVC Presence of ZnO reduces the required temperature for de- [254]
(453-673 K) ¢0.3Zn0-1.0 PVC hydrochlorination of PVC
De-hydrochlorination of PVC producing only H>Oand ZnCl; at
Heating rate 10K/min around 473 K without HCI formation
Fe203 Py-GC/MS e 1:20 Fe,03/PVC Fe2O3 reduced the onset temperature of dehydrochlorination by [255]
(303-973 K) attracting chlorine (weakening the C—Cl bonds in PVC)
The presence of Fe2Os hinders benzene formation as far as it is
Quartz reactor tube forming chlorides with HCI.
SA/Fe304 GC-MS, GC-AED 02:8:1:2 FesO4 decrease the chlorine content to a very low [256]
(633-703 K) PE/PVC/SA/Fe304 The chlorine removed from the products of decomposition of P\VC
¢2:8:1:2 PE/PVC/SA/ mixed plastics are fixed as of ferrous chloride
Glass reactor tube FesOs

©2:8:1:2 PE/PVC/SA/
FesOq4
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2.11. Fixation of Br Content in TBBA by Introducing Metal Oxides

Catalytic dechlorination and debromination processes by introducing metal oxides share very
similar operational trends with those entailing chlorinated compounds. Thus, combined
treatment of EAFD and bromine-containing objects (i.e., TBBA) has also attracted recent
researchers’ attention in regard to extracting the valuable metals containing in EAFD and
reducing the formation of toxic polybrominated dibenzop-dioxins/furans (PBDD/Fs). Several
experimental studies have shown that the main products from thermal degradation of TBBA
are released as gaseous products in the form of HBr, mixtures of harmful compounds, such as
brominated benzenes and phenols in addition to a vast range of brominated aromatics [194,
257, 258]. Approximately half of the initial bromine in the origin TBBA was observed to
transform into gaseous HBr just above 673 K with considerably fewer amounts if compared to
the degradation of pure TBBA [166, 259]. Many metal oxides, such as La>O3, CuO, Fe20s3,
Ca0, and ZnO, have been used as bromine fixation or absorbing agents. Fe>Os and ZnO were
found to have a significant impact on bromine fixation through generating of metal bromide or

oxybromide [240, 260, 261].

As a result of various scanning calorimetry run and several laboratory-scale experiments,
Grabda et al. [261, 262] investigated operational conditions that dictate bromination of zinc
oxide through thermal decomposition of TBBA. Their electron probe microanalyzer and
thermal scanning utilizing X-ray diffractometer indicated that about 70% of the total TBBA’s
Br content is released in a temperature range of 563-613 K. They found that bromination of
ZnO revealed high sensitivity in regard to the mixing TBBA:ZnO ratios. For example at
TBBA:ZnO mixing ratios of 3.34:1 and 5.17:1, the bromination efficiency attained values of
41-61% and ~80%; respectively. It was shown that the bromination efficiency of ZnO is

strongly correlated with the HBr amount co-existing with particles of ZnO.
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Along the same line of enquiry, Oleszek et al. [263] used DSC, TG, and TG-MS techniques to
investigate the reactions between PdO and Fe>O3 and HBr from thermal degradation of TBBP
A under inert and oxidizing atmospheres. They found that during the thermal scanning of pure
TBBPA two endothermic phenomena were displayed. The first related to the melting of
TBBPA at a temperature range of 451-454 K, while the second was associated with progressive
decomposition of TBBPA from 533 K to a maximum of 581 K. DSC-TGA analysis showed
that introducing metal oxides changes the degradation behaviour of TBBPA where the mixtures
(TBBPA + metal oxides) displayed two various phenomena. The endothermic phenomenon
coincided with the melting peak of pure TBBPA, which showed that it had started melting in
the mixture and the exothermic event that revealed the presence of newly formed bromides
(PbBr2, FeBrz). This indicated that the exothermic phenomenon was accompanied by the
bromination reaction that occurs due to TBBPA degradation and bromine evolution. Table 2.7

summarises studies that report co-pyrolysis of materials laden with brominated compounds
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Table 2-7. The catalytic effect of metal oxides on the pyrolysis of materials laden with brominated compounds.

Type of Analysis Composition Catalyst effect References
catalyst technique/operating
used conditions
Zn0O TG-MS and X-ray ¢1:3.34 ZnO/TBBPA | ¢ Simultaneous TG-MS measurements show that the existence of [264]
(493-1573K) ZnO strongly impacts the TBBPA degradation pathway and
causes enhancement of char formation.
Under various e In an oxidizing atmosphere, approximately 70% of Zn is
atmospheres brominated. 43% of that is in the form of ZnBr, and vaporizes in
Heating rate 10 *C/min a temperature range of 633-753 K. The other 27% in form of
ZnBr, and possibly ZnOBr vaporizes gradually together with
successive degradation of surrounding organic char.
Fe203 DSC, TG, and TG-MS | ¢1:3.41Fe,O3/TBBPA | e Simultaneous TG—MS measurements indicated that the addition [263]

(296-1573K)

Under inert and oxidizing

atmospheres

Heating rate 10 "C/min

of iron oxide enhances char formation through strongly
accelerated the degradation of TBBPA
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PbO DSC, TG, and TG-MS | ¢1:1.22 PbO /TBBPA e HBr acted as an excellent brominating agent for PbO and [263]
(296-1573 K) separated 79% of Pb as a volatile bromide from the solid up
Under inert and oxidizing to 853 K.
atmospheres
ZnO TGA, GC/MS and X-ray | ¢2:1ZnO /TBBA ¢ ZnO showed the superior ability of the bromine abstraction by the [240]
(373-1073 K) enhancement of the benzene generation at 673 K.
Particle size 1-10um
Heating rate 10 “C/min
Quiartz reactor tube
=10 min
Laz03 TGA, GC/MS and X-ray | e2:1 La,03/TBBA e Introducing La>Os is particularly effective for the reduction of HBr [240]

(373-1073 K)

Particle size 1-10um

Heating rate 10 “C/min

Quartz reactor tube

=10 min

emission.

e La>0O3 suppresses the formation of hydrogen bromide and

brominated organic compounds. Especially significant suppression

of ~90% is achieved compared with the result of pure TBBA.
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Sh203 DSC, GC/MS and X-ray | ¢1:2.81 e Thermal treatment of TBBPA in the presence of Sh.03 showed that [265]
Sh,03/TBBPA :
(413-923 K) the released HBr at temperatures up to 713 K may react with the
oxide and form SbBr3 which evaporates immediately and can be
Under inert and trapped in the condensate phase.
oxidative atmospheres e More than 60% of the maximum amount of Sb converted into
SbBrs.
Quiartz reactor tube
Heating rate 10 “C/min
ZnO DSC, GC/MS and X-ray | ¢1:3.34 ZnO/TBBPA | e Bromination of ZnO occurred at 545 K and above 563 K with an [266]
¢1:5.17 ZnO/TBBPA ; 0 : "
(413-923 K) effectiveness of up to 81% based on the experimental conditions.
e The produced ZnBr started to volatilize at 613 K and yield 45% at
Particle size 2.6pum 923 K
Quiartz reactor tube
Heating rate 1 “C/min
Zn0O C/ICP, GC/MS and X-ray | «1:3.34 ZnO/TBBPA | e The bromination rate is highly dependent on heating time and it [262]

(503-583 K)

Particle size 2.6pum

increases with time until the bromine source is depleted.

e The maximum bromination yield ranges from 64-70%.
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Quiartz reactor tube

ZnO GC/MS, X-ray and ICP | ¢2:1 ZnO /TBBA e The addition of ZnO significantly suppresses the formation of [260]
(1173 K) hydrogen bromide and brominated organic compounds.
e More than 80% of HBr yield is reduced by the addition of zinc
Quartz reactor tube oxide and for the brominated organic compounds, essentially no
formation of bromophenols was observed by the addition of a high
amount of ZnO.
ZnO TGA, DSC and ICP ¢1:2.74 ZnO /PCB e Addition of zinc oxide led to the fixation of bromine as stable zinc [267]

(1073 K)
Quiartz reactor tube

Heating rate 10 “C/min

bromide.
e The formation and the evaporation of ZnBr; can be as a result of

the promotion of the degradation of PCB.
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It must be mentioned that the newly formed bromides (i.e., ZnBr>) are boiled around 923 K,
which is lower than the boiling point of ZnCl, (996 K) that are produced in chlorination-
evaporation of zinc using PVC. This suggests that the energy consumption of the bromination
process could be lower than that of the chlorination process. Table 2.8 displays a simple
comparison between the bromination-evaporation process with TBBA and chlorination-

evaporation process with PVC.

Table 2-8. Differences between the bromination and chlorination evaporation processes [59,

261, 268].
Factors Operating Mass Boiling point of Energy Main
Temperature ratio | main degradation | consumption | degradation
outcome product
Bromination
evaporation 1173 K 3.34:1 996 K Low ZnBr,
with TBBA
Chlorinated
evaporation 1173K 2.33:1 923 K High ZnCl,
with PVC

2.12. Research gaps in current knowledge

Having surveyed the literature reporting research related to combined treatment of both EAFD
and plastic materials bearing organo-halogen compounds, several gaps in present knowledge

can be identified.

e The literature presents no theoretical accounts that treat both categories of the titled

pollutants simultaneously.
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Despite numerous investigations into the mixing of PVC and BFRs with metal oxides
over the last few years, the literature presents no mechanistic or kinetics information at
the molecular level interaction mechanisms of hydrogen halides and other halogenated
C1-Cs cuts over transitional metal oxides. Chapters 4, 5 and 6 in this thesis present the

elemental processes governing these interactions at a precise atomic scale.

While there are various previous theoretical and experimental studies that have
addressed the interaction of halogenated short unbranched hydrocarbons with copper
surface from different views, a detail mechanistic understanding of its role in surface-
mediating rupture of carbon-halogen bond has remained poorly understood. The
elementary steps that govern the degradation of multiple halogenated hydrocarbons

over a copper surface are shown in Chapter 7.

Notwithstanding the numerous experimental studies and computational calculations,
several mechanistic aspects dictating the formation of notorious dioxins compounds
and phenoxy-type environmental persistent free radicals (EPFRs) remain unexplained
on an atomic-based insight, most notably regarding the operating reaction barriers
prevailing over pure metallic surfaces and their partially oxide states. This has been

conducted, in detail, in Chapter 8.
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Chapter 3

Theoretical Background
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3.1. Schroédinger Equation

The properties of matter on a precise molecular basis are explained using the quantum
mechanics laws. From that nanoscale point of view, a molecular system entity consists of a
number of light, negatively charged atomic electrons and heavier, positively charged nuclei.
As a consequence, these atomic electrons and nuclei can be treated as electromagnetically
reacting point charges [269, 270]. Therefore, non-relativistic Hamiltonian for the molecular

system will have the form:

h? h? Ze e?
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Or we can write Eqg. 3.1 in a more compact form as in Eq. 3.2:
H= T.0) + Ty(R) + Ven(r, R) + Voo (1) + Vyn(R) 3.2

where # is the Plank’s constant, V2 is the Laplacian operator and e signifies the charge on the
electron. i refers to the electrons while j runs over nuclei. The first and second terms describe
the kinetic energy of the electrons and nuclei, correspondingly. The third, fourth and the last
terms of Eq 3.1 correspond to the Coulomb interaction between electrons and nuclei, among

electrons and among nuclei, respectively. In atomic units Eq 3.1 may be written as in Eq. 3.3:

H——Zlvz—zivz—zi+z ! Z 3.3
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When considering that the work is in Cartesian coordinates, the Laplacian operator of Eq. 3.1
is equivalent to partial differential with respect to x, y and z coordinates and is expressed as Eq.

3.4:

V=—i+—j+ —k 3.4
x y

The corresponding time-independent Schrodinger equation (TISE) for this system can be

described by the following form (Eg. 3.5):
Ay(r,R) = Ey(r,R) 3.5

where 1 signifies the total wave function of the system and E represents the total energy of the
system. Note that the wave function postulates the probabilistic details of an electron’s
behaviour and depends on the position of a molecular system’s particle. 1 should be
normalised, continuous, single valued and antisymmetric regarding the interchange of electrons
[271, 272]. Solving Eq 3.4 is analytically possible only for a few select systems, for instance
the H atom. However, because of the high degree of complexity of the correlated motions of
particles in the many-bodied system including both electrons and nuclei of the wave-function,
it is impossible to carry out the above equation in practice. Therefore, several approximation
computational methods have to be imposed in order to obtain an entire description of such a

system.
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3.2. The Born—Oppenheimer Approximation

The Born—Oppenheimer approximation (BO) represents the most fundamental approximations
in condensed matter chemical physics and physics to simplify the solution to the Schrédinger
equation [270]. This approximation streamlines the solution through separating the electronic
and nuclear movements of the considered systems [273, 274]. Based on the state that parts of
amolecular system (i.e., nuclei) are have greater mass than the other system part (i.e., electrons)
(strictly speaking, the mass of the proton is about 1836 times the mass of an electron), the
Born—Oppenheimer approximation allows one to envision the nuclear moving on a single
potential energy surface is accompanied with a single electronic quantum state [275]. The
latter can be obtained by treating the TISE for a series of fixed nuclear geometries [276, 277].
In the molecular context, this means that due to the slow motion of the nuclei on the scale of
velocities correlated to the electron it is justifiable to suppose that at any moment the electron
will be in its ground state with regard to the instantaneous nuclear arrangement [269, 273].
Therefore, with the Born—Oppenheimer approximation, for fixed nuclear geometries, Eq. 3.1

can be written as:

N h? Zjez e? ZiZjez
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Or

H= T,(r) + Ven(r, R) + Voo (1) + Vyn(R) 3.7

It is important to mention here that the potential energy of nucleus-nucleus Coulomb

interaction contributes to the total energy by augmenting it with a constant value. Therefore,
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leaving the last term of Eq. 3.6 or 3.7 out will not affect the corresponding wave function.

Consequently, we can re-write Eq. 3.6 or Eq. 3.7 as:

A hz Zjez ez

flo=-) 3 W?‘Z—JFZ— 3.8
— 2, = Ameq|R; — 77l i:tj Ameo|r; — 77l

Or

I:Ie = 7\We(r) + VeN(r, R) + vee (r) 3.9

Eq. 3.8 is called the electronic Hamiltonian and the electronic time-independent Schrédinger

equation is taken to be:

Hey(r,R) = E.9(r,R) 3.10

Note that with the Born—Oppenheimer approximation, the total Hamiltonian can be written as:

A= H,+Ty(R) 3.11

3.3. Hartree-Fock Theory

Hartree-Fock (HF) theory represents one of the earliest wave-function approximation methods
to be developed for solving the electronic Schrodinger equation resulting from the TISE into a
more tractable form [272, 278]. The HF theory is based on the assumption that the electronic
wave-function of the molecular system can be represented through a single Slater determinant

[279]. That means each electron of the system can be considered to be moving in a mean field
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of all the other electrons and the nuclei. It is important to mention here that the field of the
electron’s motion is called the self-consistent field and the wave functions of the individual
electrons are called orbitals. The solution to the Schrédinger equation must be determined by
iterating a trial solve to self-consistency because the average field where every electron moves
depends on the orbitals of all of the other electrons in the system [279]. Therefore, with
Hartree-Fock approximation, the Hamiltonian equation for the many-body system can be

transferred into numerous equations for coupled single-particles and it can be read as:

A

A=

i

h; 3.12

N
=1

where N represents the total number of the electrons and h; is the one-electron Hamiltonian
operator which describes the motion of electrons in the mean field of the nuclei. Note that the
operator in Eq. 3.12 is separable when the terms of the Hamiltonian are only electron Kinetic

energy and nuclear attraction, and may be expressed as:
]
hi=—§‘7z2 - ) = 3.13

where L is the total number of the nuclei. The two-electron Hamiltonian operator equation can

be defined as:
Zip=— 3.14

The electronic Hamiltonian operator can be written more simply as:
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When there is no electronic coupling (i.e., the electrons do not interact with each other), it will
be useful to separate the many-body wave-function into a product of single-electronic wave-

functions that can be depicted by an equation:

lp(rlrrz, -"'rN) = @1(r) @2 (12) ... on(ry) 3.16

The above form is called a Hartree-Product equation. HF theory is impartially convenient for
solving the concepts of self-consistency and many-body system. However, this crude
approximation has some the disadvantage of unsuccessfully satisfying the anti-symmetry
requirement for electronic wave functions (the Pauli Exclusion Principle). This principle
assumes that the wave-function of the many-body system has to be anti-symmetric with regard
to the interchange of any set of space-spin position [278]. Also, the obtained approximate
energies of electrons are not accurate enough for most practical applications in chemistry. In
general, the failure of the HF method to describe electron correlations accurately arises from

the inadequacy of its average-field to address the interaction among electrons.

3.4. Density Function Theory

In the previous sections, we presented some approximations to solve the TISE for a many-body
system based on the term of the wave-function theory (a 3N-dimensional anti-symmetric wave-
function for a system with N electrons). In this section, we will present the solution using
another method (i.e., Density Function Theory). DFT has been considered as an unparalleled

method for the simulation of interesting problems in quantum chemistry and computational
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physics that illustrates the electronic states of materials and molecules in the concept of the
three- dimensional electronic density of the system [280, 281]. Despite the common thought
that DFT is a relatively new, its history approximates the Schrédinger equation and is about
five decades old in its modern formulation [282, 283]. In practice, DFT is always applied in
the form proposed by Kohn and Sham in 1965 [284]. The basic quantity of this theory is built
around the assumption that the energy of an electronic system can be described in the concept
of its electron probability density p(r)[285]. For an N electron system, the term p(r) signifies

the total electron density at a special point in space r and can read as:

N = fp(r)dr 3.17

Equation 3.17 can be re-written for each nucleus A located at an electron density maximum r,

as:

0p(ra)
dry

= _ZZAP(FA) 318
ra4=0

where p is the spherically averaged density, r, represents the radial distance from the nucleus

A and Z is the atomic number of the nucleus.

The advantage of the DFT approach over a more pure approximation based on the notion of
wave-function can be best represented considering the following: the wave-function for an N
electron system would have 3N coordinates per electron in addition to another one for each
electron when the spin is included (i.e., 4N coordinates for each electron). The electron density

is independent on the number of electrons that comprise the system, which is based only on 3N
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coordinates [286, 287]. Therefore, whilst the complexity of the wave-function rises with an
increasing number of electrons for the system, the electron density is independent of the

considered system size, and maintains the same number of variables.

3.4.1. The Thomas-Fermi Method

This approach which is also called the “statistical theory” was created independently by
Llewellyn H. Thomas and E. Fermi in 1927 shortly after Schrédinger proposed the quantum-
mechanical wave equation [282]. Thomas-Fermi method is a quantum mechanical approach
for the electronic structure of a large molecule or atom comprising a large number of electrons
(N) that approximately describe the ground state energy E(N) and the electronic density (p (r))
[288, 289]. In other words, this theory can be defined by the energy functional €(p) or the
ground state energy of the system for a certain number of electrons, which have a particular

charge, in the atom.

£(p) = 2| pwiac - f pOA(T) += ff PP (r) 3.19

where the first term is the minimum electronic kinetic energy required to produce p (r), which
is associated with a system of the non-interacting electrons in a homogeneous electron gas.
The second term represents the attractive interaction between the electron and the nucleus. The
last term signifies the repulsive energy among the electrons [289]. Even though the Thomas-
Fermi method presents good estimates for the atoms, it fails to explain the electronic properties
of complicated systems or those involving chemical interactions that did not predict molecule
bonding [290]. That failure, in turn, can be due to the fact that the real orbital structure of
electrons is not included. Furthermore, the kinetic energy functional provides a rough
approximation to the accurate kinetic energy.
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3.4.2. The Hohenberg-Kohn Theorem

Although the Thomas-Fermi theory was able to correlate the energy and other properties of the
system with the electronic density, albeit with some limitations, formal evidence of this
assumption was developed by P. Hohenberg and W. Kohn in 1964 [291]. Hohenberg-Kohn
introduced two theorems that constitute the fundamentals of DFT as a practical computational
method. These theorem state that the external potential is a function of the ground-state
density. In another sense, the density, which is obvious in 3D space, is employed to define the
complicated physics behind the interactions among electrons and, consequently, defines

everything regarding the system[286].

First theorem: it states that there is a one-to-one mapping between the external potential
Voxt (1), Of @ many-electron system and the ground state density p (r) [292]. Thus, the ground
state density uniquely determines the Hamiltonian and, consequently, all other properties of
the system. It is clear that it is possible to obtain a unique ground state density for the system

by providing the external potential [282].

Proof of the first theorem: to prove the first Hohenberg-Kohn theorem, the ground state of
the system was assumed to be non-degenerate. This proof is based on a minimum energy
principle and this theorem can be also valid for degenerate ground state systems. Suppose,
however, there are two external potentials, V,,.(r) and V,,.(r), that vary by more than a
constant and lead to the exact ground state density of the system p(r). These two potentials in
turn would produce two different Hamiltonian, A and H which would have different ground

state wave-functions  and 5. The first Hohenberg-Kohn theorem can be given as:

H = Ey 3.20
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Now, using the variational principle:

Bo = (w|Alw) < (¥ |A1D)

(
<

A
-e)
)

—ﬁ+ﬁM>

<

b |A =)+ (Al

E, < f P(0) [Vert (1) = Vere(D)]dr + Eg 3.22

Similarly, the above calculation can be repeated but with primes and non-primes quantities.

Bo < = [ p0) [Vere®) = Ve + By 3.23

By adding Eq. 3.22 and Eq. 3.23 together, it will give a contraction:
Ey+E, < Ey + E, 3.24

Hence, using two different external potentials cannot have the same ground state density p(r);
that is, each external potential V,,.(r) must provide a unique density. Based on this theorem

the TISE can be written in terms of the electronic density rather than the wave-function.
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H=V,+ Hy 3.25

E= {0 |w) = [ Vexe©p@) dr + Fug o) 3.26

Note that energy is expressed in terms of the electron density. As mentioned above, the first
theorem of Hohenberg-Kohn proves the existence of a functional correlation between the
ground state densities and the external potentials of the many electron systems, but it does not
mention anything about either the practical methods to gain the ground state electron densities
or the analytic form of the universal functional Fyk(p). The latter issue has been filled by the

second theorem.

Second theorem: it states that the universal functional F[p(r)] can be defined in terms of the
density, and the exact ground state is the global minimum value of this functional. In other
words, this global minimum value of energy functional is the exact ground state density of the
system and the exact ground state energy minimizes this functional. Therefore, both the exact

ground state density and energy are completely determined via the functional E[p(r)].

Proof of the second theorem: since the first theorem allows a density to uniquely define its
potential (i.e., Hamiltonian and wave-function), the wave-function can be utilized as a trial
wave-function for the problem with a different external potential. This can be expressed as

follows:

Flp(r)] = Eine[p(0)] + T[p(r)] 3.27
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where E;,:[p(r)] is the interaction energy and T[p(r)] signifies the kinetic energy. For any

wave-function s the energy functional can be read, according to variational principle, as:
|T + Tine + Vine |0 ) 3.28

Following the first Hohenberg-Kohn theorem, {r has to relate to a ground state with external

potential and electronic density. Hence, E [{/] will be a functional of p(r):

E[W] = E[p(r)]

_ f PNV (1) dr + F[H(r)]
> E o]

— [ Po@Were ) dr + Flpo )]

= Flpo(r)] 3.29

Thus, one can find the exact ground state energy and density through minimizing the total
energy functional system in terms of the variations of the density. Finally, even though the
Hohenberg-Kohn theorems use electronic density as the basic variable, it is still difficult to
compute any properties of a many-body system because the Hohenberg-Kohn universal
functional is unknown (i.e., it does not have any information on the nuclei and its position).
So, searching for approximations that are able to solve these difficulties remains one of the

main purposes of DFT theory.
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3.4.3. The Kohn-Sham Equations

In 1965, a significant stage toward applicability of DFT has been performed by W. Kohn and
L. Sham who developed a formalism that is the basis for the present application of DFT in the
computational chemistry area. This formalism is a practical approach to solving the
Hohenberg-Kohn theorem and is based on the assumption of replacing the real many-body
systems with a virtual system of non-interacting electrons, where the virtual system has an
overall ground state density equal to the density of the real system. The main premise in the
Kohn-Sham method is that the kinetic energy functional of the many-body system can be
separated into two parts: the first being the kinetic energy of non-interacting electrons and can
be calculated exactly, whilst the second part is a small correction term accounting for the

interaction among electrons in the real system.

Based on the Kohn-Sham formalism, the ground state energy of a system containing N nuclei

and n electrons can be written as:

r .

N n
Z 1 < 1
E(p) = — Z ]YX p(ry)dry — Ez L|11(I'1)V12 U; (ry)dry + EJJ %dﬁdrz
X=1 ¢ i=1

+ EX(p) 3.30

Or it can be expressed as:
E(p)=ET+E" + E/ + EX 3.31

The first term represents the kinetic energy of the nuclear-electron interactions, the second term
signifies the kinetic energy of the non-interacting electrons, the third term is the Coulombic

repulsions among the total charge distributions at r1 and r, and last term, known as the
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exchange correlation term, represents the correction to the kinetic energy arising from the
interacting nature of the electrons, and all non-classic corrections to the electron-electron

repulsion energy.

E“X is normally separated into two terms: a correlation term E¢ and an exchange term E¥,

which can be written as:

E*(p) = E°(p) + E*(p) 3.31

where the correlation term is generally associated with the interactions among the same spin
electrons, while the final term represents the interactions among the opposite spin electrons.
Note that E¢ and E* are also functional of the electron density. These two terms can be of two
distinct types: gradient corrected which depend on the electron density (p) and its gradient

(Ap), and local functionals that depend only on the (p).

3.5. The Exchange-Correlation Functional

Finding a solution for the Kohn-Sham equations remains one of the greatest tasks for DFT
theory. Thus, this section will present some approximations that developed the exchange-
correlation functional and in turn can provide some insight into their foundations and

limitations.

3.5.1. Local Density Approximation (LDA)

The local density approximation (LDA) constitutes the simplest way to explain the exchange-

correlation functional. It was proposed by Dirac in 1930 [293] and improved by the Thomas-
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Fermi approach, later known as Thomas-Fermi-Dirac approximation [294]. Consequently, the

exchange energy for the uniform electron gas system can be written as:

4
ExTirac(p) = —Cx f p3 (r) dr 3.32

where Cy is a constant and it can read as:

LDA is based on the assumption that at any point in space, the exchange-correlation energy is
a function of the electron density only at that point and can be produced by the electron density
of a uniform electron gas of the corresponding density. Generally, calculating the correlation
energy separately from the exchange energy using LDA is difficult. However, it can be
obtained by employing a suitable interpolation approach that starts from a set of values
calculated for the number of various densities in a uniform electron gas. In spite of some
typical deficiencies (especially, the inadequate cancellation of self-interaction contributions),
LDA approximation results are surprisingly accurate. For instance, LDA works to reduce the
atomic- ground state energies, whilst the value of binding energies are normally overestimated

[295].

It is important to mention that LDA approximation fails in term of describing the electronic
structure and the conduction properties of materials with filled d (or f) shells. Such materials
(i.e., transition metal or rare-earth metal ions) typically have a large energy gap between the

occupied and unoccupied sub-bands and have well-localized d (f) electrons. When using the
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LDA approximation to treat such types of materials with an orbital-independent potential, a
partially filled d (f) band associated with itinerant d (f) electrons and a metallic-type electronic

structure is located [296].

3.5.2. Generalized Gradient Approximation (GGA)

The Generalized Gradient approximation assumes that the atomic or molecular systems are
normally varied from the uniform electron gas. In other words, it has a varying electron density
p(r). The GGA method bases the correlation and exchange energies not only on the electronic
density but also on its gradient Ap(r) [282]. The gradient expansion for the different uniform

electron gas is applied in terms of dimensionless minimized gradient as follow:

4
ESEA = —(Fy) f p3 dr 3.33

where the constant (Fy) is given by —[23 (—)3 + %XZ + -]
432m(3m3)3

However, applying this equation directly for the atomic or molecular systems will cause
problems because the electron densities vary slowly. This approximation has been improved
by following two developments. The first of such improvements was developed by Becke
[280, 297], which is based on numerical fitting procedures including big molecular training
sets. Along with this first development of GGA approximation, other exchange functionals
following this principle include Perdew-Wang (PW) [298], OptX (O) [299], modified-Perdew-
Wang (mPW) [300] and Becke88 (B) [301]. The latter is considered the most commonly used

one. Therefore, the simple form of exchange energy for uniform electron gas can be read as:

4
ESS4(p, X) = —(FX)fp§ dr 3.34
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Even though these exchange functionals produce accurate reaction barriers and atomization
energies for molecules, they fail to describe several important properties of the system in solid-
state physics. The second line of this approximation, which is the more rational-based, was
proposed by Perdew [302-304] and is based on the assumption that improvement of exchange-
correlation functionals could be anchored in basic principles from quantum mechanics,
involving correct limits for high and low densities, scaling relations, and the fulfillment of
exact relations on the correlation and exchange holes. There are many exchange functionals
of this philosophy involving, Perdew86 (P86) [303], Becke86(B86) [303], modified-Perdew-
Burke-Ernzerhof (mPBE) [305], and Perdew-Burke-Ernzerhof (PBE) [306]. Among the
functionals of this principle, PBE is considered as the most established. These functionals are
more accurate in predicting the solid-state properties compared with the first line functionals.
However, these functionals generally also have problems in competing with the fitted
functionals for the determination of reaction barriers and atomization energies for molecular

reactions.

3.5.3. LDA+U Method

As we mentioned before, using the LDA to the exchange-correlation functional that exist in
density functional theory for the weakly correlated systems (i.e., ionic solids and covalent
semiconductors), will provide reasonable ground-state properties and even band structures,
which are excited-state properties. However, this method can be unsuccessful and completely
incorrect for the strongly correlated systems in which they usually comprise transition metals
or rare-earth metals (practically, they have localized d (f) electrons) [307, 308]. In other words,
it neglects the orbital dependence of the Coulomb interaction [309]. For evaluation of these
strongly correlated systems, the orbital dependence of the self-energy operators should be

applied for both d and f electrons. Even though the presence of methods to incorporate the
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strong correlations among d and f electrons (namely, Hartree-Fock method and GW approach)
[310, 311], the LDA+U method is the most common. A great extension of the LDA approach
in density functional theory was proposed during the last two decades by Anisimov and co-
workers [312], based on the Hubbard Hamiltonian model now known as LDA+U method [307,
313]. This approach represents the orbital dependence of the self-energy operators in a
relatively crude neglecting the accurate details of the spatial variations of the Coulomb
potential. This method can be expressed by adding the interaction terms between the

correlation electrons to the total energy functional as [309]:
EYP40p, (1), ng] = EMP4[ps(1)] + EV[(n) — Eqc(ny)] 3.35

where the first term represents the standard LDA energy functional and the last term is the
Coulomb potential among electrons. In equation 3.35, o is the spin index, p,(r) denotes the
electron density for electrons in spin-o and n, signifies the density matrix of the localized d

(or f) electrons in spin-a.

Equation 3.35 can be written in a different form as:

EYP4 U [p, (1), ng]

= ELDA pa(r) +_ Z Ui MmeNim—g

mm,c

1 1 1
+5 ) U)o Unig =5 UNGV = 1)+ 3Ny Ny = 1)

mmm£m,o

1
+ 5NNy = 1) 3.36
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When exchange and non-sphericity are neglected, equation 3.36 can be re-written in simple

form as follows:

EY 44U p, (1), n] = E*P4[pg(1)] +% UXizjniny — % UN(N - 1) 3.37

3.6. Transition State Theory

Transition state theory (TST), developed in 1930 [314], constitutes a practical approach to a
reaction rate for a rarely occurring elementary reaction. In essence, TST is based on the
assumption that the reaction space can be divided into two main states: reactant state (RS),
which represented the general state of the system before reacting, and the product state (product
state) that defines what is thought of as a product of the reaction. The point between these two
states is referred to as the transition state (TS) [315]. The lowest energy configurations in the
reactant and product states are indicated as the initial state (IS) and final state (FS) respectively.
There are two main assumptions made when applying the transition state theory. The first is
based on the hypothesis that the reaction follows up a reaction coordinate and should pass
through a maximum point known as the transition state (TS). This state can be usually applied
when the initial state is unbounded and the system has had enough time to thermally equilibrate.
The second assumption of the transition state theory considers that the concentration of the TS
is in equilibrium with the substrate of the reaction, which is governed by the law of
thermodynamics [316]. Based on these two assumptions, the equilibrium between the reactants

and transition state can be described by and can be expressed in the following equation:

Ts = (7 [4][B] 3.38
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where AG, h and R signify the variation in Gibbs free energy between the reactants and
transition state, and Planck’s constant and the molar gas constant, respectively. A and B are

the substrates. The concentration of the transition state is therefore defined as:

TS = e(AITS)e(_RA—'I{-I) [A][B] 3.39

As mentioned, the second assumption of the TST that the TS and substrates are in the
equilibrium state, the reaction rate is governed not only by the concentration of the TS but also
by the frequency in which the TS decomposes to generate the products. It is supposed that the
frequency of the decomposition of the transition state is relative to the transmission coefficient

and the vibrational frequency of relevance:
)
0, — (TS) = ——— 3.40

where o,, kg and h denote the reaction degeneracy number, the Boltzmann constant and

Planck’s constant, respectively. So, equation 3.39 can be written as:
kgT (LS (ZAH
k = o'e(%)e(R)e( RT) 3.41

Equation 3.41 is known as the Eyring equation [316].
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3.7. Software

Density Functional Theory (DFT) is the most common and efficient way for solving the many-
body system problems and is performed in many simulation packages. Variations between
these packages might be based on methods applied to solve Kohn-Sham equations and
functions employed in constructing Bloch functions. No simulation package is perfect and
each has its own advantages and disadvantages. Three simulation packages have been
employed to run the quantum calculation in this study: Vienna Ab initio simulation package
(VASP), DMol® and Phonopy. The use of these packages is well suited to this present study

and have been described in recent publications.

3.7.1. The Vienna Ab initio Simulation Package (VASP)

The Vienna Ab initio Simulation Package (VASP) is an efficient DFT software developed
recently by Georg Kresse and his co-workers [317, 318]. VASP is the most widely used
package for studying 3D bulk systems with periodic boundary condition and in applications in
key areas of modern solid-state physics and chemistry [317, 319, 320]. VASP uses plane wave
basis sets and the ultra-soft pseudopotential approximation or projector augmented wave
(PAW) method [321, 322]. The plane wave basis sets are slightly unusual for molecular
applications, because of the association of plane wave basis sets with free electron like systems.
Although ultra-soft pseudopotential approximation describes the interactions between
electrons and ions, VAPS utilizes efficient iterative matrix diagonalization methods, residual
minimization with direct inversion of the iterative subspace (RMM-DIIS) and blocked
Davidson algorithm, to determine ground state energy. Either or a combination of both can be
employed regularly, depending on the size of the system. The blocked Davidson algorithm is

stable but slow, whilst RMM-DIIS is considerably faster. For the large systems, the excellent
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option is to combine these two methods to first use blocked Davidson algorithm and then

RMM-DIIS.

VASP requires a minimum of four input files (namely POSCAR, POTCAR, INCAR, and
KPOINTS). The POSCAR file consists of the fractional coordinates and the lattice vector of
atomic positions of the system to be applied in calculations. The POTCAR file comprises the
pseudopotential for every atomic species used in calculations. For the large system that has
two atomic species or even more, the pseudopotentials of atomic species are just concatenated
in the POTCAR file and their order should be according to the POSCAR file. The INCAR file
is important, and consists of a large number of parameters that determine what and how to

calculate. The KPOINTS file comprises k-points selected in calculations.

3.7.2. DMol®

DMol® is a software that utilizes numerical functions on an atom-centred grid as basic functions
and can be used for calculations in the gas phase, solution, or solid state [323-325]. DMol®
uses two sets of the DFT functional: local and non-local functional. The local functionals are
PWC and VWN of Perdew and Wang and VVosko el al. [326], respectively, whilst the non-local
functional includes PW91 [327] PBE [306], BP [328], BLYP [329], HCTH [330], and RPBE
[331]. Along with these sets of the DFT functional, DMol® provides various types of atomic
orbitals used to specify the basis set ranging from small to large [325]. The basis sets contain:
minimal basis set (MIN), double numerical (DN), double numerical plus d-functions (DND),
double numerical plus a polarisation p-functions (DNP) and triple numerical plus a polarisation
(TNT). DND basis set extends the DN set with a polarisation d-function on all non-hydrogen
atoms; the DNP set improves the DND set by including a polarisation p-function on all non-

hydrogen atoms and an additional polarisation function is applied on all atoms over the TNP

77



basis sets. DMol® is efficient and accurate for calculating relaxation and geometry
optimization, excited states of molecules, potential barriers, interaction energies, Fukui indices

thermodynamic properties and vibrational spectra.

3.7.3. Phonopy

The Phonopy package was developed by Togo in 2008 [332] for phonon to determine thermal
conductivity and thermodynamic properties. Phonopy code implemented the mixed-space
approach which replaced the method of Parlinski et al. [333, 334] for calculating phonon
properties. In essence, Togo et al. also derived a formulation for the evaluation of the third-
order force constants through extending the mixed-space approach [335]. Phonon calculations
can be performed by the supercell way and the real-space force constants of supercells can be
calculated in the density-functional perturbation theory DFPT performed in the VASP package.
Based on a supercell approach, Phonopy software estimates phonon dispersions entailing
atomic displacements within the unit cells. Estimated phonon frequencies enable computation
of thermodynamic properties, [336, 337] that is, temperature-dependent functions of enthalpies

and entropies.
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Scheme 3.1: Methodology diagram of the computational work using the DFT approaches.
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Chapter 4

Reactions of products from thermal degradation of PVC with

nanoclusters of a-Fe>.O3 (hematite)

The following chapter is a modified version of paper I:

O. H. Ahmed, M. Altarawneh, Z.-T. Jiang, M. Al-Harahsheh, B.Z. Dlugogorski, Reactions of
products from thermal degradation of PVC with nanoclusters of a-Fe,O3 (hematite), Chem.
Eng. J., 323 (2017) 396-405.
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Abstract

Polyvinyl Chloride (PVC) plastics constitutes a large fraction of buildings, packaging and
electronic devices, whereas, the annual emission electric arc furnace dust (EAFD) from steel
manufacturing operations has recently peaked at nearly 6 Mt. Co-pyrolysis of PVC with EAFD
currently represents a focal abatement technology for both categories of pollutants. However,
despite of several experimental investigations; the mechanisms underlying interaction between
EAFD and PVC remain largely speculative. Herein, we examine theoretically reactions of
major products from thermal degradation of PVVC with nanoclusters of iron (111) oxide, a-Fe;O3
(hematite) as a representative model for the various metal oxides in EAFD. The facile nature
for the H-CI bond fission over hematite is in line with experimental findings, pointing out to
formation of iron chlorides from pyrolysis of Fe2Os-PVC mixtures. Interaction of selected
chlorinated C:-C3 cuts with the hematite structure preferentially proceeds via a dissociative
adsorption pathway. Results from this chapter shall be instrumental to understand, on a precise
molecular basis, fixation of halogens on transitional metal oxides; a viable thermal recycling

approach for polymeric materials laden with halogenated constituents.

81



4.1. Introduction

Steel manufacturing facilities annually emit 4.3 - 5.7 Mt of electric arc furnace dust (EAFD)
[338]. Designing an effective recycling methodology of EAFD has been a central research
theme as it ensures the safeguard of the natural resources as well the environment. Due to the
presence of heavy toxic metals such as Cr, Cd and Pb, EAFD imposes serious environmental
and health concerns [339, 340]. For example, various metal oxides species in EAFD promote
the formation of the notorious environmental persistent free radicals such as phenoxy [66]. The
main elements of EAFD are zinc and iron, which vary in the range of 2-46% and 10-45%,
respectively. These components mainly present in the form of zincite (ZnO), franklinite
(ZnFe204), magnetite (FesO4), hematite (Fe203) and might also exist in small concentrations
of hydrated zinc chloride [12, 62]. Thus, these high load of precious metals in EAFD have
promoted a great deal of research aiming to extract metals from EAFD via both hydro-
metallurgical and pyro-metallurgical techniques [339, 341]. The latter processes typical
employ energy-intensive operations and necessitate complex clean-up methods [104]. This in
turn reduces the economic feasibility of pyro-metallurgical operations. Similarly, applications
of hydro-metallurgical procedures on an industrial scale are rather limited due to the
accumulations of iron species in deployed acidic solutions that are very selective toward

dissolution of zinc and lead [59, 105].

Co-pyrolysis of EAFD with halogen-containing materials has emerged as a promising
synchronous recycling methodology for both resources [342]. The underlying derive of this
approach relies on the profound fixation ability of halogenated species by metallic oxides
constituents in EAFD [41, 239, 253]. Polyvinyl chloride (PVC) represents the largest fraction
of the halogenated waste. Owing to superior chemical resistance and flame retardancy

behavior, PVC is heavily used in electronic and electrical devices, construction materials, food
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packaging and household goods etc [6, 343-345]. The global generation of PVC peaked at 61
Mt in 2013 and is projected to triple in 2021[6]. Thermal recycling of PVC-containing waste
plastic streams is not a viable option as it results in the generation of the hazardous
polychlorinated dibenzo-p-dioxins and furan (PCDD/Fs) or dioxins for short [253, 346-348].

Effective Recycling of PVC truly rests on the ability to remove its chlorine content.

TGA-DSC studies on PVC and mixtures of PVC/metallic oxides provide insightful
mechanistic insights into their decomposition behavior. Chemical analysis in GC/MS provides
temperature-dependent product profiles of the decomposition products while XRD
measurements track the change in the elemental composition of EAFD upon its co-pyrolysis
with PVC [253, 349]. XRD patterns reported by Al-Harahsheh found that EAFD consists
mainly of zincite (ZnO), franklinite (ZnFe.0a), magnetite (FesO4) and hematite (Fe2O3) [101].
Consensus of opinions from TGA profiles indicate that weight loss curve of pure PVC signifies
two main peaks corresponding to elimination of HCI (around 473K) and fission of the carbon
bonds in the PVC backbone (~ 633K). In a previous theoretical study [350], we have illustrated
that, the common presence of defects in the structure of PVC, in terms of chlorines occupying
tertiary positions, increases the reaction rate of the dehydrochlorination initial step (in reference
to the ideal PVC structure encompassing secondary chlorines). Our previous kinetic analysis
on HCI elimination from model compounds of PVC has also indicated that, rate constants for

the dehydrochlorination step are independent of the length of the carbon chain [351].

The presence of EAFD during pyrolysis of PVC significantly reduces the activation energy of
the first dehydrochlorination regime. The presence of EAFD enhances the mass loss of PVC
in the first stage from 37% to nearly 80%. The additional mass loss was attributed to the

formation of metal chlorides (mainly ZnCl, PbCl., FeCl,, and FeCls) [101].
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It has been shown that ZnO, La>Os, Fe;O3 capture the emitted HCI from thermolysis of PVC
[241]. The consumed chlorine transforms the metal oxides into metal chlorides. For instance,
the addition of ferric oxide during thermal decomposition of PVVC waste results in the formation
of FeClz. These iron halides are consequently left in the residue after being subjected to water
leaching [59]. Findings by Oleszek et al. has illustrated that, the co-combustion of Fe.O3 with
tetrabromobisphenol (a majorly deployed brominated flame retardants) [352] assumes a similar

role in suppressing formation of HBr and forms iron bromides [263].

An oxidation experiment by Masuda et al. [241] found that, the reaction of hematite (a-Fe20z3)
with PVC significantly reduces the generation of HCI while enhancing the emission of gaseous
products such as CO and CO2 under various combustion conditions (in reference to neat PVC
samples). Moreover, the yield of chlorobenzenes surprisingly increases upon introducing
hematite. A plausible explanation is that the formed FeCls mediates cyclization of fragmented
polyenes into aromatic ring and acts as a chlorinating agent. Higher concentration of
chlorobenzene boosts the char formation. More recently, Al-Harahsheh et al. [101] examined
extraction of iron in EAFD by pyrolysing it with PVC. They showed that, between 25% and
56% of iron was recovered by leaching with boiling water, while the other remaining

percentage represent magnetite and hematite.

Despite of detailed investigations into mixing of PVVC with metal oxides over the last few years,
the specific underlying mechanism of the reactions of HCI and other chlorinated C1-Cs cuts
with hematite have remained poorly understood. In light of the importance of thermal recycling
of halogenated fuels with hematite as an emerging abatement technology for both categories
of pollutants, it is essential to understand the elemental processes governing interactions of

halogenated species with metal oxides at a precise atomic scale. The fundamental objective is
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to design more efficient catalysts and to optimize the current deployed procedures. In
particular, we aim to provide atomic-base insight into the detailed reaction pathways and to
identify the key elementary steps that dictate the reaction rates. Many intermediates in the
reaction PVC + Fe;O3 are expected to be highly transient nature and their presence in the
system influences the overall yield of dechlorination process. Thermo-kinetic and mechanistic
aspects of the investigated reactions could not be obtained by merely interpreting experimental
results. These important aspects could only be obtained via carrying out accurate DFT

calculations.

To this end, this chapter reports a theoretical investigation into the reaction of HCI and selected
chlorinated hydrocarbons with a-Fe>Os3, as a model compound for metal oxides in EAFD. This
chapter is part of our ongoing effort to investigate thermal recycling of halogenated fuels with
Fe>O3 and other metallic oxides constituents in EAFD. In a recent study [350], we utilize a
cluster model of a-Fe20s to investigate its reactions with a wide range of brominated alkanes,
alkenes and aromatics. Throughout the discussion, we pointed out to the difference in
activation energies among the two halogenated systems. Herein, we attempt to map out
reaction networks operating during the interaction of a cluster model of dehydrated a-Fe.O3
with both HCI and major products from the degradation of PVC. Findings from the current
chapter can be useful to understand, on a precise molecular basis, the mechanisms of chlorine
fixation on transitional metal oxides in the form of metal chlorides. Such knowledge finds
direct application in the pursuit to design effective and viable recycling technologies for

halogenated waste steam.
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4.2. Computational Method

Total energy and structural optimizations were carried out in the framework of the density
functional theory (DFT) using the DMol® program package [324, 325]. Local Density
Approximation (LDA) along the exchange-correlation of the Padrew and Wang (PAW)
functional has been utilized in all calculations [353] . The theoretical methodology comprises
a global cut-off of 3.6 A and a double-polarized numeric basis set of DNP for all electrons
[325]. The total energy achieves a tolerance of 1 x 10~® Hartree. Final calculated energies were
corrected via a dispersion correction term based on a methodology developed by Tkatchenko

and Scheffle [354]. The complete LST/QST method locates transition states.

The obtained vibrational frequencies enable to estimate thermochemical parameters at elevated
temperatures, from which Arrhenius rate parameters can be obtained. Reaction rate constants
have been fitted to the Arrhenius equation over a temperature range of 300-1000 K based on

the classical transition state theory [355]:

k(T)=Aexp (-E2/ RT) 4.1

Where A denotes preexponential factor, Ea signifies the activation energy, R stands for the gas

constant (1.987 cal K mole™) and T is the temperature in Kelvin [356].

For a-Fe>03 (0001) surface calculations, A 3 x 3 x 1 Monkhorst-Pack k-point scheme was used
to perform the Brillouin zone integrations. The vacuum region between the adjacent slabs was
set to 15 A along the z-direction to reduce the interaction between the slabs. Throughout
surface calculations, the top six layers as well as the adsorbed H and CI atoms were allowed to

relax, whilst the bottom two layers were kept fixed at their bulk positions.
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4.3. Results and Discussion

4.3.1. Hematite (a-Fe203) Cluster

Hematite nanoparticles adapt a variety of crystallographic forms, for instance, alpha-hematite,
beta-hematite and gamma-hematite. Among these different phases, a-Fe;Os represents the
most stable phase and assumes direct applications in many fields [357-360]. Hematite can be

formed through oxidation of FesO4 at room temperature [361, 362]:

O+ 4Fe304 — 6Fe203

Herein, we adapt the (Fe2O3)n=3 cluster utilized in our recent study [350] to model reactions of
hematite with brominated motilities. Figure 4.1 depicts optimized structures of the a-Fe.O3
cluster. The optimized structure of a-Fe>Os comprises three-fold coordinated iron atoms and
two-fold coordinated oxygen atoms. To test the computational accuracy of the deployed a-
Fe20s cluster, our calculated Fe-O interatomic distances, amount to 1.83/2.04 A. These values
reasonably match analogous bulk values sourced from XANES spectra at 1.96/2.08 A [363].
Our recently estimated Mayer bond orders and Hirshfeld charges provide detailed electronic
analysis of the structure. Most importantly, the adapted a-Fe2O3 cluster features surface Fe-O
bond that exists in the top layer of the most thermodynamically stable configuration of a-Fe20s,
namely the Fe;O3(001) facet [350]. In addition to well-defined surfaces, Fe2Os in real systems
also exists in the form the nanoparticles [364]. The presence of a particular surface termination
in the nanostructures depends on its relative thermodynamic stability. For instance in a recent
paper, we constructed a Wulff shape for copper bromide nanoparticles that incorporates more

than one Miller index in its facets [365].
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Figure 4.1. Optimized structure of hematite (a-Fe203) cluster. Blue spheres denote iron atoms

and red spheres signify oxygen atoms. This code of colours applies to all Figures

4.3.2. Dissociative Adsorption of Hydrogen Chloride over a-Fe2O3 Cluster

HCI signifies the initial and the most abundant product from decomposition of PVC. HCI
typically accounts for nearly 55% of the total mass loss of PVC during its pyrolysis [366].
Thermodynamic calculations as well as pilot-scale measurements have unequivocally indicated
that HCI is the most dominant chlorine species in the gas phase [135]. HCI is truly an inactive
chlorinating agent on its own right; yet the so-called Deacon reaction readily transforms it into
the active chlorinating agent of molecular chlorine (Cl2) [138]. The growing experimental
evidences from TGA-DSC profiles have elucidated that, evolved HCI from PVC converts
Fe203 into FeCl = 2-3) [367]. Overall, we find that, HCI reaction with a-Fe>Os3 proceeds in a
very alike reaction network with that of HBr [350]. Yet, as expected higher bond dissociation
energy (BDE) for H-CI (103.2 kcal mol™?) [135] in reference to H-Br (87.1 kcal mol™?) [367]

dictates higher activation energies for the former system.

Figure 4.2 shows reactions encountered in the interaction of HCI with the a-Fe>O3 cluster.
Physisorption of HCI on the a-Fe>Os cluster generates the cluster-molecule adduct M1 that
resides 10.6 kcal mol™ below the separated reactants. In the M1 configuration, the H-CI bond

elongates by 7.1%, when compared with the equilibrium distance in the gaseous HCI molecule
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(1.39 A). Dissociation of the adsorbed HCI molecule over Fe-O bond liberates 31.7 kcal mol-
! of excess energy and results in the formation of the M2 configuration. Breakage of the H-ClI
bond along the reaction M1 — M2 demands a trivial activation energy of 10.3 kcal mol™ via
the transition structure TS1. This value slightly overshoots the analogous initial barrier in case
of HBr; 8.2 kcal mol™ [350]. The formed Fe-Cl bond length in the M2 structure amounts 2.30
A, a value that reflects very well the analogous theoretical (2.17 A) [368] value bond in bulk

FeCl,.

Conversion of Fe2Os into FeCln=2-3) occurs through two subsequent steps, further dissociative
adsorption of HCI molecules on O-Fe linkages and the release of water molecules. Figure 4.2b
maps out these two chemical events. Decomposition of HCI on a neighboring O-Fe bond
demands an activation energy of 12.1 kcal mol™ and forms the structure of M4. In a subsequent
step, the formation of M5 structure occurs through a slightly exothermic reaction of 5.5 kcal
mol? and it necessitates a relatively sizable barrier of 27.9 kcal mol™ characterized by TS3.
This process produces adsorbed H>O molecule via an intramolecular hydrogen transfer
between the two hydroxyl groups. Inspection of the M5 structure illustrated in Figure 4.2b
reveals that, the ferryl Fe-OHz bond length (i.e., 2.20 A) correlates very well with the
corresponding distance (2.15 A) for adsorbed water molecule on the hematite (0001) surface
[369]. In the final step of the dissociative uptake of HCI, the water-iron bonded molecule
departs the cluster generating the oxychloride structure of M6 via an endothermic reaction of
21.4 kcal mol™. Clearly, the M6 structure presents a precursor for the transformation of Fe,O3
into iron chlorides. If the two-step process in Figure 4.2b continues, the hematite phase in

EAFD is consumed into iron chlorides; in accord with the experimental observations.
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Figure 4.2. Reaction mechanism for HCI molecule and the hematite (a-Fe203) cluster. Values
are in kcal mol™* with respect to the initial reactant in (a) and to reactants in each step in (b).

Large green spheres denote chlorine atoms and white spheres signify hydrogen.

The facile nature of mechanisms in Figure 4.2 indicates that, the formation of iron chlorides
occurs simultaneously with the dehydrochlorination of PVC. This finding is in line with the
experimental findings of Al-Harahsheh who observed a distinct reversal in the heat flow from
an endothermic nature in pure PVC to an exothermic process in the presence of EAFD [101].
The exothermic event revealed by TGA-DSC data was attributed to the formation of new
chemical new bonds leading to formation of metal chlorides. A significant 23% increase in the
mass residue of the EAFD when co-pyrolysied with PVC was attributed to the fact that captured

90



HCI does not leave EAFD as volatile iron chlorides [101]. In fact, evaporation of FeCls along
the reaction Fe2Os + 6HCl — 2FeClz + 3H20O was found to be highly endothermic by ~ 32
kcal/mol at the temperature range of HCI release from PVC; i.e., 700 — 1000 K [59].
Nonetheless, iron volatilization in the form of iron chlorides was reported by Lee and Song
who explained that, the rate of iron volatilization depends primarily on the heating rate where

a negligible rate was observed at a heating rate below 5 K/min [253].

Table 4.1 lists estimated activation energies and pre-exponential A factor fitted in the
temperature region of 300-1000 K for all reactions. Figure 4.3 depicts Arrhenius plots for the
two HCI uptake reactions M1 — M2 and M4 — MS5. In reference to the corresponding HBr +
Fe>O3 system [350], the first dissociative adsorption step in case of HCI is slower by factors of
113.2 and 68.4 at 500 K and 750 K; respectively. Thus, it is inferred, that chlorination of Fe.O3
by HCI to be slower than its bromination by HBr. Nonetheless, both halogenation mechanisms

adapt similar reaction pathways.
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Table 4-1. Kinetic parameters of reactions fitted in the temperature range of 300-1000K

Species Reaction A (s?) Ea (kcal mol?)
Hydrogen chloride M 1— M2 3.18 x10%° 7.9
M3 — M4 6.65x10%° 8.3
M5 — M6 9.27x10%° 22.9
Chloroethene M7 — M9 3.00x10! 5.8
M7 — M8 1.12 x10* 46.5
direct elimination
M7 — M8 8.22 x10% 73.9
dissociative adsorption
1-Chloro-1-propene M10 — M12 3.32 x101 13.5
M10 — M11 3.06 x10% 53.1
direct elimination
M10 — M11 4.82 x10% 76.8
dissociative adsorption
Chloroethane M13 — M14 3.43x10° 30.9
direct elimination
MI13 — M14 1.42 x101! 65.1
dissociative adsorption
2-Chloropropane M16 — M17 2.84 x10% 43.8
direct elimination
M16 — M17 1.77 x10*2 61.1
dissociative adsorption
Chlorobenzene M19 — M20 1.99 x10%2 14.3
2- Chlorophenol M21 — M23 5.14x10%° 20.3
M21 — M22 7.19x10% 34.2
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Figure 4.3. Arrhenius plots for reactions between the hematite (a-FeO3) cluster and HCI

molecules.

It is very-well documented that energies obtained from deploying a cluster model maybe
sensitive to the edge effects when contrasted with periodic systems [370]. However, reactions
of PVC constituents with the Fe2O3 model occur on the catalytic active sites; that are surface
Fe-O bonds which are well represented in the cluster model. In order to provide a structural
and energy comparison between a cluster versus a periodic surface model, we utilize a surface
model of the a-Fe»O3 (0001) termination to investigate the first reaction step entailing HCI
molecule and contrasted obtained values with corresponding results obtained from the cluster
model. Figure 4.4 presents energies and structures for the first step in the HCI + Fe;O3
interaction. The following remarks summarise the satisfactory agreement between the two

models
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1- As illustrated in Figure 4.4, the H-CI bond of M1surface cOnfiguration is elongated by 6.9%
in comparison with the equilibrium distance in the gaseous HCI molecule (1.39 A). This

reasonably corresponds with our finding from the cluster model (i.e. 7.1%).

2- In the dissociative structure (M2surace), the Fe-Cl bond length amounts 2.35 A, a value that

reflects very well the analogous value in the cluster model, i.e. 2.30 A.

3- Physisorption and chemisorption energies for the reaction of HCI on the a-Fe>Os (0001)

surface (-9.1 and -36.2 kcal mol™) agree well with the values obtained over the cluster (i.e. -

10.6 and -42.3 kcal mol™).

Gas phase Physisorbed structure Dissociative structure
~TT 394

+
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Figure 4.4. Reaction mechanism for HCI molecule and the hematite (a-Fe203) surface. Values

are in kcal mol* with respect to the initial reactant. Only the first two Fe layers are shown.

4.3.3. Degradation Mechanisms of Organohalogens

Breakages of carbon linkages in PVC during its pyrolysis produce a wide range of chlorinated
compounds [6, 130, 347, 352]. In an analogy to our recent study on thermal recycling of
brominated flame retardants using a-Fe>Oz [350], we study the interaction of hematite

nanoclusters with various chlorine model molecules; namely (Chloroethene (CH.CHCI), 1-
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chloro-1-propene (C3HsCl), chloroethane (CH3CH2CI) and 2-chloropropane (CsH7Cl)). These
compounds serve as a good representation of chlorinated structural entities stemmed from
thermal decomposition of PVC; with corresponding carbon — chlorine BDE falling in the

narrow range of 84.6 - 91.2 kcal mol* [367, 371].

Reaction of chlorinated alkanes and alkenes with a-Fe>Os cluster can take place through two
possible pathways: (i) direct HCI elimination featured with high energy barriers; (ii) low-
energy dissociative addition that is followed by a g-hydride elimination step; thereby forming
olefins. Lewis acid—base pairs in metal oxides function as potent catalysts for the cleavage of
carbon-halogen bonds with greater selectivity if compared with carbon-hydrogen bonds [372,
373]. In this section, we assess the catalytic capacity of a-Fe;O3 toward dehydrochlorination
of the selected chlorinated C»-Cs cuts with the aim to illustrate chemical phenomena

encountered in the co-pyrolysis of EAFD with fragments of PVC.

Figure 4.5 shows both direct elimination and dissociative addition reactions for the catalytic
decomposition of vinyl chloride, 1-propenyl chloride, ethyl chloride and 2-propyl chloride on
the a-Fe>Os cluster. In the first step of these reactions, an initial cluster-molecule adduct
initiates the Lewis acid-base reaction between o-Fe>Os cluster and the considered
organohalogen molecules. In the initial physisorbed states, carbon—chlorine bonds in the
chloroethene, 1-chloro-1-propene, chloroethane and 2-chloropropane are elongated by 23.5%,
5.6%, 6.5% and 15.7%, respectively when compared with the equilibrium distances of their

parent gas phase molecules.
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Figure 4.5. Reaction of chloroethene (A), 1-chloro-1-propene (B) chloroethane (C), and 2-
chloropropane (D) with the hematite (a-Fe2O3) cluster. Values are in kcal mol™ in reference

to the physisorbed M7, M10, M13, M16 structures; respectively.
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a-Fe203 cluster displays effectiveness towards dissociative addition pathway in which the
surface Fe-O linkages participate in the activation of the C—Cl bond in the first step. Despite of
our best efforts, no transition states could be located for the rupture of the C-Cl bonds in
chloroethane and 2-chloropropane, while the process proceeds via trivial barriers of 6.5 kcal
mol* (TS5 in Figure 4.5.A) and at 14.0 kcal mol™* (TS7A in Figure 4.5.B) for chloroethene and
1-chloro-1-propene, correspondingly. The next step is the activation of C—H bond followed
via a f(H)-hydride transfer to an oxygen site to form an olefin. The g-hydride elimination steps
require sizable activation energies varying between 69.2 kcal mol? for the desorption of
CH3CHCH:2 molecule (TS11B) to 87.2 kcal mol? required to form a CHsCCH molecule
(TS7B) as shown in panels D and B in Figure 4.5, respectively. Generally, barrier for the
desorption of stable molecules via the S(H)-hydride transfer rests not only on the strength of

the dissociated C-H bond, but as well on the strength of the O-C bonds [367].

Considering the direct HCI elimination pathway, Fe-O bonds significantly reduces barriers for
the dehydrochlorination corridor in reference to the uncatalyzed analogous gas phase process.
For example, the formation of ethene through TS8 requires a barrier energy of 36.6 kcal mol
1. This is significantly lower than that for the homogenous HCI elimination from chloroethane,

i.e. 57.5 kcal mol™[374].

Careful examinations of reactions in Figure 4.5, provides three important indications: (i)
elimination corridors systematically require higher barrier energies in the range of 36.6— 59.9
kcal mol™? than dissociative addition formation, whose reaction barrier reside in the range of
6.5 - 14.0 kcal mol?, (ii) while barriers for the direct elimination routes are significantly higher
than dissociative addition channels, barriers for the subsequent p-hydrogen transfer incur

overall barriers that are comparable with the barriers of the direct elimination pathways, and
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(iii) dissociative addition routes undergo the Sn2 category of mechanism, whilst the direct
elimination routes undergo the E2 mechanisms (bimolecular elimination) similar to the

analogous mechanism prevailing in the dehydration of ethanol over Al>O3[375].

Considering the dissociative adsorption channel as a two-step mechanism affording the
products of the direct elimination pathway, the dissociative addition channel is expected to
predominate the direct elimination route for chloroethene (30.3 kcal mol* versus 59.9 kcal mol-
1) whereas the latter should prevail over the former for chloroethane (36.6 kcal mol™ versus
40.8 kcal mol™). Both mechanisms incur very similar overall activation barriers for 1-chloro-
1-propene (60.2 kcal mol? versus 59.9 kcal mol™). Nonetheless, such small difference most

likely resides within the expected accuracy margin of the adapted theoretical methodology.

Obtained barriers for the direct elimination pathway seem to positively correlate with the
carbon-chlorine BDEs. For instance, as shown from panel C and D in Figure 4.5, the HCI
elimination channel in case of chloroethane (C-ClI BDE = 84.2 kcal mol™?) and 1-chloro-
propene (C-Cl BDE =88.6 kcal mol™) proceeds via very distinct barriers of 36.6 kcal mol™ and

50.0 kcal mol: in that order.

Figure 4.6 shows the variation in the rate constant of the two possible pathway reactions
between 300 and 1000 K. Reaction rate constants for the two steps in the dissociative
adsorption route has been estimated with considering the physisorbed state as the initial
reactant. Based on values in Figure 4.6, the dissociative addition pathway predominates the
direct elimination channel for the formation of both ethyne as well as propene from
chloroethene and 2-chloropropane, respectively. Small chlorine-free hydrocarbons were

detected in the experiments of Al-Harahsheh et al. [101]. The formation of these
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alkynes/alkenes support the occurrence of the demonstrated dehydrochlorination. On the other
hand, the direct elimination pathway represents the only possible route to yield ethene from
dehydrohalogenation of chloroethane on the a-Fe>Os cluster. For instance, in the dissociative
addition pathway, the rate reaction constant for chloroethane is less sensitive to the temperature
comparing to that for chloroethene. When contrasted with the slow homogenous
dehydrochlorination pathway in the gas phase [374], the catalytic-assisted HCI removal
demonstrated herein indicates that, iron oxides serve as active catalysts in producing clean
olefins streams from chlorinated alkanes; in analogy to the well-documented role of alumina

and other metal oxides [376-378].
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Figure 4.6. Variation of the reactions rates with temperatures for the elimination (solid line)

and dissociative addition (dashed line) pathways.
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4.3.4. Reaction of a-Fe203 Cluster with Chlorobenzene and 2-chlorophenol

Condensation of polyenes produced from PVC yields appreciable concentrations of benzene
and other aromatic cyclic compounds [352]. As conveyed earlier, the presence of EAFD
promotes the formation of chlorobenzene; presumably mediated by FeCls. If oxygen exists
during thermal degradation of PVC, formed chlorobenzene could be readily oxidized into
chlorophenols [379]. Both groups act as direct building blocks for the synthesis of dioxins.
Thus, it is insightful to assess the chlorination of chlorobenzenes and chlorophenols over
hematite nanoclusters. Herein, we have investigated the interaction of a-Fe>Os cluster with 1-
chlorobenzene and 2-chlorophenol as model compounds for these groups of chlorinated

aromatics.

Figure 4.7.a shows that, interaction of chlorobenzene with the a-Fe2Os cluster forms the M20
moiety in a considerable exothermic reaction of -44.8 kcal mol™. Fission of the strong aromatic
C-Cl bond (95.5 kcal mol™?) via TS12 occurs through an activation barrier of 15.4 kcal mol™.
This value noticeably exceeds the analogous barrier in case of bromobenzene by 4.1 kcal mol
1. Obviously, a weaker aromatic C-Br bond by almost 12.0 kcal mol* [371] derives this
noticeable difference in activation energy for the carbon-halogen bond fission. The formed
phenyl ring in the M20 structure is strongly bonded with two neighboring iron atoms. Thus it
is highly unlikely for phenyl to desorb. Fragmentation into CoH; molecules and the coverage
of Fe»O3z surfaces with carbonaceous layers may control the fate of the phenyl adduct. Another
plausible channel is the cross-linking of two adjacent phenyls into a biphenyl molecule.
Subsequent reactions following the formation of an adsorbed phenyl radical on the hematite

cluster warrants further investigation.
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Figure 4.7. Reaction of chlorobenzene (a) and 2-chlorophenol (b) with Hematite (a-Fe203)

cluster. Values are in kcal mol™ in reference to the initial reactants.

Figure 4.7.b reports the scission of the two weakest bonds in the 2-chlorophenol molecule over
the a-Fe20s cluster; the hydroxyl O-H bond (89.0 kcal mol™?) [371] and C-CI bond (95.5 kcal
mol™?) [371]. Fission of aromatic C-Cl bond demands a significantly lower activation barrier
in reference to the rupture of the fission of the phenol’s O-H bond (15.0 versus 34.8 kcal mol
1. It follows that interaction of the chlorophenols solely yields hydroxylated phenyl-type
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radicals; rather than phenoxy radicals. Recent theoretical investigations have recently
illustrated mechanisms for the homogenous generation of PCDD/Fs from phenyl-type radicals
[380]. The weakly adsorbed 2-OH-phenyl radical in the M23 configuration may undergo
through Langmuir—Hinshelwood (LH) and Eley—Rideal (ER) mechanisms [138, 381] to yield
PCDD/Fs. Therefore, while Fe;O3 assumes profound chlorine fixation ability, it could also
facilitate generation of direct precursors for the formation of dioxins [26, 381]. The dual role
of Fe2Os in dechlorination reactions of aromatics and mediating formation of dioxins require

further detailed examination.

4.4. Conclusions and Future Directions

By performing accurate DFT calculations, we have systematically surveyed initial reactions
involving a cluster model of a-Fe-Oz and major chlorine-bearing species from the
fragmentation of PVC. We have demonstrated that, successive uptake of HCI molecules
followed by water elimination lead to the formation of a precursor for iron chlorides. Owing
to stronger carbon-chlorine bonds in the considered molecules, their dissociative addition
corridors assume higher activation barriers in comparison with their brominated counterparts.
We found that interaction of hematite nanoclusters with 2-chlorophenol to preferentially form
an OH-phenyl radical (via carbon-chlorine bond rupture) rather than 2-chlorophenoxy radical
(via O-H bond fission). While results from this chapter provide useful information pertinent
to the considered dehydrohalogenation reactions facilitated by hematite, it also suggests that

further future work is needed to address some intriguing questions in regard to:

1- The role of Fe2O3 as a catalysis in the surface-mediated formations of PCDD/Fs.

Relevant experimental studies on co-pyrolysis of PVC with EAFD have mainly
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addressed the merits of metal oxides as chlorine fixation agents with little emphasis on

the likely potential to generate dioxin compounds.

2- A principal aim for the co-pyrolysis of PVC with EAFD is to extract its high load of
zinc content. Zinc in EAFD mainly exists in the form of ZnFe>O4. It is assumed that
formation of the leachable zinc chloride occurs through migration of chlorine from iron
chlorides into ZnFe2O4. It will be informative to examine this mechanistic hypothesis

against direct plausible dissociation of HCI on Zn-O bonds.
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Chapter 5

Recycling of zincite (ZnO) via uptake of hydrogen halides

The following chapter is a modified version of paper I1:

O. H. Ahmed, M. Altarawneh, M. Al-Harahsheh, Z.-T. Jiang, B.Z. Dlugogorski, Recycling of
zincite (ZnO) via uptake of hydrogen halides, Phys. Chem. Chem. Phys., 20 (2018) 1221-1230.
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Abstract

Hydrogen halides (HCI/HBr) represent the major halogen fragments from thermal
decomposition of halogen laden materials; most notably PVC and brominated flame retardants
(BFRs). Co-pyrolysis of halogen-containing solid wastes with metal oxides is currently
deployed as a main stream strategy to treat the halogen content as well as to recycle the valuable
metallic fraction embedded in electric arc furnace dust (EAFD) and e-waste. However,
designing an industrial-scale recycling facility necessitates accurate knowledge on mechanistic
and thermo-kinetic parameters dictating the interaction between metal oxides and hydrogen
halides. In this contribution, we investigate chemical interplay between HCI/HBr and zincite
surfaces, as a representative model for structures of zinc oxides in EAFD by using different
sets of functionals, unit cell size and energy cut-off. In the first elementary step, dissociative
adsorption of the HCI/HBr molecules affords oxyhalides structures (Cl/Br—Zn, H—O) via modest
activation barriers. Conversion of oxyhalides structure into zinc halides occurs through two
subsequent steps, further dissociative adsorption of HCI/Br over the same surface Zn atom as
well as the release of H2O molecule. Evaporation (or desorption of zinc halides molecules)
signify a bottleneck for the overall halogenation of ZnO. Our Simplified kinetic model on the
HCI + ZnO system concurs very well with experimentally reported TGA weigh loss profiles
on two grounds; accumulation of oxyhalides till ~ 700 K and desorption of ZnCl; at higher
temperatures. Thermo-kinetic and mechanistic aspects reported herein could be useful in the
pursuit to design of a large-scale catalytic upgrading unit that operates to extract the valuable

zinc loads from EAFD.
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5.1. Introduction

Crude steel manufacturing operations produce large amounts of electric arc furnace dust
(EAFD) as by-product solid wastes. It is estimated that nearly 6 Mt of EAFD was emitted
globally in 2009 [339]. Sustainable disposal and recycling of EAFD’s constituents have been
a thematic research topic over the last few years [338, 382, 383]. EAFD is a powder material
comprising a vast array of heavy toxic metals such as cadmium, chromium, zinc and nickel as
well as small concentrations of chloride compounds including potassium chloride and sodium
chloride [91, 105, 384]. Several components in EAFD poses serious environmental and health
concerns. Of particular importance, are metal chlorides and oxides in EAFD that are suspected
to act as mediators for the formation of notorious pollutants and the so-called persistent free

environmental radicals (PEFR) [385-387].

On the other hand, EAFD is opulent in precious metallic oxides and can be employed as
secondary feedstock in the production of valuable metals such as iron, zinc and lead [50, 388].
The average concentrations of both iron and zinc in dust vary in the range of 10-45% and 2-
46%, respectively and their most common phases are magnetite (FezOa4), hematite (Fe203),
zincite (ZnO) and franklinite (ZnFe204) [50, 101, 389, 390]. 50 to 80% of the total zinc load
present in EAFD exists as ZnO, while the rest mainly forms ZnFe;04 [391]. Pyro-metallurgical
and hydro-metallurgical recycling methods are commonly deployed to extract metals from
EAFD [91, 392, 393]. Several drawbacks of these two approaches including intensive energy
operations, low selectivity toward the dissolution of lead and zinc; and the involvement of
complex clean-up procedures have prompted to explore more efficient recycling technologies

of EAFD [338, 394, 395].
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The combined treatment or “co-pyrolysis” of both EAFD, and plastic materials bearing organo-
halogen compounds (OHCs), has been investigated intensively. The remarkable halogen
fixation ability of metallic oxides in EAFD facilitates conversion of metallic oxides into their
halogenated counterparts; a process that also significantly lessen the potential for the formation
of halogenated pollutants in thermal recycling of polymeric materials laden with halogenated

compounds.

Plastic materials comprise two broad categories of organohalogen compounds; polyvinyl
chloride (PVC) and brominated flame retardants (BFRs). PVC and BFRs are extensively
deployed in countless objects spaning household appliances; building materials, agriculture
and electronic equipment [345, 396, 397]. These numerous utilizations have resulted in the
generation of an incremented volume of plastics wasts. For instance, in 2013 approximately
~300 Mt of plastics were disposed [398]. Plastic wastes are commonly disposed of through
either incineration or landfill [29, 399]. The high energy content embedded in the organic
matter of plastics renders the “waste-t0-energy” approach to be the mainstream strategy in the
disposal of polymeric materials. However, the appreciable halogen contents in halogenated
plastics (bromine and chlorine) often lead to synthesis of highly hazardous halogenated
hydrocarbons such as polychlorinated dibenzo-p-dioxins and furan (PCDD/Fs) and their

brominated counterparts (PBDD/Fs) [400-403].

While metal oxides display catalytic effect toward catalysing important reactions steps during
heterogeneous formation of PCDD/Fs and PBDD/Fs; they readily react with hydrogen halides
(HCl and HBr) in a process that eliminates the halogen content from the reaction medium [38,
240, 350, 404]. Hydrogen halides represent the major halogen species from thermal

degradation of halogen-containing materials. For example, nearly, 60% of the total bromine
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content during thermal decomposition of pure Tetrabromobisphenol A (TBBA); a i.e., the most
deployed BFRs, is released as HBr [266]. Likewise, HCI signifies by far the major chlorine
species during thermal decomposition/oxidation of PVC [266]. The high content of hydrogen
halides in the reaction media suggests their prevalent contribution in the halogenation of ZnO
alongside with the parent halogenated entities. To account for the experimentally observed
halogenation of iron oxides, via means of molecular modelling, we have demonstrated that,
dissociative adsorption of HCI and HBr over clusters of a-Fe2O3 leading to water elimination
and iron chloride/bromide, requires effective activation barriers of 10.3 kcal mol™ and 8.2 kcal

mol; respectively [350, 405].

Via several laboratory-scale experiments and various scanning calorimetry run, Grabda et al.
[266] studied operational conditions that dictate bromination of zinc oxide during thermal
decomposition of Tetrabromobisphenol A (TBBA); a i.e., the most deployed BFRs. Their
thermal scanning using X-ray diffractometer and an electron probe microanalyzer has indicated
that 53-62% of the total bromine content in TBBA is released in the temperature range between
563 and 613 K. Bromination of ZnO displayed high sensitivity with respect to the mixing
TBBA:ZnO ratios. For example at TBBA:ZnO mixing ratios of 3.34:1 and 5.17:1; the
bromination efficiency attained values of 41-61% and ~ 80%; respectively. It was shown that,
the bromination efficiency of ZnO to strongly correlate with the HBr amount co-existing with
particles of ZnO [266]. Findings by Terakado et al. [240] have shown that, ZnO commences
conversion into zinc bromide during the initial decomposition stage of TBBA-ZnO mixture.
This is followed by evaporation of zinc bromide from the quasi-binary ZnBr,—ZnO fluid above
673 K [240]. An analogous formation of ZnCl; also took place during the co-combustion of
PVC with ZnO [406]. In 2007, Lee and Song [253] investigated the influence of many factors

such as mixing ratios, heating rate and heat treatment on the recycling of EAFD waste. They
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observed that increasing of PVC:ZnO ratios enhance the yield of extracted Zn as zinc chloride

vapour [253].

The aforementioned experimental studies have unequivocally pointed out to the facile
conversion of ZnO into zinc halides when the former is co-pyrolysied with PVC/BFRs.
However, optimising the process toward higher selectivity of extracted Zn necessitates detailed
understanding of the surface-mediated capture of HCI/HBr by ZnO leading to zinc halides.
The underlying aim of this contribution is to map out reaction corridors leading to halogenation
of ZnO; an important chemical phenomenon in the chemical recycling of the zinc content in
the EAFD. The layout of the paper is as follows, firstly, geometric and electronic properties
of bulk and surfaces ZnO are introduced. This is followed by exploring reaction pathways that
operate in the dissociate adsorption of HCI and HBr over a ZnO surfaces and providing
governing reaction parameters. Finally, we contract computed conversion into ZnO versus
data extracted from weight loss curve for the ZnO + HCI system. It is hoped that thermo-
kinetic and mechanistic aspects pertinent to HCI/HBr uptake by ZnO surface can assist in the
design of a large-scale catalytic upgrading unit that operates to extract the valuable zinc loads

from EAFD.

5.2. Computational Details

All computational calculations were conducted using the Vienna Ab-initio Simulation Package
(VASP) [407, 408]. Spin-polarised electronic computations were carried out using the
projector augmented wave method (PAW) [409, 410] within the generalized gradient
approximation (GGA) approach of Perdew and Wang (PW91) and Perdew, Burke, and Ernzerh
(PBE) [319, 411, 412]. The computational methodology comprises a plane-wave basis set with

an energy cut-off 320 eV and a x-points sampling of 3x3x1 automatically generated by the
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Monkhorst-Pack scheme. Structures were allowed to relax until total energies and the force
constants converge to less than 0.1 meV and 0.05 eV/A; respectively. It is generally viewed
that plane wave basis sets overcome the so-called basis set superposition error (BSSE)
shortcoming, often encountered when deploying atomic or Gaussian-based basis sets [413].
Optimisation of bulk ZnO utilises a 12x12x12 k-points samplings and an energy cut-off at 500

eV.

The ZnO surfaces were constructed from six atomic layer slab and a (2 x 2) unit cell comprising
48 atoms. During the optimization, the top four layers were allowed to relax, whilst fixing the
bottom two layers at their bulk positions. A vacuum region of 20 A separates slabs along the

z-direction.

The adsorption energies for all molecular states were estimated according to:

Eadsorption molecule + Esurface - Esurface+molecule 5.1

Where E molecule, E surface @Nd E surface + molecute Signify the total energies of a gas phase molecule,
the clean Zn surface and the adsorbate-surface system, respectively. Transition states (TS)
along the designated reaction pathways were located using the “climbing image” nudged elastic
band (CI-NEB) technique [414, 415]. Surveying of the potential energy surfaces was
performed using five minimum energy points (i.e., images) between the reactant and the

product where all images were optimized simultaneously based on NEB algorithm.

Estimated vibrational frequencies of physisorbed states and transition states enable to compute

thermodynamic functions required to compute kinetic reactions rate constants, k(T), for all
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reactions. Arrhenius parameters (A and Ea) were fitted in the temperature range from 300 to

1000 K based on the conventional transition state theory (TST) [355]:

kgT AS —-AH
k (T) = 0. "2 exp (=) exp (%) 5.2

In which g, refers the reaction degeneracy number which is taken to be 1.0, kg, h and R are
Boltzmann’s, Planck’s and the universal gas constants, correspondingly. AS and AH stands
for the entropy and enthalpy of activation [416]. Via the Phonopy code [417], we obtained
force constants and corresponding phonon thermodynamic properties. Based on a supercell
approach, Phonopy software estimates phonon dispersions entailing atomic displacements
within 2 x 2 x 2 unit cells. Estimated phonon frequencies enable to compute thermodynamic

properties, [336, 337] i.e., temperature-dependent functions of enthalpies and entropies.

In order to test the convergence of calculated energies with respect to the energy cut-off value,
we have investigated the first interaction step of HX molecules over ZnO (1010) surface using
a higher energy cut-off of 400 eV. Figure 5. S2 (Appendix A) contrasts energies for the first
dissociative adsorption step using energy cut-off of 400 eV. Overall, we found that there are
no significant differences between the two sets of parameters 400 eV versus 320 eV. For
instance, the chemisorption energies for the first two dissociative structures based on an energy
cut-off of 400 eV differ by only 2.89% and 2.83% from their analogues obtained 320 eV values,

correspondingly.

In order to test the convergence of calculated energies with respect to the deployed surface unit

cell, we have contrasted the energy profile for the first dissociative adsorption step with
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considing 2 x 2 and 3 x 3 unit cells. As demonstrated in Figure 5. S2 (Appendix A). All values

are within (3.5 - 7.7) kcal mol™.

5.3. Results and Discussion

5.3.1. Zincite (ZnO) (1010) and (0001) Surfaces

Owing to remarkable electronic and structural properties, zincite enjoys a wide array of
applications spanning magnetic devices, gas-sensitive materials, adsorbents substance and
catalyst or catalytic support materials for many chemical reactions [418-421]. Figure 5. S3.a
in the Appendix A portrays the crystal structure of bulk zinc oxide which features hexagonal
Zn and O planes with each O% ion is coordinated with a tetrahedron of Zn?* ions along the c-
axis [422, 423]. Table 5.1 displays the calculated lattice constants with other experimental and
theoretical data. Our calculated lattice constants for bulk ZnO using PW91 functional depart
from their analogous experimental values by only 1.5% (a = b = 3.248 A) and 1.6% (c = 5.205
A) [424]. Calculated lattice constants based on BPE functional in this study also reflect very

well with previous computational and experimental results [424, 425].
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Table 5-1. Computed and experimental values of the lattice constant for bulk ZnO and
structural relaxations of the first two surface layers for the nonpolar (1010) and polar (0001)

surfaces.

Parameters Calculated Experimental

a(h) | 3.298 3.248 [424]

Lattice constant PWO91 c(A) | 5.289 5.205

a(d)| 3195 3.290 [425]

PBE c(d) | 5.102 5.241

Structural relaxations | (0001) surface | Ad;, | -23.7% -25.0% [426]

-24.0% [427]

(1010) surface | Ady, | -47.0% -45.0% [428]

-44.0% [429]

Depending on the considered Miller indices and the atomic-type termination, ZnO surface
exists in various terminations; most notably the polar (0001)-O and (0001) -Zn, and the
nonpolar (1120) and (1010), configurations [430]. When the crystal is cleaved perpendicular
over the c-axis, the two polar surfaces are obtained. Cleaving the same number of Zn - O bonds
along the c-axis leads to the two non-polar surfaces which contain an equal number of Zn and
O atoms [423, 431]. Several experimental observations have validated that polar (basal)
surfaces are unstable owing to the presence of a non-zero dipole moment perpendicular to the
surface [426, 432]. Thermal stable configurations by ZnO units were confirmed by X-ray
photoelectron spectroscopy (XPS) and combined low-energy electron diffraction (LEED)
techniques. It was revealed that these stoichiometric surface terminations are auto
compensated because it is covered with both Lewis acid and base sites, i.e., it comprises the

same number of zinc and oxygen ions per unit area [423, 433]. Along the same line of enquiry,
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result from ab initio atomistic thermodynamics approach have also signified the ZnO (1010)
as the most thermodynamically stable ZnO termination across a wide range of accessible
temperatures and pressures; including those operating in the co-pyrolysis of EAFD with
polymers-bearing hydrocarbons; i.e., T = 515 — 618 K and P = 1 atm [406, 419, 434]. For
example, Meyer et al. [427] carried out a theoretical investigation into the stability of ZnO
surfaces in terms of cleavage energy. The authors found that the nonpolar (1010) surface is
the most stable face of ZnO among other plausible configurations. Furthermore, we study the
interaction of the two hydrogen halides with the polar zinc-terminated Zn-ZnO(0001) surface
as an important surface in heterogeneous catalysis, confirmed by highest resolution scanning

force microscopy (SFM) [435].

As a benchmark of the structural accuracy of our adapted methodology, it is very instructive to
compare the computed electronic relaxation of the surface to other experimental and theoretical
values. As shown in Table 5.1, the calculated surface relaxation for the first two layers (
Ad,,) for (1010) surface is 47%. This value reasonably agrees with values sourced from both
LEED analysis (-45%) [428] and a computational investigation at (-44%) [429]. Likewise, the
calculated dimer distance between Zn and O atoms (dzn-o) at the first surface layer amounts to
1.940 A. This reasonably matches analogous theoretical and experimental data, i.e., dzn-o=
1.905 A and 1.90 A, [434, 436]; correspondingly. For the Zn-terminated surface, it is clear that
the relaxation of the topmost surface layer (Ad,,) is in a very good agreement with the findings

of previous DFT calculations as given in Table 5.1 [426, 427].

The electrostatic potential of ZnO surface, as illustrated in Figure 5. S3.b, displays that, the

exposed zinc cations act as electron acceptors with strong positive potentials, whilst, the
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exposed oxygen anions possess strong negative potentials. Thus, Zn-O surface bonds act as

acid-base sites for the dissociative uptake of CI/Br and H atoms; respectively.

5.3.2. Dissociative Adsorption of HCI and HBr over ZnO Surfaces

We start by describing the dissociative adsorption mechanism of HCI and HBr over the ZnO
(1010) and (0001) surfaces commencing from their molecularly adsorbed states. Figures 5.1
shows the reacting structures along with prominent interatomic distances while Figures 5.3, 5.4

and 5.5 present pertinent potential energy surfaces.

Figure 5.1 depicts structures for the dissociative adsorption of HCI and HBr molecules over
(1010) surface Zn-O bonds; i.e., Lewis acid-base sites. Figure 5.1 shows CI/Br-H bond
elongations (in reference to equilibrium distances in the gas phase) and charge transfer from
the surface to the adsorbed molecules. The first step of this reaction characterises weak
molecular physisorption states of the two molecules evidenced by marginal binding energies
of only 2.4 and 1.3 kcal mol?! for the two surface-molecule adducts M1y and Mlgn;
respectively. Minor elongations of H-Cl and H-Br bond distances and charge transfer from the
surface to the physisorbed states of M1y and M1 (Figure 5.1), account for the very weak

interaction with the ZnO surface.
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Figure 5.1. Schematic representation of the interaction steps for the decomposition of
hydrogen chloride/bromide molecules on zincite (1010) surface. Only the first two layers are
shown in side views. Large yellow spheres correspond to chloride/bromide atoms and red,
green, and white spheres to O, Zn and H atoms, respectively. The net charge transfers from the

surface to adsorbed CI/Br molecule are illustrated.

Dissociation of the H-CI/H-Br bonds in the second step produces the oxyhalide structures of

M2(ciy and M2y along the reaction:

HCI/Br + ZnO(1010) — (CI/Br-Zn, H-0)/ ZnO(1010)

In this reaction, the electronegatively charged atoms Cl and Br atom bind with a surface Zn

atom. The bond lengths of Cl —Zn and Br—Zn in M2 (c)y and M2 gy structures attain values of
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2.30 A and 2.38 A, reflecting very well Cl —Zn and Br-Zn bond lengths in bulk ZnCl; and
ZnBr, at 2.22 A and 2.40 A [437, 438]; correspondingly. As depicted in Figure 5.3,
dissociation of HCI and HBr molecules demands modest activation barriers of 17.1 and 8.5
kcal mol™ correspondingly (in reference to their physisorbed states). Higher activation barriers
for fission of the CI-H in comparison to Br-H concurs with a stronger bond in the former (
103.2 versus 87.1 kcal mol™) [367]. The catalytic capacity of ZnO toward uptake of gas phase
hydrogen halides becomes evident when contrasting these low energy barriers with the energy
requirements for the uncatalysed bond fission of CI/Br-H bonds at 103.2 and 87.1 kcal mol™;
respectively [367]. Overall, we find that interaction of HCI with ZnO (1010) surface proceeds
via analogous mechanistic steps to that of HBr molecule. These comparable trends are in
accord with our recent corresponding findings pointing to the similarity in reactions of products
from thermal degradation of PVC and TBBA with nanoclusters of Fe»Os [350, 405].
Nonetheless, catalytic mediated dissociation of carbon-Br bonds systematically demands lower

activation energies when contrasted with analogous fission of carbon-Cl bonds.

Dissociative adsorption of HCl and HBr molecules over the ZnO (1010) surface can be viewed
as a Lewis acid—base interaction. The chemisorbed hydrogen atom tends to act as a charge
donor to a surface oxygen atom to form hydroxyl group. This in turn renders adsorbed
chlorine/bromine atom to function as a Lewis acid sites to stabilize the formation of M2(cy and
M2 configurations via Lewis acid/base interaction. Inspection of charge transfer for the
chemisorption states (M2ciy and M2gr) as shown in Figure 5.2, indicates that adsorbed CI/Br
atoms incur a net electronic charge of -0.29/ -0.27. A similar scenario has been observed for
dissociative adsorption of HBr over La,O3 [439]. A significant charge transfer from the surface
to the two adsorbed halogen atoms serves as a signature for the noticeable exothermic nature
of HCI/HBr uptake by the ZnO surface (-38.0/-42.4 kcal mol™). This is in line with Grabda et

al. findings [266], who observed strong exothermic peak between 563 — 613 K during
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bromination of ZnO from their TGA-DSC measurements. Our previous studies on the
decomposition of HCI/HBr over a-Fe2Os clusters as well analogous previous findings for the
dissociation of HCI/HBr molecules on CeO. (111) surface [440] have also predicted

exothermic trends for the first dissociative adsorption step.

°Qon

(@) (b)

Figure 5.2. Side views of the charge density distributions for HCI (a) and HBr (b) dissociative
adsorption on ZnO (1010) surface. Electron charge gain or loss is represented by light yellow
and light blue clouds; respectively. Green, Red, blue, brown and white spheres represent Zn,

O, CI, Br and H atoms, respectively. The isosurface density level is 0.005 e/bohr®.

In order to underpin the influence of the surface termination on the HX molecules dissociation,
the adsorption energies and activation energies of hydrogen chloride/bromide molecules on
ZnO (0001) surface were also investigated. As illustrated in Figure 5.4, physisrobed
interaction of HCI and HBr molecules over the zinc-terminated (0001) surface is found to be
more exothermic by 5.9 and 11.5 kcal mol™?, respectively in reference to the non-polar
(1010) surface. On the other hand, we found that cleavage of CI/Br-H bonds over (0001)
surface request sizable activation barriers of 27.2 and 26.8 kcal mol! (in reference to
(1010) surface). By comparing these activation barriers for these two considered terminations,
we can see clearly that (1010) surface entail lower initial activation energies and hence should
be catalytically more active in capturing the hydrogen halides. For this reason, we have limited
our investigation on the dissociative adsorption of HX molecules over zincite by utilizing

(1010) surface only.
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In order to illustrate the satsifactory performance of the adapted PW91 functional in predicting
reaction barriers, we have compared correponding reacion barriers dictaing the fisrt
dissociative adsorption step with analogous values obtained using the PBE method. Moreover,
to confirm our limitation and the obtained results, further calculations are performed using the
Perdew-Burke-Ernzerhof (PBE) functional for the first interaction step between HX molecules
and ZnO (1010) surface. The following remarks summarise the satisfactory agreement

between these two functionals:

1- As illustrated in Figure 5.5, formation of M10«cr and M10@r structures require very
weak physisorption energies. This reasonably corresponds with values obtained using

the PW91 functional method.

2- Chemisorption energies for the reaction of HCI and HBr molecules using PBE
functional method ( 37.1 and 40.2 kcal mol™, correspondingly) concur very well with

the values obtained using PW91 functional (i.e. -38.0 and -42.4 kcal mol™).

3- Dissociation of the H-Cl and H-Br requires activation barriers of 21.1 and 6.6 kcal mol
! respectively. These values reflect very well analogous estimates using the PW91

functional.

In the subsequent dissociative addition reactions of HCI/Br molecules over corresponding
oxyhalide configurations of M2y and M2 as Figure 5.1 depicts, molecular physisorption
leads to the intermediates M3(ciy and M3y structures. As it the case for interaction of HCI/HBr
over pure zincite surface, adsorption of HCI was found to be slightly exothermic at -4.9 kcal
mol ™ whereas, adsorption of HBr endures thermodynamically neutrality. As depicted in Figure

5.1, scission of the H-CI/Br bonds yielding M4 cry and M4gr) configurations request activation
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energies of 11.8 and 5.7 kcal mol™ via the transition structures of TS2(ciy TS2gr), respectively
(in reference to their physisorbed states). These two values are approximately close to
activation barriers for the first dissociation reactions (16.9 and 8.5 kcal mol™?), indicating a
minimal effect for the presence of pre-adsorbed halide atoms in facilitating subsequent

dissociative adsorptions.

In M4y and M4y structures, the CI/Br atoms attach with the same surface Zn atom, forming
a surface ZnCl,/Br> site while the dissociated H atom forms another hydroxyl group with a
surface O atom. The second CI/Br-H dissociation reaction is accompanied with reaction
energies of 2.1 and -21.7 kcal mol™, sequentially. In the M4 iy and M4 (g structures, the
involved Zn atoms slightly deviate from planarity of the surface facilitating its subsequent
departure as zinc halide by evaporation as found experimentally by Grabda et al. [266] and
Zhang et al. [406]. By analysing the deviation of TG-MS and Deferential Scanning
Calorimetry (DSC) curves, it was revealed that chlorination/bromination of Zn proceeds via
the direct interaction between zincite and PVC/TBBPA and their halogenated fragments [266,
406]. Our molecular modeling herein supports these experimental findings and confirms that,
both hydrogen chloride/bromide function as an excellent chlorinating /brominating agent for

Zn0O.

Subsequently, intramolecular hydrogen transfers from a surface OH group to the adjacent
hydroxyl group produces water molecules. Formation of M5y via this process is endothermic
by 3.4 kcal mol whilst synthesis of the M5g;) structures is an exothermic reaction by -5.5 kcal
mol™. Generation of water through these processes takes place through energy barriers of 23.4
and 16.3 kcal mol™; characterised by the transition states TS3(cy and TS3n); respectively.

Desorption of a water molecule from the M5(cy) structure takes place without encountering a
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reaction barrier through an endothermic reaction of 19.4 kcal mol™. Elimination of water
molecules clearly leads to the formation of surface zinc chlorides/bromides entities symbolized
by M6 (ciy and M6 @y. In the M5y and M5y configurations, water resides 2.22 A and 2.18
A above the surface; respectively. These two values reasonably agree with a recent theoretical
estimate for water adsorption on a pure ZnO(1010) surface at 2.07 A [433]. In the final step
of these reactions, the adsorbed zinc chloride/bromide molecules desorb from M6ciy and M6
structures to yield the configurations M7y and M7y in a relatively sizable endothermic
reactions of 60.6 and 67.3 kcal mol™; respectively. It has been demonstrated that gaseous zinc
halides exist as monomers rather than dimers [441]. Figure 5.54 in the Appendix A shows the
optimized structure of gaseous ZnCl, and ZnBr, molecules. In these structures, the Zn-Cl and
Zn-Br bond length attain values of 2.07 A and 2.21 A, respectively. These values are in good

agreement with analogous experimental estimates (i.e, 2.0 A and 2.19 A) [442].

We now attempt to interpret the experimental observations pertinent to halogenation of ZnO
based on the potential energy surfaces (PES) portrayed in Figure 5.3. Via deploying TG-MS
measurements, Zhang et al. [406] investigate thermal decomposition of ZnO -PVC mixture,
Zhang et al. [406] revealed that PVVC particle size has a significant role in the chlorination of
Zn0O. They observed that the weight loss of the ZnO-PVC mixture occurs in four distinctive
stages featuring water elimination (473 — 555 K), dehydrochlorination of PVVC/chlorination of
ZnO (555 — 618 K, further degradation of PVC (618 — 688 K) and vaporisation of ZnCl, (688
—873 K). Figure 5.S6.a in the Appendix A reproduces the weight loss curve reported by Zhang
et al. [406]. Two concluding remarks can be inferred from contrasting our HCI-PES in Figure

5.3 and Figure 5.S6.a:
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Figure 5.3. Relative energy profile diagram for the first addition step of HCI (Blue) and HBr
(Red) molecules over zincite (1010) surface. Values are in kcal mol™ with respect to reactants

in each step.

e The majority of evolved HCI from dehydrochlorination of PVC (stage 2) does not yield
a net weight loss as it is captured by ZnO in a process that leads to the formation of
oxychlorides. This corresponds to the facile formation of M4 iy — M6y structures in
Figure 5.3 via an overall reaction barrier of only 25.5 kcal mol™. Water evaporation in
the first and second stages most likely originate from two sources, namely, physically
adsorbed water molecules on ZnO surfaces and water formed by the intramolecular
hydrogen transfer.

e The fact that the main weight loss (~ 45%) occurs at relatively high temperatures
coincides with the significant energy penalty required from the desorption for ZnCl.

moiety from the surface; i.e., 60.6 kcal molt. Thus, the rate determining step in
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chlorination of ZnO into ZnCl> signifies desorption of ZnCl> molecules from
oxychlorides. The energy requirement for this step overshoots the reported value for
sublimation of zinc chloride at 32.3 kcal mol™ [441] along the reaction ZnCly(s) —

ZnClz(g).

The HBr/ZnO reacting system exhibit a similar behaviour in regard to the accumulation of
oxybromides prior to evaporation of ZnBr,. Figure 5.S6.b in the Appendix A is reproduced
from the study by Oleszek et al. [264] who used X-ray diffraction and electron probe
microanalysis techniques to trace zinc speciation during co-pyrolysis of ZnO with TBBA. As
shown in Figure 5.S6.b, surface bromination of the zinc content in zincite peaks at 70% around
550 K, however, evaporation of ZnBr, remains very negligible and reaches only ~ 5% at 700
K. Clearly, this indicates rapid surface bromination (i.e., commencing with M1@y — M2@n)
and thermodynamic hindrance toward evaporation of zinc bromide (i.e., departure on ZnBr;

from the surface along the reaction M6 — M7gr).
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Figure 5.4. Relative energy profile diagram for the first addition step of HCI (Blue) and HBr
(Red) molecules over ZnO (0001) surface.
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In addition to exploring reaction pathways for the dissociate adsorption of HX molecules over

ZnO surface, as mentioned above, further studies are needed to underpin various intriguing

aspects:

The roles of zincite in mediating degradation of organohalogens released from thermal

decomposition of PVC and BFRs.

We have limited our analysis on a perfect ZnO structure; that is the (1010) surface. The
presence of structural defects or atomic-type impurities often enhances catalytic
decomposition capacities for environmental-bases catalysts. Thus, it is insightful to

assess the effect of these factors on the catalytic decomposition performance of ZnO.

We have shown here that ZnO captures the largely inert halogenation agents HCI and
HBr. However, it is greenery viewed that metal halides act as shuttle to transfer
chlorine into aromatic compounds; a process that substantially increases their overall
toxicity. It will be instructive to explore the mechanistic and kinetic parameters for the
halogenation mechanism of aromatic pollutants by zinc halides. Such information will
be informative to assess the overall merits of deploying metal oxides in general to

capture the halogen content in solid waste streams; including EAFD and e-waste.
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Figure 5.5. Relative energy profile diagram for the first addition step of HCI (Blue) and HBr
(Red) molecules over ZnO (1010) surface using BPE functional. Values in brackets are for
PWQ91 functional.

5.3.3. Kinetics Model

Table 5.2 enlists reaction rate constants parameters for reactions pathways depicted in Figures
5.1, while Figure 5.S5 in the Appendix A shows their Arrhenous plots. At a temperature of
515K (The onset temperature for the dissociative adsorption of HCI) [406], the rate constant
for HCI uptake by ZnO is approximately three fold slower than that of HBr. This observation
stems from higher activation barriers embedded in the dissociation of HCI when contrasted
with the analogous steps for HBr. Based on the estimated reaction rate constants,
intramolecular hydrogen transfer releasing water molecules represent a bottle neck in

halogenation of zinc atoms into surface islands of zinc halides.
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Table 5-2. Kinetic parameters of reactions at a temperature range of 300-1000 K.

Species Reaction A (s1) Ea (kcal mol?)
MZ1cy — M2 1.16x10% 13.4
k1
ZnO + HCI M3cy — M4 8.67x10%° 12.8
ka2
M5y — M6 6.42x10° 20.3
ks
M@ — M2 2.22x10% 6.2
ZnO + HBr M3y — M4y 5.74x10% 35
M5 — M6 3.07x108 195

Next, we turn our attention to constructing a simplified kinetic model that accounts for the
weight loss behaviour for PVC:ZnO mixtures reported by Zhang et al. [406] (Figure 5.56.a)
based on the reaction rate constants listed in Table 5.2. Via considering a batch reactor model
and by assuming that HCI molecules exist in great excess with the ZnO surface, the mole
balance equations of the chlorination reaction sequence:

ks(T)

M1, —8—> M3, —2P5 M5 —D M6, —+L>M7 5.3

©)]

can be arranged into:
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d[M1;] _

- _kl[Mlcl]
dt
% =k [M1,] -k, [M3,,]
% =Kk,[M3,]-k,[M5,]
d[M7.] _
T - |(4['\/|6(ZI]

A-factor for the step M6 — M7 was assumed to be 1.00 x 10*2s?, (a commonly deployed value
for unimolecular reactions) with an activation energy taken to be the desorption energy at 60.6
kcal mol™. These sets of ordinary differential equations were solved with the aid of the

PolyMath code.

Conversion profiles of the M1y configuration are depicted in Figure 5.6 for a reaction time
of 3 s between 300 — 900 K. The model predicts desorption of ZnCl> to commence at ~ 800 K
and to account for nearly 36% to the initial M1 at 900 K. These findings are in qualitative
agreement with the temperature window of stage 4 in Figure 5.56.a; (688 — 873 K) and reported
mass loss associated with ZnCl, evaporation; i.e., 45%. Another salient feature of the model
is the formation of the oxychloride phase as the dominant reaction product at temperature as
low as 500 K. This clearly coincide with the interpretation of Zhang et al. [406] in regard to

the occurrence of ZnO chlorination between 555 — 618 K (stage 2).
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Figure 5.6. Modeled product profiles from the reaction of ZnO + HCI.

5.4. Conclusions

In the current work, a systematic theoretical thermo-kinetic study was performed to investigate
dissociate adsorption of HCI//Br molecules over ZnO surfaces. Convergence tests using
different sets of functionals, unit cell size and energy cut-off ensures the accuracy of all
reported energy profiles. Calculated results indicate that conversion of ZnO into zinc chlorides
and bromides take place through two subsequent dissociative adsorption steps, followed by
intramolecular hydrogen transfer. Our results show that fission of a H-CI bond over zincate
surface requires reaction barriers in reference to H-Br, reflecting the noticeable difference in
their bond dissociation energies in the gas phase. Desorption of ZnCl; and ZnBr; as gas phase
molecules occur via relatively accessible desorption energies. We found that the nonpolar ZnO
(1010) surface displays higher catalytic activity for dissociative adsorption of HX molecules
in comparison to zinc-terminated (0001) surface. Our theoretical calculations support the
previous experimental observations that HX molecules have great potentials to serve as a

perfect chlorinating /brominating agent for recycling of zincite.
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Chapter 6

Catalytic De-chlorination of Products from PVC degradation by

Magnetite (FesOa)

The following chapter is a modified version of paper 1V:

O. H. Ahmed, M. Altarawneh, M. Al-Harahsheh, Z.-T. Jiang, B.Z. Dlugogorski, Catalytic de-
chlorination of products from PVC degradation by magnetite (Fe3Oa4), Appl. Surf. Sci., 480
(2019) 792-801.
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Abstract

This contribution provides a systematic theoretical thermo-kinetic study of the initial reactions
between Fe304(111) surface, as a representative model for metal oxides in electric arc furnace
dust (EAFD) with HCI and selected chlorinated hydrocarbons, as major products from thermal
degradation of PVC. Formation of the experimentally observed iron chloride occurs by
subsequent dissociative addition of HCI molecules followed by H migration into a surface
hydroxyl group. We provided Arrhenius parameters for reactions dictating the conversion of
iron oxide into its chloride. In the course of the interaction of chlorinated alkanes and alkenes
with the FesO4 surface, the opening channel in the dissociative addition route requires lower
activation barriers in reference to the direct HCI elimination pathways. However, sizable
activation barriers are encountered in the subsequent g C-H bond elimination step. Estimated
electronic charges confirm the nature of surface Fe-Cl bonds as Lewis acid—base pair. The
obtained accessible reaction barriers for reactions of chlorinated alkanes and alkenes with the
title iron oxide demonstrate that the latter serve as active catalysts in producing clean olefins
streams from chlorinated alkanes. Results from this study should be instrumental to
understand, on a precise atomic scale, mechanisms operating in fixation of halogens on
transitional metal oxides; a viable thermal recycling approach for polymeric materials laden

with halogenated constituents.
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6.1. Introduction

Polyvinyl chloride (PVC) is the main component in thermoplastics, piping systems and a wide
array of household and industrial applications [117, 122, 443]. PVC is widely employed in
various long- and short- service life products such as electrical and electronic equipment’s, and
construction materials [122, 444, 445]. Global consumption of PVC has steadily grown over
the last decades to reach 35.3 Mt in 2007 with a projected increase of about 3% per year [446].
However, the profusion of PVC-based generate gigantic undesirable amounts of halogenated
wastes that accumulated all over the world engendering safe and effective disposal of these
chlorinated items a truly daunting task [347]. Landfilled and thermal methods are the most
common as well as the widely utilized processes [6, 130, 447]. A number of factors including
decrease of landfills capacity, high equipment costs and release of hazardous chlorinated
compounds have altered the scientific community to design a more sustainable method for the

disposal of PVC-containing objects [6, 31, 448].

In recent years, catalytic co-pyrolysis of halogenated polymers with metallic oxides, sourced
from electric arc furnace dust (EAFD) was pioneered as a lower temperature operation to
transform halogen-bearing plastics into potentially useful liquid and gaseous products [35, 59,
101, 245, 449-451]. Thermal stability of the pyrolysate mixture, fixation of light halogen gases
and low temperature operation signify major merits of the catalytic co-pyrolysis scheme [452-
454]. Notwithstanding, to our knowledge, there is insufficient understanding at the molecular
level for reactions operating in the course of simultaneous pyrolysis mechanism of PVC with

metal oxides.

EAFD accounts for ~15 to 20 kg per ton of produced steel and its constitutes the main

environmental burden for steel manufacturing operations [42, 87]. EAFD is classified as a
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toxic waste because of the presence of significant amounts of heavy metals such as zinc,
cadmium, and lead [91, 106]. In addition to these metals, EAFD contains a considerable
amount of CI, which triggers the formation of hazardous chlorinated compounds (most notably
polychlorinated dibenzo-p-dioxins, and polychlorinated dibenzofurans, PCDD/Fs) [381, 455-
459]. These metals, in turn, can be used as secondary raw materials in the production of iron,

lead and zinc [50, 59, 68, 96, 105].

Consensus of opinions in the literature has indicated that, the metal oxides present during
thermal degradation of PVVC-containing plastic materials work as dechlorinating agent and can
inhibit the formation of chlorinated hydrocarbons and convert the metal oxides to their
respective chlorides. The latter are readily soluble in water or are volatile at low temperature
[101, 241, 253, 343]. It has been shown, in our recent theoretical investigations, that zincite
surfaces and hematite clusters capture the released hydrogen halides and organohalogens from
thermal degradation of PVC and brominated flame retardants (BRFs) plastic materials leading
to metal chloride/bromine formation accompanied with water elimination [350, 460-462], as
was predicted by experimental studies. Chemical analysis in GC/MS by Blazso and Jakab
[255] found that among various metal oxides, iron oxides would be able to dehydrochlorinate

PVC (i.e. they initially worked as a catalyst and then acted as a sorbent).

Among iron phases, magnetite represents a potentially effective dechlorination catalyst
because of its recycling capability and its high surface area [463, 464]. Pervious experimental
investigations demonstrated a robust catalyst behavior of FesOs4 toward degradation and
dechlorination of PVC based plastic material [256, 397]. For example, Uddin et al. [256]
investigated degradation and dechlorination of PVVC using a variety of metals. They found that
the average concentration of chlorine-containing in PVC is nearly 53 wt % using gas

chromatography with an atomic emission detector (GC-AED). ~91 to 96 wt % of these
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amounts were released as gaseous hydrogen chloride, while the rest condensed as a liquid.
Among the various considered metals, it has been shown that FeOOH and FezOs are very

effective species in fixing released HCI.

To the best of our knowledge, literature presents no mechanistic or kinetics information at the
molecular level interaction mechanisms of HCI and other chlorinated C1-Cs over magnetite
surface. To this end, this work reports a comprehensive computational study of the initial
reactions between (Fes04)(111) surface and selected chlorinated hydrocarbons. We first
discuss the geometric, structure and electronic properties of the bulk and the clean (FezOa)
(111) surface. We then compare the catalytic effect of both Feocz and Ferets terminated
magnetite (111) surface toward dissociative adsorption of HCI molecule. Finally, we provide
a significant insight into the possible interaction pathways of the selected chlorinated
hydrocarbons over magnetite (111) surface. Results reported herein manuscript shall be
instrumental in efforts aiming to optimize a unit operation for the concurrent treatment of the

title two categories of waste materials; i.e., EAFD and PVC.

6.2. Computational Method

All energy calculations and geometry optimizations were carried out using the plane-wave
periodic DFT code Vienna Ab initio Simulation Package (VASP) [317, 318]. Spin polarized
Perdew-Wang91 (PW91) functional of the generalized gradient approximations (GGA) was
deployed as the electronic-energy correlational functional correlation energies and electron
exchange [327, 465]. The calculations have taken into account the ferromagnetism character
of iron atoms. VASP uses scalar relativistic projected augmented wave (PAW)

pseudopotentials to describe A plane-wave Kinetic energy cut-off was set to 400 eV to treat the
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valence electron [321]. For the structural optimization of bulk FezOs, a k-mesh sampling of

12x 12x 12 and a cutoff energy of 500 eV were utilized.

For the clean FesO4 (111) surface, a (2x2) unit cell comprising four atomic layers of iron and
four layers of oxygen atoms were utilized. A 20 A vacuum gap was used to separate the slabs
along the z-direction. Integration of the irreducible part of Brillouin’s zone was carried out

based on a 3x3x1 Monkhorst—Pack mesh x-points. Relaxation of the gas-phase molecules was

computed through placing them in a 20 A x 20 A x 20 A unit cell. Charge transfer from the

surface to the adsorbate was estimated within Bader formalism [466].

A van der Waals (vdW) correction, using Grimme’s [467] semi-empirical DFT-D2 force-field
method, was applied in all calculations to account for contributions of dispersion interactions
to adsorption energies and activation barriers. This approach accurately characterizes the
interaction between the solid surfaces and organic molecules. In the DFT-D2 formalisms, the
total energy of the system can be defined as a sum of the semi-empirical dispersion correction

(Edgsip) and the self-consistent Kohn—Sham energies.

Eprr—p2 = Edisp + Exs_prr 6.1

In order to precisely account for the strong electronic correlation of the Fe 3d states and their
over-delocalisation in the standard DFT methods, a Hubbard correction parameter was applied

in all calculations based on the DFT+U formalism of Liechtenstein and Dudarev [468, 469].

Moreover, to determine the transition states (TS) and the minimum energy reaction paths for

all structures presented in our study, climbing image nudged elastic band (CI-NEB) technique
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was performed [414, 470, 471]. Generally, five images were generated between the states of
initial reactants and final products based on nudged elastic band (NEB) method. When the
interaction had an intermediate minimum present, the closest energy point was allowed for full
relaxation to define if the minimum was a true minimum. Activation energies for all interaction
mechanisms were calculated by applying the following equation:

Eactivation surface + Emolecule - Etransition state 6.2

where Esyrracer Emotecuter @ Egransition state d€NOte the energies of substrate, gas phase

molecule and the transition state, respectively.

Calculated vibrational frequencies enable to estimate thermodynamic parameters at high
temperatures (300-1000K), from which Arrhenius parameters (Ea and A) can be computed.
based on the transition state theory (TST), reaction rate constants k(T) are computed from

enthalpy (AH) and entropy (AS) of activation [416, 472]:

k.T AS AH
k(T)=o, L eReRT 6.3

In this formula, h and kg are Planck and Boltzmann constants, respectively; T is the temperature
in Kelvin (K), R denotes the universal gas constant, and o, signifies the reaction deration

number (i.e., = 1.0).

Finally, Phonopy software [332, 473] was employed to estimate phonon spectra (i.e.,
vibrational free energies). Phonopy code computes the real-space force constants by

introducing displacements to supercells based on atomic limited displacement method. Hence,
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calculated force constants enable to obtain both phonon frequencies and thermodynamic
properties [417, 474]. The latter was used to calculate reaction rate constants based on the TST

as explained above.

6.3. Results and Discussion

6.3.1. Bulk, Surface and Gas Phase Molecules

Nanoparticles of FesO4 with inverse spinel structure have been widely applied in a variety of
fields such as tincture colour and heterogeneous catalysts due to their non-toxicity, chemical
stability and profound redox performance [451, 475-478]. The crystal structure of magnetite
is an inverse spinel pattern with equally mixture of Fe?* and Fe®* ions in the octahedral sites
and with Fe* ions in the tetrahedral sites [479, 480]. Figure 6.52 (Appendix B) depicts the
optimized structure of FesOs. The calculated lattice parameter amounts to 8.150 A. This value
agrees reasonably well with other previous theoretical and experimental results of 8.140 A and

8.396 A, correspondingly [481, 482].

Perpendicular cleavage of magnetite unit cell affords three low-Miller distinct surface
terminations indicated as (100), (110) and (111) configurations. Among these surfaces, Fez0Oa
(111) configuration is found to follow the experimentally observed natural growth and to be
the more thermodynamically stable configuration [483-486]. In this work, we have adapted
the Feoctz and Ferten terminated surfaces as the most thermal stable faces of FezOs (111)
validated by numerous experimental and theoretical investigations. Based on low-energy
electron diffraction (LEED) and scanning tunnelling microscopy (STM) techniques, it was
confirmed that these terminated surfaces are the most energetically favored faces among other
possible terminations. For example, Lennie et al. [483] carried out an experimental

investigation on a natural single-crystal of FesO4(111), cleaned and annealed using cycles of
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500-eV Ar" bombardment and electron-beam heating (UHV) at 1070 K , respectively. Using
the STM images, they found that several surface terminations of Fe3sO4 have been observed
under oxidation and reducible annealing conditions; i.e. T= 1173 K and 1073 K but the two
outmost layers (Feocto and FeTet1) are the most thermodynamically stable. A similar observation
was made by Grillo et al. [487] via performed a theoretical investigation to study FesO4 (111)

structure in a temperature range of 298 t01200 K.

In order to examine the FesO4 surface structure adopted in our study, it is of interest to calculate
the dimer distance between iron and oxygen atoms and to contrast these distances with those
of previous works. As shown in Table 6.S1 (Appendix B), our computed Feoct-tet -O bond
lengths match analogous theoretical and experimental values obtained from GGA+U functional
method and LEED analysis [487-489]. Moreover, we calculate surface relaxation of the
topmost layers of Fe atoms to gain a benchmark of accuracy of our adapted methodology. We
find Feoce and Fererr relaxation to correspond to 67% and 41%, respectively inward to the
underneath O layer. Our calculations reflect very well with the previous computational and

experimental results [486, 488, 490].

Furthermore, a Bader charge analysis was calculated to evaluate the surface electrostatic
potential. Asshown in Figure 6.S2, the exposed Feoct2 cations containing the first layer possess
strong positive potentials and thereby act as effective electron acceptors whilst, Feterr atoms in
the second topmost layer are highly charged deficient because of their surrounded oxygen
atoms. Hence, it can be expected from these electrostatic characteristics that Feoct. site is the

main target for any molecular adsorption.
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Finally, we have computed bond dissociation energies (BDEs) for the selected molecules in
order to contrast them with their well-documented gas-phase thermochemistry values in the
literature. As illustrated in Figure 6.S3 (Appendix B) the calculated BDEs for fission H/C-CI
bonds of the gaseous molecules selected in this study show excellent consistency with the

BDEs values reported in the literature [367, 371].

6.3.2. Dissociation Adsorption of HCI over Fe3O4 (111) Surface

As an outset point of this section, we investigated the three subsequence stages of dissociation
adsorption of HCI on both Feocte and Feret: Sites of FesO4 (111) surface: (i) physisorption state
leading to surface-molecule adducts M1 (over Feocz) and M1™ (over Feren) formation; (ii)
decomposition step producing oxychloride structures of M2 and M2”; and (iii) transition state

of the HCI dissociation step.

As illustrated in Figure 6.1, HCI molecule can be adsorbed either on the top of Feoct2 or FeTet
surface atoms. The adsorption energy of HCI at the Feoct Site is calculated as -13.5 kcal mol
! which is lower than that (-8.8 kcal mol™) on Feren of FesOa (111) surface, indicating a strong
molecular physisorption state of the Feoct2 Site. In order to further reveal this strong nature of
Feoct2 reactivity, we analysed both the geometric and electronic structural properties on both
sites. As an initial state of HCI interaction over Feoct> and Fereu sites, the Cl fragment is
attached to surface Fe atoms with bond of 2.195A and 2.440A, respectively. This is
accompanied with a sizable H-CI bond extension by 130% and 51% on the Feocte and Feten
sites, respectively, in comparison to the equilibrium distances in the gaseous HCI molecule
(1.298A)) at the Feren side. Therefore, the considerable H-Cl bond elongation indicates a strong

chemical activation of the HCI molecule over the Feoce site.
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Likewise, as depicted in Figure 6.1, higher electron transferred from Fe atom to chlorine atom
at the Oct2 site in reference to the Tetl site (-0.08e versus -0.02e) represents another signature
for the stronger adsorption state over the Feoct2 site in comparison with that over Ferteu Site.
Interestingly, our findings are consistent with the previous computational results [491, 492],
which reported that, molecular adsorption on a surface Feoct atoms has the most energetic

preference in reference to Tetl atoms.

Fe Tetrahedral site v

Fe Octahedral site < 1513A o g o°
M “’b] 2a0h Ky M

Fe;04 (111) surface m
\ M 12 TSI 428
. (0.02¢) (-0.13¢) .~ ™

¢

M5 2.6

Figure 6.1. Reaction steps for the decomposition of hydrogen chloride molecules on both
Feoct2 and Ferets Sites of magnetite (111) surface. Only the first two layers are shown in side

views. The net charge transfers from the surface to adsorbed Cl molecule are illustrated.
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Additional insight into understanding the interaction between molecularly adsorbed HCI over
both the Feoct2 and Ferets-terminated can be obtained by analyzing the electronic properties of
the system. Figure 6.2 illustrates the spin-polarized density of state (DOS) and partial density
of states (PDOS) spectra onto the d-orbitals of FesO4 (111) surface and for those two different
terminations calculated at the DFT-U level rather than DFT. DFT-U presents a better
description of the half-metallic electron structure above the Verwey transition and it considers
to be most relevant for electron transport spin polarization measurements. For the clean FezO4
(111) surface, it is obvious that the total DOS is very similar to the bulk DOS [493] and the
low laying states of this clean surface (Figure 6.2.a) is dominated by d-orbitals of iron, which
is in a good agreements with previous results [491]. It is also found from panels b and c, for
both clean Feoct2 and Ferets terminations, that the iron contributions to surface PDOS of Feoct
termination are more dominant than those of the Fere: termination, in specific around the Fermi
level, and this agrees well with previous theoretical results based on PBE functional [494].
This high domination, in turn, indicates that the Feoct> termination is very sensitive to the

adsorption of gas species.

For investigation of the bonding mechanisms for the adsorption of HCI molecular over Feoct
and Feret: sites, we first analyse the DOS of free HCI molecule. Figure 6.2 (d) displays the
DOS of the gaseous HCI. In this panel, the electronic states A, B and C originate from CI-H
bonds and chlorine lone pair [495]. However, in the state of HCI dissociation over the Feoct.
and Feren terminations, it is clear that these bands shift downward the Fermi level, which
implies the charge transfer from the Feocr atoms to HCI molecule. Moreover, from panels e
and f, the appearance of a new peak near -10 eV and the split of the B band into two peaks over
the both sites indicates a generation of new Cl-Fe bond accompanied with a change in the H-

CI molecular bonding. By comparing the PDOS schemes for dissociative adsorption of HCI
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molecular over these terminations, as shown in panels e and f, we can conclude the following

focal points:

1-

The level of the split in the case of Feoct is higher than that of the case Tet side. This
indicates that the adsorption of HCI molecular over Oct2 site incurs higher stability than
that of the Tet site. This corresponds with the general observations from the previous
work [496] and with our findings for the formation of M2 and M2 configurations in
Figurel that bonding of Cl with Feoct> atom is considerably stronger than the Tet site (

-54.8 kcal mol™ versus -36.1 kcal mol™) and ( 2.149 A versus 2.380 A).

The high peaks shifting of the HCI dissociative adsorption over Feoct2 termination
below the Fermi level in reference to the Feret: termination, as shown in panels e and f,
implies a higher electron transfer from Feoct2 atoms to adsorbed Cl atom (-0.18 versus

-0.13).
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Figure 6.2. DOS and PDOS of (a) clean Fe304(111) surface, (b) clean Feocto termination, ()

clean Feters termination (d) free HCI molecular (e) the adsorbed HCI on Feoctz termination, and

(F) the adsorbed HCI on the FeTet1 termination.
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As mentioned earlier, the second step is the decomposition reaction. The Feoct site also
delivers superior activity than Feret: from thermodynamic and kinetics aspects. HCI molecular
dissociation upon Feocr is exothermic by 54.8 kcal mol™ with a modest activation barrier of
26.3 kcal mol™. On the other hand, dissociation energy of HCI on Fere site of FesO4 (111) is
exothermic by 36.1 kcal mol™ with a higher barrier energy of 43.2 kcal mol™*. This larger value
of chemisorption energy over Feoct Site is in line with Zhou et al.’s result [491], who observed
that, water molecule dissociativelly adsorb over Feoct site with a high energy value in reference
to Feret1 Site. Moreover, this exothermic trend for the first decomposition stage reflects very
well with our recent investigations for reaction of HCI/HBr over a-Fe2O3 clusters and ZnO
surface.[350, 460, 461] In this step, HCI molecule dissociates heterolytically on a surface
oxygen atom as well as both Feoct2 and Ferets Sites leading to the migration of both hydrogen
and chloride atoms, forming hydroxyl species and oxychloride configurations of M2 (Feoctz-
Cl) and M2" (Feten-Cl), with interatomic distances by 2.149 A and 2.380 A, correspondingly.
Compared to the Feteu-Cl, Feocto-Cl bond length reflects very well with the analogous
theoretical value of the bulk FeCl; and that can be attributed to a strong Feoct> chemisorption
energy (-54.8 kcal mol™) [368]. By comparing these activation barriers for the two considered
sites of FesO4 (111) surface with the energy requirement for H-CI bond scission in gas phase
(i.e., 103.2 kcal mol?) [371], it becomes evident that Feocr site requires significantly lower
energy and hence should be catalytically very effective in fixing Cl atom. In support of this
finding, the existing literature points out that more than 90% of chlorine compounds, released
from thermal degradation of PVC mixed plastic, has been fixed in the presence of Fe304 and

form ferrous chlorides [256].

Bader’s charge analysis for dissociative adsorption of HC1 over Feoct2 and Feret: Sites in FezO4

(1112) can also provide an effective theoretical prediction for the ability of the Cl atom (formed
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by dissociative adsorption) to function as a Lewis acid—base pair. This could be achieved by
determining electron transfer between HCI molecule and the magnetite surface. As illustrated
in Figure 6.1, the net electronic charge transfer from Feoct> and Feret Sites to adsorbed Cl atoms
are -0.18 and -0.13, respectively. Clearly, Cl serves as a charge acceptor and hence the Fe-Cl

acts as a Lewis acid—base pair.

The extent of the transferred charge from Feocto (M2) is relatively sizable (in reference to Feren
site, M2"). This demonstrates a stronger interaction with the strong reaction with Feoct, site in
comparison with the Feret: Site of FesO4 (111) surface. Such similar behaviours have also been
found when HCI dissociates on CeO. and ZnO surface [440, 461]. Therefore, based on the
analysis above for the dissociative adsorption of HCI on both Feocto and Feeet1 sites, we will
limit our further analysis and discussions for HCI decomposition and the dissociative

adsorption of the selected chlorinated hydrocarbons only on the Feoc. site.

6.3.3. Subsequent Addition of HCI over FesOas (111) Surface

The second interaction mechanism examined here is a dissociative adsorption of a hydrogen
chloride molecule. In this interaction, we began with addition another HCI molecule to the
oxychloride configuration of M2 to form a ferric chloride. Energies and structures for this
mechanism are shown in Figure 6.1. First, a second HCI molecule is attracted to the Fe-O bond
in M2 with a physisorption energy of -16.3 kcal mol? to yield the intermediate M3
configuration. Next, the H-CI bond is broken over a surface Fe-O bond and the M4 structure
is formed via TS2. This step is largely irreversible with an activation energy barrier of 20.9
kcal mol™* accompanied with an exothermic reaction energy of 36.9 kcal mol™. In the course
of M4 formation, the Cl atom combines with the same surface Fe atom whereas, H atom forms

a hydroxyl group via binding with a different surface oxygen atom, as pictured in Figure 6.1.
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The barrier of TS2 matches very well that of TS1 (20.9 versus 26.3 kcal mol™). This indicates
that the existence of the pre-adsorbed chloride atoms displays a minimal influence in

facilitating further dissociative adsorption.

In the next step, a hydrogen atom from a surface hydroxyl group migrates to an O atom from
a neighbouring hydroxy!l group forming an adsorbed water molecule as shown in structure M5.
This intramolecular H transfer process is slightly endothermic by 6.4 kcal mol™?. The latter
values are very close to an analogous value at of 3.5 kcal mol™ reported by Huang et al. [492],
who investigated H; interaction with the FesO4 surface. Moreover, our previous investigations
have predicted the same endothermic trends over hematite cluster and zincite surface [350,
461]. This process entails an accessible activation energy of 16.9 kcal mol™ through TS3.
Similar low activation barriers were also calculated in our previous studies on hematite clusters
and zincite surfaces [350, 461]. As hydrogen atoms recombination mechanism involves
generation of a water molecule, the calculated length of the Fe-OH, bond (i.e., 2.23 A) from
the M5 structure is in accord with the corresponding bond length (2.15A) [497] obtained for
H>O adsorption on the hematite surface and is also in a good agreement with our analogous

estimate (i.e., 2.20 A) for hematite clusters [460].

The final stage of HCI + FesOs interaction is water desorption process from the M5
configuration leading to form M6 structure via a barrierless reaction. This process was found
to be exothermic with the computed desorption energy of -4.4 kcal mol™, as shown in Figure
6. 1. Thisis in line with Al-Harahsheh et al. [101] findings, who observed an exothermic event
during the thermal decomposition of PVC and EAFD mixture. Clearly, desorption of water
marks the final step in the conversion of iron oxide into iron chloride via interaction of HCI.

Chromatograph with a thermal conductivity detector was used by Uddin et al. [256] to
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investigate the effect of iron oxides on the removal of ClI from thermal decomposition of PVC.
They observed that more than 90% of chlorine had been adsorbed using Fe3s04 and FeOOH.
This in turn indicates that Fe3sO4 and FeOOH are very effective in fixing Cl in their structural
framework, presumably along the illustrated mechanism in Figure 6.1. Moreover, X-ray
diffractometer has been utilized to determine the crystalline structure of the formed iron
chloride, in which no crystalline phase of FeCl. can be observed, but it can be present only on
iron oxides as a monolayer. Furthermore, findings by Al-Harahsheh et al. [384] have
demonstrated that combining treatment of metal oxides with PVC lead to the formation of a
new solid phase product (i.e., iron chloride) that can act as an HCI removal agent. Therefore,
we conclude that the captured Cl from thermal degradation of PVC does not leave the hematite

surface as a volatile iron chloride.

Reaction rate constants for steps in Figure 6.1 were computed according to the TST as
explained in section 6.2. The reaction rate parameters for these reactions (portrayed in Figure
6. 1) are listed in Table 6.S2, whilst the panels in Figure 6.3 depict Arrhenius plots between
300-1000 K for the rates of decomposition of hydrogen chloride molecules over the Fe304(111)

surface.
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Figure 6.3. Arrhenius plots for reactions of Fe3O4(111) surface with HCI molecules.

6.3.4 Decomposition of Organochlorinated Compounds over FesOs (111) Surface

The interaction of alkyl halogens with metallic oxide catalysts (dehydrohalogenation process,
in particular) represents one of the most promising methods for the industrial production of
olefins [498]. This process, in turn, has significant environmental and economic benefits
pertinent to recovery of chlorine emitted from thermal decomposition of from halogenated
wastes as metallic chloride. The mechanism proposed for the reaction of halogenated alkanes
and alkenes with metal oxides consists of two essential competing channels: direct elimination

and dissociative addition.

In our earlier works, we indicated that a-Fe»Oz cluster act as an active catalyst in generating
clean olefins flows from both the brominated and chlorinated compounds [350, 460].
Continuing these studies, we evaluate the catalytic activity of magnetite in the
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dehydrochlorination of the selected compounds with the aim to device an approach for mild

conditions in the recycling of halogenated waste steam.

Molecular adsorption of the considered chlorinated compounds over the magnetite (111)
surface in the first step can be viewed as a Lewis-acid / base reaction leading to generate the
surface-molecular adducts M7, M10, M13 and M16 for the adsorption of chloroethane, 2-
chloropropane, 1-chloro-1-propene and chloroethene, respectively. Through this step,
magnetite surface activates the carbon-halogen bonds thereby elongating C-Cl bond by 0.16%,
2.83%, 4.48% and 4.63%, respectively (in reference to equilibrium distances of their parent
gas phase molecules). In order to reveal this reaction nature, we utilize the Bader’s charges to
determine whether the adsorbed species are Lewis acid or a Lewis base. Table 6.1 lists the
Bader’s charges of the adsorbed Cl atoms. In the physisorbed structures, Cl atoms are
positioned over Feoct Sites in the surface as shown in the top views of Figures 6.4- 6.7. The
negative values for the net charge transfer as presented in Table 6.1, indicate that the Cl atoms
for all the surface-molecular adducts incur electronic charge. Previous computational
investigations have illustrated that, the presence of a Lewis base over a metal oxide surface
enhances the adsorption energy of a Lewis acid.[440, 499] The net charge transferred from
magnetite surface, as shown in Table 6.1, positively correlate with the elongation of the C-Cl

bonds.
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Table 6-1. Electronic and structural properties for molecular and dissociative adsorption

structures
Species Elongation Charge transfer from the Adsorption
of CI -C surface to adsorbed ClI energy
bonds (%) | molecules (e) (Physisorption) (kcal mol?)
Chloroethane 0.16 -0.13 -12.4
2-Chloropropane 2.83 -0.19 -15.1
1-Chloro-1-propene 4.48 -0.21 -9.5
Chloroethene 4.63 -0.32 -14.4

Figures 6.4- 6.7 portray the catalytic decomposition of the selected chlorinated compounds.
Calculations have shown that the direct elimination of HCI from the selected molecules
proceeds though activation barriers of 6.9 kcal mol™, 21.4 kcal mol™, 35.0 kcal mol?, and 48.5
kcal mol® for chloroethane, 2-chloropropane, 1-chloro-1-propene and chloroethene,
correspondingly. It should be pointed out that, these values seem to positively consistent with
the BDE values of carbon-chlorine elimination in the gas phase [367, 371]. It is obvious that,
the surface Fe-O bonds lower the activation energies for the dehydrochlorination corridor when
contrasted with the uncatalyzed analogous gas phase pathways. For instance, HCI elimination
from chloroethane molecule demands an activation barrier of 6.9 kcal molt. This is
significantly less than the value sourced from a DFT investigation Ahubelem et al [374] who

found that formation of ethene from chloroethane requires a sizable barrier of 57.5 kcal mol™.
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Dissociative adsorption

Figure 6.4. Reaction of chloroethane molecule with the magnetite (111) surface. Values are in

kcal mol™ in reference to the initial physisorbed structure, M7.

As alternative mechanism to the direct elimination route is the dissociative addition pathway.
This pathway proceeds in two steps; the direct scission of carbon-chlorine bond in the adsorbed
radicals, followed by g C-H bond elimination to afford the same products from elimination
route. The first is the fission of a C-Cl bond either through a low activation barrier of 18.2 kcal
mol? and at 24.6 kcal mol™* for 1-chloro-1-propene and chloroethene, respectively or via a
barrierless interaction for chloroethane and 2-chloropropane. This stage leads to produce an
alkoxy or alkoxide intermediate over the oxygen atoms of magnetite surface where the
positively charged C atoms combine with the surface O atoms, while the CI atoms bind with

Fe atoms as shown in structures M14 and M17 in Figures 6.6 and 6.7. The second step signifies

150



the formation of chlorine-free olefins by activating the carbon-hydrogen bond characterised by
the transfer of a hydrogen atom to a surface oxygen via a f-hydride elimination step. The
subsequent migration of hydrogen atoms occurs via very sizable activation barriers that vary
from 37.3 kcal mol™ (TS6B in Figure 6.5) for the expulsion of propene (one of the previously
experimentally detected compounds from co-pyrolysis of PVC with EAFD) as a gas phase
radical to 83.3 kcal mol™* (TS10B in Figure 6.7) for formation of an ethyne molecule. Overall,
the expulsion of olefins as a gas phase supports earlier experimental measurements of Al-
Harahsheh et al. [59] who found that, the co-pyrolysis of both EAFD and PVC at temperatures

higher 623 K lead to form alkyne molecules such as propyne.

Dissociative adsorption

Figure 6.5. Reaction of 2-chloropropane molecule with the magnetite (111) surface. Values
are in kcal mol™ in reference to the initial physisorbed structure, M10.
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From the above analysis, we can indicate that, the direct elimination channel is likely to satisfy
the so-called E2 mechanism presented by a recent theoretical study for ethanol dehydration by

Al203 clusters [500], while the dissociative addition channel follows the Sn2 type of

mechanism.

J,,

©

Kal>

TS8A 18.2

TS8B 38.1

Figure 6.6. Reaction of 1-chloro-1-propene molecule with the magnetite (111) surface. Values

are in kcal mol™ in reference to the initial physisorbed structure, M13.

Next, we turn our attention to compare the overall activation barriers for the S-hydride
elimination step (i.e., in reference to the initial physisorption states) with those values of the

direct elimination routes. From Figure 6.4- 6.7, we infer the following focal points:
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1- Dissociative addition pathway is expected to predominate the direct elimination route
for the formation of propene and ethyne. This corresponds with our finding for the
dehydrochlorination of organochlorinated compounds over a-Fe;Os3 clusters as well as
with an analogous previous theoretical account for the dehydrohalogenation of

halogenated alkanes by Al.Oz cluster [460, 501].

2- Direct elimination route represents the only feasible pathway for formation of ethene.
A similar trend has been observed from our recent investigations on the interaction of

a wide range of brominated/chlorinated compounds with hematite cluster [350, 460].

3- Reaction barrier for the direct HCI elimination route (35.0 kcal mol for 1-chloro-1-
propene) matches an analogous overall barrier for its dissociative adsorption pathway

i.e., 38.1 kcal mol™.

This trend supports the general consensus pertinent to the significance of the dissociative
addition pathway for producing pure stream of olefins [498]. The above conveyed analysis
demonstrates that, iron oxides act as effective catalysts and sorbent for the chlorine emitted

from the decomposition of PVC.

153



o
oxaly

TS10A 24.6

Dissociative adsorption

M17 -52.3

Figure 6.7. Reaction of chloroethene molecule with the magnetite (111) surface. Values are in
kcal mol in reference to the initial physisorbed structure, M16.

6.4. Conclusions and Future Directions

Throughout this manuscript, we have performed accurate DFT calculations to study
dechlorination and dehydrochlorination mechanism of hydrogen chloride and
organochlorinated compounds over magnetite FesO4 (111) surface. We started the study by a
comprehensive accuracy benchmarking of the adapted methodology against literature reporting
electronic and structural properties for bulk and surface of FesOs as well as for the BDE in the
investigated molecules. Results show that, dechlorination mechanism involved the formation
of ferrous ferric chloride proceed via two subsequent stages, further dissociative adsorption of

hydrogen chloride molecules on strong Lewis acid metal oxide site and followed by liberation
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of H20 molecules. We find that the dissociative adsorption of HCI over Feoct. Sites requires
remarkably lower activation energy than that over the Feten sites of FesOs (111) surface.
Herein, we investigated two competing channels for the reaction of halogenated alkanes and
alkenes with the FesO4 surface; the direct HCI elimination route and the dissociative addition
pathway. Products from the latter channel are significantly lower in energy, which supports
the general consensus related to the significance of the dissociative addition pathway in

producing a pure stream of olefins.

155



Chapter 7

Catalytic De-halogenation of Alkyl Halides by Copper Surfaces

The following chapter is a modified version of paper I11:

O. H. Ahmed, M. Altarawneh, M. Al-Harahsheh, Z.-T. Jiang, B.Z. Dlugogorski, Catalytic de-
halogenation of alkyl halides by copper surfaces, J. Environ. Chem. Eng., 6 (2018) 7214-7224.
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Abstract

The interplay of halogenated compounds with metal surfaces has been the focus of many
experimental and theoretical studies. These investigations have mainly aimed to illustrate the
potential dual role of transition metals and their oxides in mediating formation of toxic
halogenated aromatics as well as their catalytic-assisted decomposition over these surfaces. An
initial and prominent step in conversion of these precursors into heavier halogenated aromatics
signifies their dissociative adsorption on metallic species readily present in the combustion
media. This contribution represents a systematic computational study to examine thermo-
kinetic parameters underlying rupture of CI/Br-C bonds in halogenated model compounds
(namely; 2-chloropropane, chloromethane, chloroethyne, chloropropene, chlorobenzene, 2-
bromopropane, bromomethane, bromoethyne, bromopropene, and bromobenzene) over the Cu
(100) surface. These compounds adapt very weak physisorbed molecular states evidenced by
marginal adsorption energies and minimal structural changes in reference to their gas phase
molecules. The calculated reaction barriers for CI/Br-C bond fissions are scattered in the range
of 8.3 - 37.2 kcal mol™?. Stronger Cl — C bonds in reference to Br — C bonds (in the gas phase)
translate into higher corresponding reaction barriers for the former. The calculated reaction
rate constants and activation energies reveal faster rate for the decomposition of the brominated
species. Our calculations of the activation energies accord very well with the experimental

analogues values.
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7.1. Introduction

Brominated flame retardants (BFRs) are broad groups of chemicals that are extensively used
to delay/prevent the inset of ignition in treated objects via releasing bromine atoms [16, 459,
502, 503]. The latter readily captures hydroxyl radicals from the progressively established
combustion medium. BFRs are widely employed in a vast array of commercial and consumer
products such as textiles, furniture, plastics and electronic and electrical equipment [22, 504].
Due to the relatively short life span of treated objects (i.e., printed circuit boards), the extensive
uses of BFRs has resulted in a gigantic volume of halogenated wastes that poses a significant
concern, not only on the environment but also on the public health of human and other living
organisms [502, 505-507]. Likewise, polyvinyl chloride (PVC) is the most widely used
polymers with a production that has peaked at 60 Mt in 2013 and is estimated to reach ~180
Mt in 2021 [6]. The “waste-to-energy” approach is now widely deployed as a mainstream
strategy in the safe and economically effective disposal of the polymeric constitutes of
halogenated polymeric wastes. The organic matter in halogenated wastes is embedded with
high energy content. The recyclability of halogenated polymers into important industrial
feedstocks (olefins, in particular) heavily relies on near complete removal of their

bromine/chlorine content [212, 508].

Destroying of the carbon frameworks in bromine/chlorine-containing polymers through
thermal methods such as, incineration and thermal degradation is a truly daunting task as it
often necessitates a very high temperature under well-enclosed combustion chambers [6, 130].
An incomplete combustion of these wastes may result in the formation of notably hazardous
halogenated compounds such as polybrominated dibenzo-p-dioxins, and dibenzofurans
(PBDD/Fs) and their chlorinated counterparts [7, 26, 509]. Catalytic pyrolytic upgrading has

emerged as a viable alternative for the commonly utilized high-temperature combustion based
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on two compelling grounds [219, 510]. Catalytic upgrading proceeds at a significantly lower
temperature, and it is feasible to fine-tune operational conditions toward favouring striping the
halogen content while keeping the carbon skeleton intact [511-513]. Catalytic dehalogenation
reaction involves the cleavage of carbon-halogen bond as the elementary step. This process
has been employed to generate alkyl groups, linked on catalyst-surfaces [512, 514].
Consequently, numerous studies investigated direct de-halogenation reactions over many
potential surfaces. For example, through several laboratory-scale experiments, Buelow et
al.,[512] examined the carbon-halogen bond breaking over Pd(111) and Al(111) surfaces under
ultra-high-vacuum conditions. Their kinetics measurements using XPS and thermal desorption
spectroscopy provided an estimate for the involved activation energies in the C-Cl/I bond
cleavage. The authors found that, the reaction rate constants for the C-Cl/I bond cleavage over
the aforementioned two surfaces are relatively small in the range of (15.7/6.2-17.0/11.7 kcal

mol?) at temperature range of 250 —350 K.

The carbon-halogen bond sessions was assumed to take place via homolytic transition
structures [512]. Temperature-programmed reaction (TPR) and high-resolution electron
energy loss (HREEL) spectrometer measurements reported by Lin and his co-workers [515,
516] provided insightful evidence for the surface-assisted cleavage of C-Br/Cl bonds of
bromoethane, 1-bromopropane, 2-bromopropane and their chlorinated counterparts yielding
adsorbed radicals, such as, ethyl and i-propyl groups. The authors also found that, the
activation energies of the alkyl halide molecules’ decomposition over the copper surface
amount to ~10-19% of their gas phase values (gas phase fission of C-Br/Cl bonds). These
significant reductions in energy remain without theoretical verification. In our opinion, the
vacuum conditions deployed in these very delicate conditions may entail a significant

discrepancy when compared with real scenarios that typically entail high loads of both copper
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species and gaseous halogenated alkanes. In this regard, open burning of e-waste often pollutes
surrounding areas with high loads of elemental copper and halogenated compounds [517].
Simulation of catalytic reactions has now been widely deployed to acquire elucidation into

experimental measurements [518, 519].

Among several tested surfaces, copper represents a potentially effective catalyst owing to its
high selectivity toward the occurrence of the dehydrohalogenation reaction leading to the
formation of corresponding non-halogenated carbon cuts [520, 521]. In this context, copper
enjoy some interesting features over other transition metals such as, high natural abundance,
and the avoidance of halogen side-products (other than hydrogen halides) [522-524]. Despite
of various previous studies that have addressed reaction of halogenated short unbranched
hydrocarbons with copper surface from different views, [525, 526] a detail mechanistic
understanding of its role in surface-mediating rupture of carbon-halogen bond remains
unexplained on a precise atomic scale. It is of a fundamental importance to identify and
investigate the elementary steps that govern the degradation of multiple halogenated
hydrocarbons over a copper surface. This, in turn, will provide an atomic-based insight into
mechanistic and thermo-kinetic aspects that might not be easily acquired through just

explicating the experimental measurements.

The complex reaction medium engenders experimental identification of involved species and
the exact energy requirement to be a daunting task. Quantum chemical calculations are the
only means to describe the very transient nature of intermediates. To this end, this contribution
reports comprehensive density functional (DFT) study into the mechanistic steps and kinetic
factors dictating fission of Br/CI-C bond in a selected group of halogenated compounds. In the

first part of this study, we benchmarked calculated parameters for bulk and copper surface with
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analogous experimental and other calculated values. This is followed by surveying energy
requirements for the fission of CI/Br-C bonds in the title compounds (2-chloropropane,
chloromethane, chloroethyne, chloropropene, chlorobenzene, and their brominated
counterparts). Finally, we present Arrhenius parameters for the bond scission reactions. It is
hoped that findings from the current work can provide an insight into chemical phenomena
operating in the recycling the polymeric fraction of e-waste and other severely halogenated

fuels.

7.2. Computational Details

All electronic structure calculations presented in this work were performed using the Vienna
ab initio simulation package (VASP) that is based on the DFT formalism [407, 408]. The
calculation methodology encompass a spin-polarized generalized gradient approximation
(GGA) along with the exchange-correlation functional described by Perdew and Wang (PW91)
[319, 527]. In structural optimizations, the plane-wave basis set with energy cut off of 400 eV
was applied. The x-point meshes of 12x12x12 and 6x6x1 generated using the Monkhorst-
Pack method were employed in the x-space integrations for bulk and (100) surface;
respectively. The total energies on each ion were converged to less than 10° eV and the
structures were deemed to be fully relaxed until the force constants on every ion were all less
than 0.05 eV/A. A dipole correction was applied along the z direction in all surface

calculations.

To create a solid reference system for the molecular adsorption of the selected halogenated
compounds over copper surface, we first benchamrked structural properties of the bulk Cu and
its clean (100) surface (lattice constant and surface relaxation) aginst experimental analogous

values. Our optimized lattice constant of for bulk Cu at 3.653A departs from the analogous
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experimental value by only 0.4% [528]. It is also in an accord with other reported values in
previous theoretical studies [529, 530]. Also, the surface relaxation for the first two topmost

layers was calculated according to the following function:

di, —d
Adlz == 12 7.1

where d,, signifies the surface atomic layer distance between the subsequent layers1 and 2
while d represents the corresponding distance in the bulk. Our inward surface relaxation of -
2.6% obtained is in a good agreement with the previous theoretical estimates at -2.8% and -

3.1% [528, 529].

A six-layer symmetric slab and a p (2 x 2) unit cell were utilized. During the optimization,
atoms in the bottommost two layers were held fixed during the optimization in their bulk
positions, whilst all other ions for the top four layers were allowed to relax. Throughout this
study, the vacuum region between the adjacent slabs was set to 15 A along the z-direction to
eliminate any plausible interaction between vertically adjacent slabs, while in the x and y
directions, it was repeated periodically. Gas-phase molecules were optimized via placing them

ina20 A x 20 A x 20 A unit cell.

The Bader’s formalism [466] affords atomic charge analysis in envistgated systems. In this

regard, the atomic charge diffierence upon adsorption is calculated as:

AQ = qurface+molecule - (qurface + Qmolecule ) 7.2

162



where Qurface+moleculer @surface aNd Qmolecule SIGNIfy the charge on the adsorbed system, the

clean surface’s atoms and the adsorbed molecules, respectively.

Molecular adsorption and activation energies for all interaction mechanisms were determined
as the energy difference between the initial states and, products and transition states,

respectively, calculated according to the following expressions:

Eadsorption = Esurface+molecule - (Esurface + Emolecule ) 7.3

Eactivation =E transition state — (Esurface + Emolecule) 7.4

where E surface, E molecute, E surface + molecute @Nd E wansition state dlenote the energies of substrate, gas
phase molecule, substrate together with the gas phase and the transition state; respectively. It
is generally obvious that, the more negative value of adsorption energy indicates a stronger and

a thermodynamically favourable interaction.

The transition states (TS) along the reaction pathway were carried out using the “climbing
image” nudged elastic band (CI-NEB) technique [414, 415]. This was performed using sixteen
images between the reactant and the product states in each step where all images were
optimized individually based on the nudged elastic band algorithm. In the CINEB calculations,
the particular number of images was carefully adjusted in each transition-state to smothen the
tangent along the designated reaction potential energy surface. When the interaction had an
intermediate minimum present, the closest energy point was allowed to fully relax to define if
the minimum was a true minimum. Confirmed transition states contain one and only one

negative vibrational frequency along the designated reaction pathway.
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Finally, as a benchmark of the thermochemistry accuracy of the adopted molecules in our
study, it is very instructive to calculate bond dissociation energies (BDEs) for the selected
molecules in order to contrast them with their well-documented gas-phase thermochemistry
values in the literature. The calculated BDEs for fission C-CI/Br bonds, as documented in
Figure 7.1, amount to 85.8/67.0 kcal mol* (2-chloro/bromo-propane), 79.1/67.6 kcal mol™*
(chloro/bromo-methane), 97.3/99.6 kcal mol™ (chloro/bromo-ethyne), 88.9/89.7 kcal mol™*
(chloro/bromo-propene) and 100.4/89.9 kcal mol™? (chloro/bromo-benzene), respectively.
These results math very well analogous experimental estimates reported in the literature (i.e.,
87.8/65.5 kcal mol™, 83.7/70.3 kcal mol™?, 104.1/98.1 kcal mol™, 88.6/89.4 kcal mol™, and

97.6/86.5 kcal mol?, correspondingly) [367, 371].

Q Q

cl OBr C cl QBr

85.8 67.0 7.0 67.6 97.3 99.6
(87.3) (65.5) (83.7) (70.3) (104.1) (98.1)
2-chloro/bromo-propane Chloro/bromo-methane Chloro/bromo-ethyne

Br Cl L'/
88.9 89.7 100.4 89.9
(89.7) (89.3) (97.6)  (86.5)
Chloro/bromo-propene Chloro/bromo-benzene

Figure 7.1. Optimized structures of the selected gaseous molecules. Values represent bond
dissociation energies in kcal mol™. Values in brackets denote experimental values [367, 371].

Large green spheres denote chlorine/bromine atoms.
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7.3. Results and Discussion

The five selected compounds feat7.ure five distinct types of carbon-halogen bonds; methyl
(chloromethane); secondary (2-chloropropane); allylic (chloropropene); vinylic (chloroethyne)
and aromatic (chlorobenzene). For the five chloro- and bromo-containing compounds, the
BDESs scatter within 87.3-97.6 and 65.5-86.5 kcal/mol*; respectively. This noticeable variation
in the BDEs values enables to assess the influence of the atomic bonding environment on

estimated thermodynamics and kinetic parameters as the next section portrays.

7.3.1. Interaction of Halogenated Short-Chain Hydrocarbons with the Cu (1 0 0) Surface
Studying of surface-alkyl halide molecular adduct becomes an essential tool for fine chemical
synthesis. Generally, alkyl halides have been demonstrated to be capable of coordinating with

Cu surface’s hallow sites via dissociative adsorption pathway.

Catalytic removal of halogen atoms from alkanes and olefins generally proceed via two
pathways; direct elimination, or dissociative adsorption followed by hydrogen transfer to the

surface:

H,C-CH, X
\

Cu

Dissociative adsorption
(De-halogenation)

H2C=CH2
H X
\ /
Cu Cu

From our recent work on the interaction of halogenated C:-Cs cuts with clusters of a-Fe.O3
(hematite), [48, 49] it became apparent that the dissociative adsorption channel systematically

requires lower opening barrier in reference to the direct elimination channel. Nonetheless, high
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barriers for subsequent hydrogen transfer from p-carbon to the surface (releasing non
halogenated entities) renders dissociative decomposition and direct elimination channel to
incur very similar overall activation barriers in the alkyne family. For instance, we find that
both channels assume comparable reaction rates in formation of acetylene from vinyl bromide.
Herein, we limit our analysis on the first step in the dissociative adsorption channel. Removal
of the adsorbed hydrocarbon adduct from the surface following surface-assisted fission of the
Cl/Br-C bond may in principle occur via reactions that do not involve the intramolecular
hydrogen transfer into the surface. If oxygen is pre-adsorbed on the surface, it could initiate

conversion of these moieties into their corresponding alcohol compounds for instance [531].

We first present geometries for the initial reactant and the final products following the
dissociative adsorption channel as depicted in Figures 7.2 and 7.3. The corresponding potential
energy surfaces are shown in Figures 7.4 and 7.5. We find that physisorption of the four
considered chlorinated species over the Cu (100) surface are slightly exothermic affording very
negligible reaction energy in the range from -2.1 to -0.1 kcal mol™. In the surface-adduct
structures (M1, M3(c1), M5y and M7cy), the C-CI bonds differ from their analogous gas
phase bonds by only 1.25-0.60%. Likewise, the physisorption energies for brominated species

reside in the narrow range of 0.8 to -2.6 kcal mol™.

Table 7.1 summarises values of bond elongations and adsorption energies for all physisorbed
structures. The marginal CI/Br-C bond stretching is in line with the computed low values of
adsorption energies. The very weak interaction reported in Table 7.1 is in accord with an
analogues DFT findings by Barbosa et al. [521] in their study on the interaction of trichloethene
molecule on two different Cu(110) surfaces. It should be emphasised though that the computed

low energies are most likely to be within the accuracy limit of the adapted methodology. It can
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be concluded herein that the four title C1-3 halogenated molecules interact rather weakly with

the Cu(100) surface in their physisorbed states.

Table 7-1. Electronic and structural properties for molecular and dissociative adsorption

structures
Elongation Charge transfer from the Adsorption energy
Species of CI/Br-C | surface to adsorbed CI/Br (keal mol)
bonds (%) | molecules (e)(Chemisorption)

2-Chloropropane 1.25 -0.27 -2.1
Chloromethane 0.60 -0.29 -1.1
Chloroethyne 7.05 -0.44 -1.0
Chloropropene 0.60 -0.36 -0.1
Chlorobenzene 1.00 -0.34 0.5
2-Bromopropane 1.19 -0.20 -1.8
Bromomethane 1.68 -0.33 -2.0
Bromoethyne 11.84 -1.46 -2.6
Bromopropene 0.89 -0.49 0.8
Bromobenzene 1.78 -0.40 0.4

New are now in a position to examine reaction for the dissociative adsorption interaction
underpinning catalytic de-halogenation of the selected C1-Cs halogenated species. As shown

in Figures 7.2 and 7.3, we portray the side and top perspectives for products arising from
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scission of the C-CI/Br bonds in the selected four molecules. In all structures, we consider that
all dissociated halogen atoms occupy a hollow site. We have shown previously that dissociated
Cl atom from the fragmentation of a 2-chlorophenol molecule prefers adsorption at the hollow
site in comparison to on-top and bridge sites [529]. The produced hydrocarbon adducts are
attached to the surface via bonding of the free carbon radical centre to the surface Cu atom.
Fission of the C-ClI bonds in the 2-chloropropane, chloromethane, chloroethyne and
chloropropene molecules results in the formation M2y, M4(c1), M6y and M8cry adducts,
respectively. In reference to the physisorbed configurations, M2cr), M4, M6(ciy and M8c),
dissociative adsorption leading to fission of the C-Cl bonds entail an exothermicity of -12.0, -
22.3, -50.9 and -27.9 kcal mol™*; respectively. The catalytic effect of the Cu(100) becomes
more comprehensible when contrasting this predicted surface-assisted exothermicity with the
highly endothermic direct cleavage of C-Cl bonds in the gas phase. These reactions demand
considerable energies of 87.3, 83.7 104.1, and 89.7 kcal mol? for 2-chloropropane,
chloromethane, chloroethyne, and chloropropene, in that order [367, 371]. Therefore, whilst
thermodynamic factors in terms of the exothermic nature of the surface-mediated C-Cl bond
rupture, predict a spontaneous process, the potential for the occurrence of the bond fission
reactions truly rests on underlying Kinetic considerations, embedded in activation energies. We
find that dissociation of CI from the selected chlorinated molecules proceeds via activation
barriers of 11.8 (TS1), 8.8 (TS2), 37.2 (TS3) and 25.4 kcal mol™? (TS4) for 2-chloropropane,
chloromethane, chloroethyne and chloropropene physisorbed states, respectively. It should be
indicated that, these energies seem to positively concur with the energy requirements for the
C-ClI bond scission in gas phase, i.e., 87.3, 83.7 104.1, and 88.7 kcal mol, correspondingly
[367, 371]. Interatomic distances of CI-Cu and Br-Cu in M2ciy@r, M4 ciy@en, M6(ciy@r), and
M8 ciyen, Structures reside within the range of (2.305 — 2.382A), reflecting very well CI-Cu

and Br-Cu bond lengths of bulk CuCl, and CuBr; at 2.380 A and 2.390 A [532-535].
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Figure 7.2. Schematic representation for the decomposition of (a) 2-
chloropropane/bromopropane molecules and (b) chloromethane/bromomethane over the Cu
(100) surface. Only the first two layers are shown in side views. Large green spheres
correspond to chloride/bromide atoms and brown, gray, and white spheres to Cu, H and C

atoms, respectively. This color code applies in Figures 3 and 6. Values are C-Cl/Br distances

in A.
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The interaction of the corresponding brominated species with the Cu (100) surface proceeds
through similar thermodynamic and kinetic trends. Surface-mediated fission of the Br-C bonds
requires activation energy barriers that vary between 8.3 kcal mol™ (TS7 in Figure 7.5) for the
de-bromination of bromoethyne to 19.1 kcal mol* (TS8 Figure 7.5) for bromopropene de-
bromination process. These steps are accompanied with exothermic reaction energies varying
between -17.7 kcal mol* (M2 @n) to -57.8 kcal mol™ (M6 @), as shown in Figure 7.5. The

catalytic capacity of the Cu surface toward de-bromination of the selected gas phase molecules



becomes very evident by comparing these low values with the reaction energies required to
break the C-Br bonds in the gas phase (i.e., 65.5, 70.3, 98.1, and 89.3 kcal mol* for 2-

bromopropane, bromomethane, bromoethyne, and bromopropene, respectively.) [367, 371].

By comparing the higher activation energy barriers for the scission of the C-Cl bonds for almost
all the selected chlorinated species with those for C-Br bonds, we can see obviously that these
values concur with the stronger bonds in the former [367, 371]. The only exception to these
trends constitutes the dissociative adsorption of chloromethane versus the bromomethane
molecule. Examination of the transition state values for the intermediate structures M4ciy and
M4 g show that the required barrier energy for the cleavage of C-Cl bond of chloromethane is
~1.6 kcal/mol lower than analogous value for the C-Br bond scission of bromomethane.
Interestingly, our results herein are consistent with the experimental work performed on the
similar molecules by Zhou et al. [536] over the Ag(111), in which it was reported that

dehalogenation of chloromethane is more facile than that of bromoethane.

Overall, inspection of the relative energy profile diagrams displayed in Figures 7.4 and 7.5

leads to the following focal points:

1- Dissociative adsorption of the selected brominated species is generally more exothermic
in comparison to their chlorinated counterparts. For example, the fragmented structures
M2 (i resides in a well-depth 12.0 kcal mol™ in reference to its non-interacting state. This
is significantly lower than that for the analogous M2 (g structure (i.e., -17.7 kcal mol™?).
This responsibly corresponds with the general observations from the previous
investigations in the literature that bonding of brominated compounds with metal surfaces

are slightly stronger than their chlorinated counterparts [515].
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2- Transition states of the dissociate adsorption of the four chlorinated species (Figure 7.4)
are consistently higher than their analogous values for brominated species (Figure 7.5).
Stronger C-Cl bonds in reference to C-Br in gas phase molecules engender higher
activation barriers. These results are consistent with the general observation from previous
experimental investigations in the literature [515, 516] as well as with our recent findings
on the dissociative adsorption of several brominated [350] and chlorinated compounds

[460] over a-Fe203 nanoclusters.
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Figure 7.4. Potential energy surface for the C-Cl bond fissions in 2-chloropropane (Green),
chloromethane (Red), chloroethyne (Blue), and chloropropene (Orange) molecules over the

Cu(100) surface. Values are in kcal mol! with respect to the initially separated reactants.

Analysis of charge transfer assists in comprehending whether the adsorbed fragments
constitutes Lewis base (donates electron) or Lewis acid (received electrons). Table 7.1 presents

the Bader’s charges of the chemisorbed CI/Br atoms (i.e., the net electronic charges transfer
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from copper surface to molecules). The negative values presented in Table 7.1, discloses that
the halogen atoms for M2 cier, M4cier, M6 cier and M8 cisr Structures acquire electron
charge when they adsorb over a surface’s hallow side, and thus acting as Lewis acid. The
relatively significant transferred charge from the copper substrate to chlorine/ bromine atoms
is in line with the remarkable strong exothermic reactions between both the substrate and the
adsorbate in the final chemisorbed structures. The noticeable charge transfer from the surface
positively correlates with the estimated dissociative energies. Overall, accessible activation
energies, significant charge transfer and profound exothermecity all consistently indicate that
copper surfaces incur high catalytic capacity toward dehalogenation of unbranched

hydrocarbon cuts.
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Figure 7.5. Potential energy surface for the C-Br bond fissions in 2-bromopropane (Green),
bromomethane (Red), bromoethyne (Blue), and bromopropene (Orange) over Cu (100)

surface. Values are in kcal mol™! with respect to the initially separated reactants.
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7.3.2. Decomposition of Aromatic Halogen Compounds over Cu (100) Surface

Herein, we investigated the three elementary stages of chlorobenzene and bromobenzene
molecules dissociation over the Cu(100) surface. In Figure 7.6 and 7.7, we illustrate that, both
molecules share the same principal dissociation mechanism stages, albeit with various energy
profiles. The chlorobenzene/bromobenzene is physisorbed in the initial reaction stage, whilst
both the halogen atom (hollow site) and the phenyl ring are chemisorbed in the final reaction
stage. Starting with the non-dissociative molecular adsorption state, binding energies for the
initial physisorbed structures of chlorobenzene and bromobenzene molecules over Cu surface
amount to only 0.5 and 0.4 kcal mol™ for chlorobenzene and bromobenzene, respectively. This
endothermic trend for the first step reflects well with Bjork et al., [537] findings for the
interaction of some aromatic compounds with metallic surfaces. Moreover, this behaviour is
accompanied with minor extension of C-Cl/Br bond by only 1.0 and 0.89%, correspondingly,
when compared with the equilibrium distances in the gaseous CsHsCI/Br molecules (i.e., 1.749
and 1.910 A). Thus, those low C-CI/Br bond elongations represent another signature for the
weak physisorption process over the Cu surface. Consequently, physisorption of the two
haloaromatic compounds over the surface does not result in their activation. Very weak
adsorption energies were also obtained in the course of the interaction of the 2-chlorophenol

molecule over the Cu(100) [529] and Cu(111) surfaces [509].
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Chlorobenzene/bromobenzene molecule dissociates hetrolytically in the final stage leading to
adsorption of the halogen atom in a surface hollow side whilst, the adsorbed phenyl ring with
its unsaturated carbon in structures M10(ciyand M10 gy form bridges with two adjacent copper
substrate atoms. Therefore, desorption of phenyl rings into the gas phase is unlikely to occur.
The most prevalent scenario is decomposition of the phenyl ring affording smaller fragments,
most notably acetylene. As depicted in Figure 7.7, dissociation of halobenzene molecules in
both reactions are exothermic, that is reflected by the negative values of the final stage energies
in reference to their physisorbed states., -19.2 and -34.2 kcal mol* for chlorobenzene and
bromobenzene, respectively. Moreover, this exothermic trend for the final stage is in line with
our recent investigations for decomposition of brominated/ chlorinated benzene over clusters

of a-Fe»03[350, 460].

Inspection of TS9 and TS10 as shown in Figure 7.7, indicate that fission of aromatic C-CI/C-
Br bonds proceeds via activation barriers of 22.8 kcal mol™ for dissociation of chlorobenzene

and 20.2 kcal mol for bromobenzene. Lower energy barriers for scission of the C-Br bond in
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comparison to C-CI concur with the weaker bond in the former (86.5 versus 97.6 kcal mol™)
[371]. The strong catalytic effect of Cu(100) surface on the de-halogenation of gas phase of
halobenzene molecules becomes clear when contrasting those modest barrier energies with the
sizable reaction energies required to break the C-CI/Br bonds in the gas phase, 97.6 and 86.0
kcal mol™ for CsHsCI/Br, respectively [371]. Obviously, the Cu(100) surface significantly
decreases the activation barriers and thus considerably lower the operational temperature

required to de-halogenate aromatic compounds in general.
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Figure 7.7. Relative energy for reaction of chlorobenzene (Blue) and bromobenzene (Red)

over Cu (100) surface. Values are in kcal mol™! with respect to the initial reactant.

Binding of the electronegatively charged Cl and Br atoms with the surface Cu atoms produces
charge transfer and redistribution which can be explained effectually using Linus Pauling
electronegativity method. It is predictable that the electron charge transfers occurs from the
less electronegative atom (i.e., Cu atoms, its Pauling electronegativity = 1.90) toward the more
electronegative atom (i.e., Br/Cl, their Pauling electronegativity = 2.96 and 3.16, respectively).

Bader’s charge analysis for the chemisorption states (M10(ci and M10 (gp) as listed in Table
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7.1, indicates that CI/Br surface atoms incur a net electronic charge of -0.34/ -0.40. We
compute very similar charge transfer to C/Br atoms upon dissociative adsorption of the two
hydrogen halides over zincite surface [461]. Coupling of two adjacent phenyl rings via
consequent reaction steps over copper surface leads to the formation of biphenyl molecule via
the well-known Ullmann reaction [525, 537]. The kinetics for UImman reaction over copper

and other transitional metal surfaces will be investigated in a due course.

7.3.3. Kinetics Consideration
Finally, based on the results presented so far, it is important to investigate how the interaction
kinetic are affected by the thermodynamic parameters. The reaction rate constants of all de-

halogenation processes were estimated based on the transition state theory (TST) [538]:

k(T)=Aexp (-Ea/RT) 7.5

in which Ea signifies the activation energy, R stands for the gas constant (1.987 cal K** mole™?)
and T is the temperature in Kelvin [356]. Herein, we used the Phonopy software [417, 539] to
calculate vibrational frequencies, which enable us to obtain phonon-related thermodynamic
properties (enthalpies and entropies of activation as a function of temperature). The latter two
quantities are then utilized to obtain the fitted pre-exponential factor A and energy of activation

Ea.

Panels shown in Figures 7.8 and 7.9 characterize the variation in the reaction rate constant over
the temperature region of 300 and 1000 K for all investigated molecules, while Table 7.2 listed
their Arrhenius parameters. As expected, we find that C-Cl cleavage reactions to consistently

incur lower reaction rates in reference to C-Br bond fission. Accordingly, the Cu(100) surface
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catalytic de-bromination is predicted to occur at lower temperatures. These thermodynamic
and kinetic preference for the de-bromination process supports the prior experimental findings
of Lin et al., [515, 516] who found that, copper-mediated scission of C-CI/Br bonds require
substantially higher energy requirements if contracted with the unanalysed gas phase reaction.
Our calculated activation energies for the formation (M2(cigr), M4cugr), M6cisr), M8(cisr) and
M10(cien) amount to 14.6/20.4, 10.3/13.1, 34.3/8.6, 28.3/22.2, and 21.6/17.6 kcal mol?,
respectively. These values constitute 8-31% of corresponding C-CI/Br BDEs in the gas phase.
This compares very well with the analogues reduction in energy requirement for surface-

assisted versus direct bond fissions in the gas phase reported by Lin et al.; (10-19%).
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Figure 7.8. Arrhenius plots for C-Cl bond ruptures over the Cu(100) surface.

In order to illustrate the high catalytic performance of copper (100) surface toward

dehalogenation of alkyl halides, we have compared the results obtained for some of the alkyl

178



halides considered in our study with analogous theoretical and experimental values obtained

over (i) other copper surface terminations, and (ii) over various metal surfaces:

(i)

(i)

In order to underpin the catalytic capacity of copper-terminated (100) surface than
other copper terminations, we have contrasted our obtained activation energies for
dissociation reactions in selected halogenated hydrocarbons molecules with
corresponding values ensued over another copper termination surface (i.e.,
Cu(410)) [540]. Figure 7.S1 (in the Appendix C) shows that fission of the C-Cl
bond in the CH3CI molecule over copper-terminated (410) required slightly higher
activation barrier (10.3 kcal mol™?) in reference to the value calculated here for the

clean Cu(100) surface; i.e., 8.3 kcal mol™,

The Cu(100) surface-mediated fission of halogen-carbon bonds in the CHsCI or
CH3Br molecules entails a modest barrier of 8.8 and 10.4 kcal mol™, respectively.
In Figure 7.S2, we compared these values with analogous literature reported values
for other metallic systems. Our calculated activation energies are consistently lower
than activation barriers for fission of CHz-Cl and CHs-Br bonds over other metallic
surfaces, i.e, 13.3 kcal mol? (Ru) [541], 11.2 kcal mol*? (Pd) [542] and 11.2 kcal
mol? (Ru) [543]. Thus, itis inferred herein that the C-CI/Br bonds of methyl halides
can be easily activated by the Cu(100) surface in a rate that is very comparable if

not faster than other surfaces.
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Next, we move to compare our computed activation barrier for the de-halogenation of the
bromobenzene molecule over Cu(100) with the corresponding value of activation energy
obtained previously over the Au(111) [537]. As illustrated in Figure 7.S3, Au-mediated fission
of the aromatic C-Br bond requires an activation barrier of 23.5 kcal mol™; slightly higher than
the analogous value over the Cu(111) surface. Thus, copper surfaces display a comparable

performance in activation of aromatic C-Br bonds in reference to Nobel metals.
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Table 7-2 Kinetic parameters fitted in the temperature range of 300-1000K.

Species Reaction A (s Ea (kcal mol?)

2-Chloropropane M1y — M2 3.70x101 14.6
Chloromethane M3cy — M4y 7.48x101 10.3
Chloroethyne M5ty — M6y 1.55x10™ 34.3
Chloropropene M7ty — M8y 3.70 x10% 28.3
Chlorobenzene M9y — M10(c) 1.85x10% 21.6
2-Bromopropane M1e) — M2@r 6.43 x10! 20.4
Bromomethane M3 &1 — M4 @& 4.21 x101! 13.1
Bromoethyne M5@r) — M6 3.58x10™ 8.6
Bromopropene M7@&) — M8 5.25x10%° 22.2
Bromobenzene M9@n — M10¢@) 6.46x10° 17.6

7.4. Conclusions

We performed a systematic theoretical study of the catalytic dehalogenation mechanism of
selected halogenated compounds over Cu (100) surface. Our study sought to identify the initial
stages that dictate the de-halogenation mechanism. We examined the thermo-Kinetic
parameters underlying the split off halogen atoms from chlorinated/brominated alkyl
chloride/bromide and chloro/bromo-benzene molecule. The analysis of the structural
properties and binding energies in the elementary physisorption stage for each surface-adduct
structure discloses that investigated halogenated compounds interact rather very weakly with

the Cu (100) surface. Activation barriers for C-Cl bond fission are systematically higher than
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their analogous C-Br values, largely following their respective bond strengths in gas phase

molecules. Surface CI/Br-Cu bonds mimic the corresponding bonds in bulk CuCl2/CuBr.

182



Chapter 8

Formation of Phenoxy-type Environmental Persistent Free
Radicals (EPFRs) from Dissociative Adsorption of Phenol on

Cu/Fe and their Partial Oxides

The following chapter is a modified version of paper V:

O.H. Ahmed, M. Altarawneh, M. Al-Harahsheh, Z.-T. Jiang, B.Z. Dlugogorski, Formation of
phenoxy-type environmental persistent free radicals (EPFRs) from dissociative adsorption of
phenol on Cu/Fe and their partial oxides, Chemosphere, 240 (2020) 124921.
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Abstract

The interplay of phenolic molecules with 3d transition metals, such as Fe and Cu, and their
oxide surfaces, provide important fingerprints for environmental burdens associated with
thermal recycling of e-waste and subsequent generation of notorious dioxins compounds and
phenoxy-type Environmental Persistent Free Radicals (EPFRs). DRIFTS and EPR
measurements established a strong interaction of the phenol molecule with transition metal
oxides via synthesis of phenolic- and catecholic-type EPFRs intermediates. In this
contribution, we comparatively examined the dissociative adsorption of a phenol molecule, as
the simplest model for phenolic-type compounds, on Cu and Fe surfaces and their partially
oxidized configurations through accurate density functional theory (DFT) studies. The
underlying aim is to elucidate the specific underpinning mechanism forming phenoxy- or
phenolate-type EFPRs. Simulated results show that, the phenol molecule undergoes fission of
its hydroxyl’s O-H bond via accessible activation energies. These values are lower by 46.5 -
74.1% when compared with the analogous gas phase value. Physisorbed molecules of phenol
incur very low binding energies in the range of -2.1- -5.5 over clean Cu/Fe and their oxides
surfaces. Molecular attributes based on charge transfer and geometrical features are in accord
with the very weak interaction in physisorbed states. Thermo-kinetic parameters established
over the temperature region of 300 and 1000 K, exhibit a lower activation energy for scission
of phenolic’s O-H bonds over the oxide surfaces in reference to their pure surfaces (24.7 and

43.0 kcal mol™ vs 38.4 and 47.0 kcal mol™).
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8.1. Introduction

The essential role of the phenol molecule (and its halogenated isomers) in the synthesis of the
notorious “dioxins” compounds is well-established in the literature [138, 166]. Via a
synergistic experimental-theoretical approach over the last decade, we have demonstrated a
wide array of chemical phenomena that dictate condensation of phenolic molecules into
halogenated dioxins. A central step in commonly discussed phenol — “dioxins” mechanisms
is the conversion of phenol molecules into gas phase phenoxy radicals or surface-bounded
phenolate anions. With a strong hydroxyl’s O-H bond at ~ 85 kcal mol™ [138], a direct thermal
bond fission assumes a negligible importance when compared with H abstraction reactions
operated by O/H radicals in the combustion media [458]. Depending on the operational
conditions in the gas phase medium (most notable the temperature window and pyrolytic versus
oxidative environment); self-coupling of phenoxy radicals branches into either dibezno-p-
dioxin or dibenzofuran molecules [544]. However, the homogenous route contributes by less
than 30% of the total yields of dioxins. Heterogeneous pathways characterised by the so-called
“de novo synthesis” and surface-assisted coupling of adsorbed phenoxy radicals (or phenolate
anions) constitute the prevailing synthesis corridors. The most effective species in catalyzing

formation of dioxins from isomers of phenols are transition metals and their oxides.

With deploying more stringent emission criteria and abatement technologies, emission of
dioxins from thermal systems has systematically reduced. However, interaction of phenolic-
type molecules with metallic surfaces has continued to enjoy a profound interest derived by
serious health hazards [545-547]. Dissociative adsorption of phenol molecules over these
metals facilitates rupture of their hydroxyls O-H bonds affording phenolate-type
Environmental Persistent Free Radicals (EPFRs) [548, 549]. Phenolate-type EPFRs endure

prolonged life spans and were shown to cause chronic respiratory illnesses [550, 551]. Electron
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paramagnetic Resonance (EPR) measurements consistently detected signals that correspond to
oxygen-centred surface-bounded phenoxy radicals from the interaction of phenol molecules
with transition metal oxides; most notably Fe>Os [552] and CuO [553]. A higher oxidation
potential for Fe-Oz in reference to CuO produced higher concentration of phenoxy-type EPFRS
[552, 553]. Seemingly unreacted silica surfaces also facilitate rupture of the phenolic’s O-H
bond [554]. In our recent theoretical studies [66], we illustrated thermo-kinetics parameters
for the dissociative adsorption of phenol yielding adsorbed phenolate species over surfaces of
dehydroxylated alumina and OH-alumina clusters. The metal (M) — oxygen (O) linkages in
these surfaces serve as a Lewis-acid pair in facilitating rupture of phenolic’s O-H bonds. In
this regard, copper and iron species largely dominate the metallic content in systems pertinent
to surface-catalysed formation of phenolic-type EPFRSs such as particulates matters generated

from combustion operations and [555] municipal waste incinerations [556].

In arelated work, Lu et al.[557] investigated the adsorption of phenol onto Pt(111) surface with
low-energy electron diffraction (LEED), high-resolution electron energy loss (HREELS) and
anger electron spectroscopy (AES). These authors reported that phenol initially adsorbs
molecularly, horizontal to the Pt(111) surface, at a temperature below 200 K before undergoing
a fission of its O-H bond affording surface-bounded phenolate and a hydrogen atom. Molecular
dissociative adsorption is sustained by a pairing of the odd electron with electron density of the
metal. Along the same line of enquiry, Richardson and his co-worker [558] examined the O-
H bond scission over Cu(110) surface at room temperature. By using the HREELS and AES
data, the authors attributed the absence of C-OH associated vibrations in the phenol molecule

to a potential rupture of the O-H bond.
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Theoretically, Hensley et al. [559] carried out density functional theory (DFT) calculations to
explore the adsorption mechanism of phenol over Fe(110) and Pd(111) surfaces with the
inclusion of van der Waals corrections. They examined this process via two reactions; parallel
and perpendicular configurations. They reported that phenol adsorption through the aromatic
ring (parallel) side is significantly more favourable than through the oxygen functional group
(perpendicular) side. The authors concluded that preference of the parallel side can be ascribed
to an enhancement in the amount of charge transfer between the surface and adsorbate in the
parallel orientation via the aromatic ring. Altarawneh et al. [381, 560] studied fragmentation
of a 2-chlorophenol molecule over Cu(100) and Cu(111), but without attempting to calculate
pertinent intrinsic reaction barriers. For he thermodynamically most stable copper oxides,
Altarawneh et al. [456] attained a reaction barrier at 8.2 kcal mol™ for fission of the phenolic’s
O-H bonds over the Cu.O(110) surface. Notwithstanding these numerous experimental
measurements and computational calculations, several mechanistic aspects dictating formation
of phenoxy-type EPFR remain poorly understood; most notably regarding the operating

reaction barriers prevailing over pure metallic surfaces and their partially oxides states.

To this end, this study investigates reaction mechanisms and energy barriers for the formation
of phenoxy-type EPFRs over surfaces of pure Cu(100) and Fe(100) and their oxygen-covered
configurations. The prime focus is to contrast the catalytic capacity of the aforementioned
reactions of the title reaction with analogues values reported in the literature for transition metal
oxides. Lastly, we provide kinetics parameters for all investigated reactions. It is hoped that
results provided herein to be useful in the continuous pursuit to understand the transformation

chemistry of phenol — phenoxy-type EPFRSs.
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8.2. Computational Details

Periodic DFT calculations have been widely utilized to accurately describe various aspects of
heterogenous catalysis; namely in establishing reaction mechanisms and in constructing
kinetics models. This approach simulates the surface-assisted chemical reactions by
considering active sites. Periodic surfaces eliminate the presence of edge effects that often
prevail in corresponding cluster models. Periodic density functional theory (DFT) calculations
were performed utilizing the Vienna ab Initio Simulation Package (VASP) code [317, 318].
Projector augmented wave method (PAW) was employed to represent the spin-polarised
electronic computations and the core-valence interactions [321]. The generalized gradient
approximation (GGA) functional of Perdew and Wang (PW91) was used to describe the
electron exchange and the electronic-energy correlation effect [527]. The energy cut-off of the
plane wave basis set was fixed at 400 eV. Pure metallic surfaces and their partially oxidized
configurations [i.e., Cu(100), Fe(100), Cu(100)_O1 and Fe(100)_O:] were modelled with six-
layer thick surface and p (2 x 2) unit cell separated with a 20 A of vacuum gap to accommodate
the monocyclic aromatic molecule of phenol along the z-direction. The bottommost two-layer
metal ions were fixed at their corresponding bulk positions whilst the top four layers together
with the adsorbate phenol molecule were allowed to fully relax. Figure 1 portrays side and top

views of Cu(100), Fe(100) and Cu(100)_O1 and Fe(100)_O; surfaces.

A dipole correction was also imposed along the z direction due to potentially significant effect
of dipole interactions between the consecutive supercells. Integration of the irreducible part of
the Brillouin’s zone was carried out based on a 12x12x12 and 6x6x1 Monkhorst-Pack mesh
k-points for bulk and surfaces calculations, correspondingly. The total energy was converged
to at least 10° eV on each ion in the system and the systems were deemed to be fully optimized

when the force constants on each ion were less than 0.05 eV/A.
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The adsorption energy, defined as the binding energy of the phenol molecule with the surface,

was calculated by using the following expression [561]:

BE 445y = Ecadas/siap)y — E(stap) — E(aas) 8.1

where BE 4 signifies the binding energy, E4qs/siap) 1S the total energy of the adsorbate on

the metal slab, Eg;,;, denotes the energy of the clean slab and E,,4; is the energy of the gas
phase adsorbate. The negative values of the binding energy imply that the adsorption is
exothermic (practically, the more negative value of binding energy indicates a favourable

adsorption), whilst the positive values correspond to an endothermic adsorption.

The activation energies of the interaction characterize the energy difference between the
reactant (the initial physisorbed state) and the transition state. Climbing Image Nudged Elastic
Band (CINEB) technique was applied to obtain geometries and energies of transition states
(TS) [414, 562]. In implementing the CINEB procedure, we utilized 16 images between the
initial and the final (the dissociative structures) states of each recanting system. Each of these
images were optimized separately based on CINEB formalism. Computing the vibrational
frequencies of the reactants and transition state structures enable to calculate their
thermodynamic parameters (entropy, AS, and enthalpy, AH* of activation) at high
temperatures between 300 and 1000K. Reaction rate constants, k(T), were obtained using the

classical transition state theory (TST) [416, 472]:

AS#) . (—AH#)

k() = 0, (2R )e (T 8.2

where o, ,kg, T and h denote the reaction degeneracy number (set to 1 in all reactions), the

Boltzmann’s constant, the reaction temperature, and the Planck’s constant; respectively.
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8.3. Results and Discussion

8.3.1 Bulk and Surface Properties

It is of a prime importance to first demonstrate the anticipated accuracy level of the adapted
theoretical framework against experimentally measured values. In our recent studies, we have
thoroughly compared DFT-computed values with a wide array of structural and
thermochemical properties reporting a rather very good agreement (a difference in the range of
2-6% in reference to experimental measurements) [365, 374, 563, 564]. Contrasted properties
encompass bond dissociation enthalpies, reaction rate constants, pka values, solvation energies,
lattice constants; and electronic bang gaps. In order to establish an accuracy benchmark of our
adapted theoretical methodology herein, we first compute structural parameters of the bulk
Cu/Fe and for their clean (100) surfaces, namely, lattice parameter, and surface relaxations.
Tablel contrast calculated lattice constants with other analogous literature computational and
experimental values. Our calculated lattice constants for bulk Cu and Fe depart from their
analogous experimental values by only 0.46% -0.28%, respectively [565, 566]. As Table 8.1

shows, computed lattice constants are in accord with other theoretical values [559, 567].

Table 8-1. Computed and experimental values of the lattice constant for bulk Cu/Fe and
structural relaxations of the clean Cu(100) and Fe(100) surfaces. Adq; = (d12 — d)/d,
where d;, is the surface atomic layer distance between the subsequent layers1 and 2 while d

represents the corresponding distance in the bulk.

Parameters This work Theoretical Experimental
Lattice Cu [a(h)] 3653 3.646 [567] 3.636 [565]
constant Fe a(h) | 2.825 2.832 [568] 2.833 [566]
Structural | Cu(100) | Ady, | -2.8% -3.1% [569] -2.8% [570]

relaxations Fe(100) | Ad,, | -2.5% - 2.72% [559] -1.4+ 3 % [571]
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Likewise, our computed structural relaxation between the first and second layers (Ad,y) in

clean Cu(100) and Fe(100) surfaces are in accord with literature values at -2.8% [570] and -
1.4+3% [571]; respectively. These values were sourced from low-energy electron diffraction
(LEED) measurements. Similarly, computed Ad;, values are very comparable with other
theoretically obtained values [567-569]. We conclude this section by comparing structural
parameters of gas-phase phenol molecule with literature values (Table 8.2) in which an

excellent agreement is obtained [66, 572].

Table 8-2. The equilibrium bond distances in the gas-phase phenol molecule along with a

comparison with literature values.

Parameters This work Theoretical [66] Experimental [572]
d(C-H)/A 1.09 1.09 1.08
d(C-C)/A 1.39 1.39 1.39
d(C-0yA 1.37 1.38 1.37
d(O-H)/A 0.97 0.97 0.96

8.3.2 Surface-Assisted Fission of Hydroxyl’s OH bonds over Cu(100) and Fe(100)
Surfaces

This section presents three stapes dictating the surface-mediated session of the phenolic O-H
bond over the clean Cu(100) and Fe(100) surfaces. Figure 8.2 and 8.3 reveals the geometric
structures of physisorption, chemisorption and desorption states, denoted as M»A, MnC and
MnD; respectively, while the corresponding potential energy surfaces are displayed in Figure
8.4. A closer look at the optimized structures of physisorbed M1A and M2A states from Figures
8.3 and 8.4 reveals that the OH group slightly tilts toward the surfaces in which the distances
between the oxygen atom and the nearest Cu and Fe surface atoms are 3.002 A and 3.171 A,

respectively. As shown in Figure 8.2 and 8.3, intermediates and products in the dissociative
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adsorption mechanisms over the two surfaces share very similar geometries. Albeit with

distinct energy profiles.
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Figure 8.1. Top and side view of the first two layers of (a) clean Cu(100) and Fe(100) surfaces,
and (b) Cu(100) _Os and Fe(100) _Os surfaces.

The adsorption energy of molecular phenol over the clean Cu(100) substrate is calculated to be
-2.4 kcal mol?, a value that is very close with the analogous estimate at 2.1 kcal mol™ over the
Fe(100) surface. Bearing in mind uncertainty limits in the adapted methodology, we can
conclude that that the phenol molecule interacts rather weakly with the two surfaces. The
binding energy of phenol on the clean Cu(100) surface computed herein is in a good agreement
with a corresponding value of -2.76 kcal mol™ [573] obtained for a Cu(111) surface constructed
by (4x4) unit cells. Likewise, our estimated weak binding energy of the phenol molecule over
the iron surface matches very well analogous literature value at -2.30 kcal mol? using the

Vienna ab initio simulation package with the four-layer close-packed p(4 x 4) slabs [573].
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Top view

Figure 8.2. Structures of the physisorbed (MA), chemisorbed (M;C) and desorption (M;D)
states over the Cu(100) surface. Only the first two layers are shown in side views. Red spheres

are oxygen atoms, grey spheres are carbon, and white spheres denote hydrogen atoms.

In order to elucidate an insight into the weak interaction between the phenol molecules and the
clean Cu and Fe surfaces, we present in Table 8.3 the % O-H’s bond elongation and charge
transfer from the surface to the phenol molecule. The minimal elongation of O-H bonds in
adsorbed phenol (0.41% and 0.20% in reference to the equilibrium bond length in the gaseous
phenol molecule), concurs with the very weak binding energies for physisorbed states.
Similarly, the net amount of the charge transferred from Cu(100) and Fe(100) surfaces to the
phenol upon adsorption is found to be 0.16e and 0.10e, respectively. These minor values

largely reflect the weal interactions in the surface-adduct structures of M1A and M2A.
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Table 8-3. Elongation of O-H bond (in reference to a gas-phase molecule), charge transfer and

binding energy.

Structure Elongation of O- Charge transfer Binding energy
H bond (%) from the surface to (kcal mol?)
the O phenolic’s
atom (e)
M1A [Cu(100) + phenol] 0.41 -0.16 -2.4
MA [Fe(100) + phenol] 0.20 -0.08 -2.1
M3A [Cu(100)_O; + phenol] 0.61 -0.33 -5.5
MsA [Fe(100)_O: + phenol] 0.30 -0.25 -3.1

Figures 8.3 and 8.4 reveals side and top perspectives for the optimized chemisorption structures
of phenolate adduct and hydrogen atom following fission of the hydroxyl’s O-H bond. In
comparison with the horizontally adsorbed molecular phenol in the physisorbed states, the
aromatic ring is vertically adsorbed in the chemisorbed states, forming phenolate-type EPFRs.
We found that the vertical orientation adapted by the adsorbed phenolate on top of a surface
Cu atom is unaltered when the phenolate occupies a four-fold hollow position. The formed
Cu-O and Fe-O bonds with the adsorbed phenolate adduct amounts to 1.347 A and 1.926 A;
correspondingly. In reference to a gaseous phenoxy radical, the C-O bonds in structures M;C
and MC, elongates by 18.2% and 7.7%, correspondingly. The CsHsO adduct is attached to
the clean metallic surfaces through bonding of the free oxygen radical centre to the nearest
surface atoms. Corresponding elongation for the C-O bonds in adsorbed phenolate on other
surfaces incur similar values in the range 4.4%- 12.4% [456, 559, 574]. Based on computed
Bader’s charges, the O atoms in the adsorbed phenolate accumulate charges of 1.43e (M1C)
and 1.27e (M2C). These values are significantly higher than the partial atomic charge localised
at a gas phase phenoxy’s O [138]. The predicted value of electron transfer from Fe surface
atoms calculated herein is in accord with analogous value computed previously (i.e., 1.36€) in
case of interaction of the phenol molecule with the Fe(110) surface [559]. The significance C-
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O elongation in M1C and M>C and higher negative charges on phenoxy’s O atom unequivocally
point out to the formation of adsorbed phenolate-EPFR structure rather than a highly phenoxy

radical.

Top view

M,D

Figure 8.3. Structures of the physisorbed (M2A), chemisorbed (M>C) and desorption (M;D)

states over the Fe(100) surface. Only the first two layers are shown in side views.

In the M1C and M2C configurations, both the hydrogen atom and the produced phenolate-type
EPFR are attached to a surface Cu or Fe atom. The obtained reaction energy of the surface-
assisted conversion of phenol into phenolate adducts are -20.9 kcal mol* on Cu(100) and 9.1
kcal mol™ on Fe(100). The Cu-O distance (1.374 A) is significantly shorter than that of Fe-O
(1.926 A). Nonetheless, desorption of the surface-bound phenolate from the Fe(100) surfaces
into a gas phase phenoxy radical demands a significant larger desorption energy at 48.3 kcal
mol in reference to the analogous value for the Cu(100) surface; 24.2 kcal mol™. This finding
is in line with a higher concentration and lifetimes of phenolate-type EPFR over Fe surfaces in

comparison to Cu surfaces [552, 553].
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Figure 8.4. Relative energy profile diagram for the interaction of the phenol molecule with the
Cu(100) and Fe(100) surfaces.

To further investigate prevailing electronic attributes of the adsorption mechanism, Figure 8.5
displays the projected density of states (PDOS) spectra onto the 3d-orbitals of the Fe(100)
surface. We first examined the PDOS of both the clean Fe surface’s atom and the free
phenolic’s O atom before contrasting them with analogous plots for the chemisorbed (M2C)
and physisrobed state (M2A). Figure 8.5 (a) illustrated the PDOS of the free phenolic’s O. In
Figure 8.5b, the PDOS of a surface Fe atom exhibits to a large extent bulk PDOS and is in

agreement with previous theoretical studies [559, 575]. The Fermi level is setat 0 eV.
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From the PDOS of both physisorption and chemisorption structures (panels ¢ and d in Figure
8.5), it is obvious that the split bands of spin-up for the 3d-orbitals of Fe atom in the range of
0 to -5 eV are broader than those of the clean Fe surface’s atom (panel b) and shift toward the
Fermi level. However, the modest increase in the peak widths of the physisorption state in
panel (c) indicates less covalent effect between the surface Fe atom and molecularly adsorbed
phenol in comparison to the chemisorption state. The latter displays higher peak widths.
Furthermore, from the panels ¢ and d, the bands shifting of the O phenolic’s atom downward
the fermi level suggests that O atom withdraws charges from the 3d-orbitals of Fe surface’s
atom. This trend satisfactorily correlate with our recent work for the interaction of HCI
molecular over FesO4 surface [576]. Indeed, two concluding remarks can be inferred from

contrasting the adsorption mechanism in panel ¢ and d:

1- The significant overlaps in the case of chemisorption state between the 3d-orbitals of
Fe surface’s atom and the 2p orbital of phenolic O atom in reference to the
physisorption state, indicates stronger bonding interaction between Fe and O atoms.
This trend concur very well with the calculated energy values of M2A and M.C
configurations in Figure 8.4 (-2.1 kcal mol™? versus -20.9 kcal mol™) and with the
previous finding by Li et al. [574] for the dissociation of phenol molecular over the

Pd(111) surface.

2- The split of phenolic O atom band in the range of 0 to -3 eV into two peaks for both

cases implies that there is a change in the phenol molecular bonding and formation a

new Fe-O bond.
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Figure 8.5. PDOS of (a) free phenolic’s O, (b) clean Fe atom, (c) phenolic’s O and the nearest
Fe atom in the M2A state (physisorbed), and (d) phenolic’s O and the nearest Fe atom in the
M.C state (chemisorbed).

Assessing the catalytic capacity of Cu(100) and Fe(100) toward dissociative adsorption of
phenol to surface-bounded phenolate truly rests on underpinning kinetics parameters, most
notably the intrinsic reaction barriers. As shown in Figure 8.4, fission of the O-H bond in
physisrobed phenol ensues via an activation energy of 38.4 kcal mol™ over the Cu(100) surface
and 47.9 kcal mol™ on Fe(100). The catalytic capacity of these surfaces toward fission of the

hydroxyl’s OH bond in the phenol molecule becomes evident when contrasting these calculated
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energy barriers with the highly endothermic direct cleavage of O-H bond in the in the gas phase
that scatter in the narrow range of 87.5 - 89.5 kcal mol™ [371, 577]. Clearly, catalytic
transformation of phenol molecule into phenolate-type EPFRSs on the clean Cu(100) surface is
thermodynamically and kinetically more favourable than on the Fe(100) surface. To further
elaborate on the kinetic feasibility for the surface-mediated formation of phenolate-type EPFR
over clean Cu(100) and Fe(100) surfaces, we carried out a simplified batch reactor model along
reaction pathways depicted in Figure 8.4 at a reaction time of 60 s. This simplified model
utilizes reaction rate expressions enlisted in Table 8.4. Reaction rate constants for the final
desorption step deployed a t typical A-factor of 1 x 10%3 s and the desorption energy as the
activation barrier. Computed conversion of M1A configuration (adsorbed phenol molecule
over the Cu(100) surface) into the M1D structure (a gas phase phenoxy radical) attains values
of 0.74 and 1.00 at 600 and 700 K respectively. Corresponding conversion over the Fe(100)
surface entail similar values of 0.57 (600 K) and 1.00 (700 K). The predicted high conversion
of adsorbed phenol molecules into gaseous phenoxy-type EPFR unequivocally points out to a
kinetic feasibility at temperatures encountered in the post-combustion zone; 650 — 700 K [138,

166].

The significant reduction in energetic requirements described herein pinpoints a kinetics
feasibility for the synthesis of surface-bounded phenolate-type EPFR in systems pertinent to
co-combustion of phenolic-containing polymers and Cu/Fe species. Typical thermal systems

encompass thermal recycling of e-waste [166] and municipal waste incineration [138].
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Table 8-4. Kinetic parameters for the surface-assisted dissociation reactions at a temperature
range of 300-1000K.

Reaction A(s? Ea (kcal mol?)
M:iA — M:C 1.58 x 10™ 33.2
M>A — M,C 1.97 x 10% 41.6
M3zA — M3C 2.71x 102 22.2
MiA — MaC 7.48 x 101 43.3

8.3.3 The Effect of the Oxygen: Cu(100)_O: and Fe (100)_O1 Surfaces

Among notable transition meal oxides in PM2s are CuO and Fe,O3 [578]. These oxides host
and serve as major carriers for phenoxy-type EPFR adsorbed on PM_s. Cu species in particular
are the most abundant transition metals in particulate matters in the atmosphere [579].
Likewise, Cu(ll) and Fe(l1l) were reported to act as redox centres in course of synthesis of
EPFR on montmorillonite ; a key mineral component in PM25 [580, 581]. EPR and X-ray
absorption near edge measurements confirmed formation and stabilisation of phenoxy- and
catecholic-type EPFR on CuO and Fe»O3. Phenoxy-type EPFR endures a significantly longer
lifetime over Fe-Oz surfaces when contrasted with CuO surfaces [578]. Formation of phenoxy-
type EPFR over these surfaces typically occur over hydroxylated surfaces of these oxides.
Nonetheless, de-hydroxylated surfaces persist at higher temperatures. Thus, it is of interest to
examine energetics requirements for production of phenoxy-type EPFR on these oxides.
Herein, we simulate the structures of the CuO and Fe>Os oxides by considering oxygen pec-
covered surfaces of Cu(100) and Fe(100) denote as Cu(100) O; and Fe(100) O surfaces. In
the latter, all 4-fold hollow sites are occupied with oxygen atoms. In case of copper, it was
shown that the surface oxygen adsorption serves as a precursor for the formation of the two
copper oxide phases, Cu20 and CuO [582, 583]. It was found that oxygen atoms preferentially

adsorbs on hollow sites of Cu(100) and Fe(100) surfaces, rather than bridge or atop site [584,
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585]. From another perspective, surface Cu/Fe-O dimers function as redox centres that triggers
fission of the O-H bond in the phenol molecule. Inner Cu/Fe-O bonds in oxides are expected

to play a rather negligible role in a truly surface phenomenon.

Figure 8.1.b depicts optimized structures for the oxygen doped configurations Cu(100)_O; and
Fe(100) Os. The calculated dimer distance between Cu/Fe and O atoms (dcure_o) at the first
surface layers amount to 1.84 A and 2.05 A respectively. These estimates agree quite well with
the analogous theoretical and experimental data (i.e., dcwreo = 1.94 A and 2.05A,
correspondingly) [586, 587]. O atoms in Cu(100)_Os and Fe(100)_O: configurations reside

0.35A and 0.27A above the first layer; respectively.

Figure 8.6 and 8.7 present the optimized structures for reactants, transition states and products
along with prominent interatomic distances, whilst Figure 8.8 illustrate pertinent potential
energy surfaces. Molecular adsorption of the phenol molecule assumes a marginal binding
energy of only -5.5 and -3.1 kcal mol™* for the two surface-molecule adducts MsA and MsA;
correspondingly as listed in Table 8.3. Despite of a minor O-H bond elongation at slightly of
0.61% and 0.30%, a noticeable charge transfer from the surface is reported with values at 0.33e
and 0.25e. In all, the phenol molecule interacts very weakly with oxygen pre-covered surfaces
of Cu(100) and Fe(100). While the very small differences in binding energies between clean
and pre-covered oxygen configurations are most likely to be within the accuracy margin of the
adapted methodology, hydrocarbon molecules were found to incur higher binding energies on

transition metal oxides in reference to clean metallic surfaces [582].
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Top view
M;D

Figure 8.6. Structures of the physisorbed (M3A), chemisorbed (M3C) and desorption (M;D)

states over the clean Cu(100) Og surface. Only the first two layers are shown in side views.

Side view

205 A @0

Top view

Figure 8.7. Structures of the physisorbed (MsA), chemisorbed (M4C) and desorption (M;D)

states over the the clean Fe(100) O surface. Only the first two layers are shown in side views.

Following the weak adsorption of the phenol molecule, rupture of the O-H bond occurs
heterolytically in which the phenoxy adduct is attached to atop Cu/Fe site and the dissociated
hydrogen atom forms a link with an oxygen surface atom. The formed surface hydroxyl groups
entail O-H distances of 0.98 A and 1.01 A over the Cu(100)_O; and Fe(100)_O: configurations,
respectively. These calculated values concur very well with corresponding distances (0.98 A

and 0.97 A) reported from theoretical investigations for adsorbed hydroxyl groups over CuO
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(011) and Fe304(111) surfaces, respectively [487, 586]. Further interaction of a phenol
molecule with surface Cu/Fe-OH islands may yield the experimentally observed catecholic-

type EPFR [588].
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Figure 8.8. Relative energy profile diagram for the dissociative adsorption of the phenol
molecule over the Cu(100) _O; and Fe(100) _O: surfaces.

In the M3C and M4C structures, the phenoxy’s O binds to surface Cu and Fe atoms at a
separation of 1.980 A and 1.809 A in that order. These two values depart by 44.1% and -5.5%
from their analogous bond distances in the dissociative structures M:C and M.C, respectively.
The bond length of phenoxy’s O-Cu/Fe surface atoms in MsC and M4C structures are quite
similar to the length of Cu-O and Fe-O bonds at 1.960 and 1.857 A, reported from recent

invistigations for dissociation of phenole molecule over the same surfaces [456, 589]. Fission
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of the phenolic’s O-H bond over the Cu(100)_O: surafce is noticably exothermic by 30.2
kcal/mol while the process ensues via a minor endothermecity of only 5.8 kcal/mol above the
Fe(100) O1 configuration. In this regard, we find that phenol chemisorption on oxygen doped
Cu and Fe surfaces is significantly stronger when contrasted with their clean surfaces. The
surface-mediated fission of the O-H bond necessitates modest activation barriers of 24.7 and
43.0 kcal mol™ over Cu(100)_O; and Fe(100)_O; surfaces, correspondingly. In comparison
with the clean Cu(100) surface, the presence of the oxygen atom in the hollow site in the
Cu(100)_0s configuration, noticeably reduces the reaction barrier by 13.7 kcal mol™. The
corresponding reduction in activation energy for Fe(100) versus Fe(100) O; appears very

minor at 3.9 kcal mol™

In Table 8.5, we assemble literature reported activation barriers for the fission of phenolic O-
H bond over metallic and metal oxide surfaces [66, 456, 554, 574, 589, 590]. It is evident that
the clean Fe and Cu surfaces and their partially oxidized configuration require higher activation
energies to transform phenol into a surface-bound phenolate. Nonetheless, the high
temperature in thermal processes pertinent to co-existence of PMa s with phenolic constituents
should suffice to overcome the relatively sizable activation barriers for the title reaction

reported herein.

Table 8.4 lists reaction rate constants for all these reactions. It is obvious that the cleavage of
the O-H bond in the phenol molecular incur lower reaction rates over the clean surfaces in
reference to their partially oxidized surfaces. These data shall be useful to predict the uptake

of phenol molecules by Cu- and Fe-PMo..5 constituents
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Table 8-5. Activation energies for breaking the phenolic O-H bond over different metallic and

metallic oxides surfaces

Metallic surfaces | Activation energy Metallic surface oxides Activation energy
(kcal mol?) (kcal mol?)

Pt(111) [574] 11.1 a-Al,03 [66] 11.4
Pd(111) [574] 4.6 Si0, [554] 7.6
Pt(111) [590] 15.9 Cu,0(110) [456] 8.2
Rh(111) [590] 15.2 Fe-MMT [589] 8.5

Ca-MMT [589] 12.6

Na-MMT [589] 56.9

It is important to mention herein that the final step of the dissociative adsorption of phenol
molecule over all the four selected surfaces in our study is desorption of phenoxy molecule
from these surfaces. As illustrated from Figures 8.2, 8.3, 8.6 and 8.7, surface-bound phenolate
desorb from M:C, M2>C, M3C and M4C structures to yield gas-phase free phenoxy radicals in
M1D, M2D, M3D and M4D configurations through sizable endothermic process of 48.3, 24.2,
60.4 and 25.7 kcal mol™?; respectively. It is obvious that the energy requirements for the final
desorption step appear significantly lower in reference to desorption energies of 2-
chlorophenoalte from a neat SiO2 surface [554] (91 kcal mol™), and phenol over hydroxylated
a-Al20sclusters [591] (89 kcal mol-1) and a-Al2O3 surface [66]. Higher stability of phenolate-
EPFRs on Fe/Cu surfaces enable their subsequent surface-assisted coupling into dioxins
compounds via the so-called Langmuir—Hinshelwood (LH)[138] and Eley—Rideal (ER)[592]

mechanisms.

We conclude this section by assessing the feasibility for the transformation of an adsorbed
phenolate adduct into that catecholic-type intermediates of o-semiquinone (0-SQ). Figure 8.9
describes a plausible pertinent mechanism. In the first step, a hydroxyl group transfer from

surface into an ortho carbon atom followed by a loss of an ipso hydrogen atom affords a
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surface-attached a 0-SQ adduct. However, the high energy barriers for the two involved
transition states (TS5 and TS6) suggest a plausible existence for alternative lower energy
barriers. Thee potential pathways may involve the formation of an ortho carbon centred radical
proper to migration of a surface OH group to the vacant radical site. Mechanisms operating in

the likely formation of catecholic-type intermediates warrant further investigations.
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Figure 8.9. Structures for the physisorbed (MsA) and chemisorbed (MsC1 and MsC») states of

hydroxyl group over the Cu(100)_Os surface. Only the first two layers are shown in side views.

8.3.4 Catalyzed Formation of Phenolic-Type EPFR From Catechol and Cresol

In addition to phenol, other hydroxylated derivatives of benzenes, namely catechol and cresol;
constitutes the major decomposition products from the various structural entities in biomass
(most notably cellulose and lignin) [593]. Thus, generation of phenolic-type EPFR from
combustion of biomass entails catalyzed interaction of hydroxylated benzenes with the trace
metallic content in biomass [594]. For this reason, we report in Figures 8.10 and 8.11 energy
profiles for the interaction of catechol and cresol with the Cu(100)_O1 surface; in that order.
Fission of the first O-H bond in the catechol molecule demands a sizable energy barrier of 41.5

kcal/mol via the transition structure TS7 (Figure 8.10). This barrier is in line with the
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corresponding value computed for the O-H bond fission in the phenol molecule at 40.8
kcal/mol (Figure 8.4; TS1). Clearly, the tremendous activation barrier embedded in TS8 (45.3
kcal/mol) largely hinders fission of the second O-H bond into an adsorbed o-quinone adduct
(the structure MeCy2). In Figure 8.11, secession of the methyl’s C-H bond in cresol prevails
over the fission of the hydroxyl’s O-H bond (26.8 kcal/mol versus 36.9 kcal/mol). It follows,
that dissociative adsorption of cresol preferentially produces a carbon-bounded species rather

than a phenolic-type EPFR moiety.
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Figure 8.10. Structures for the physisorbed (MgA) and chemisorbed (MsC1 and MeC>) states
of catechol molecule over the Cu(100) O surface. Only the first two layers are shown in side
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Figure 8.11. Structures for the physisorbed (M7A) and chemisorbed (M7Ca and M7Cg) states
of cresol molecule over the Cu(100) O; surface. Only the first two layers are shown in side
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8.4. Conclusions

Utilizing accurate DFT calculations, we systematically exanimated the dissociative adsorption
mechanism of an aromatic oxygenate compound (phenol molecule) on 3d transition metal
surfaces and their partially oxidized configurations [Cu(100), Fe(100), Cu(100) O, and
Fe(100) _O1]. The main objective of the present contribution is to elucidate, on a precise
atomic scale, the specific underlying mechanism of the title reaction and the kinetics feasibility
to germane to generate phenolate-type EFPRs. It is found that dissociative adsorption of the
phenol molecule is kinetically and thermodynamically preferred over the partially oxidized
configuration in reference to neat Cu and Fe surfaces. Desorption of the surface-bound
phenolate adduct from surfaces demand desorption energies in the range of 24 — 48 kcal mol-
1. Computed charge transfer and DOS indicates accumulation of spin density on the phenolic’s
O following fission of the O-H bond. Calculated kinetics parameters herein shall be useful to

predict lifetimes of phenolate-EPFR in Cu/Fe-rich PM2.5.
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Conclusion and Recommendations
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9.1. Conclusion

The aim of this research was to understand the potential dual role of modelling structures of 3d
transition metals and their oxides within the framework of density functional theory (DFT)
calculations in the catalytic de-halogenation of halogen-containing solid wastes and their
mediating generation of notorious dioxin compounds and phenoxy-type environmental
persistent free radicals (EPFRS). The major findings of the research include:

(i) Determination of the mechanistic and thermo-kinetic aspects that govern the
decomposition of hydrogen halides molecules and multiple halogenated
hydrocarbons over transition metals and their oxide configurations

(i) Identification, on a precise molecular basis, of mechanisms that determined the
fixation of halogen molecules on transitional metals and their oxides

(iii) Elucidation of comprehensive specific underpinning mechanisms to generate

phenolate-type EFPRs.

Chapter 4 investigated the initial reactions for a cluster model of hematite and major chlorine-
bearing species from the fragmentation of polyvinyl chloride (PVC). It was demonstrated that
successive uptake of HCI molecules followed by water elimination led to the formation of a
precursor for iron chlorides. Owing to stronger carbon-chlorine bonds in the considered
molecules, their dissociative addition corridors assume higher activation barriers in comparison
with their brominated counterparts. It was found that interaction of a-Fe>O3 nanoclusters with
2-chlorophenol preferentially form an OH-phenyl radical (via carbon-chlorine bond rupture)

rather than a 2-chlorophenoxy radical (via O-H bond fission).

Chapter 5 reported the findings of a theoretical thermo-kinetic study to investigate dissociative

adsorption mechanism of hydrogen halide molecules on zincite surfaces. Convergence tests
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using various sets of functionals, unit cell size and energy cut-off ensures the accuracy of all
reported energy profiles. Calculated findings show that transformation of ZnO into zinc halide
take place through two subsequent dissociative adsorption steps, followed by intramolecular
hydrogen transfer. Results showed that cleavage of a H-Cl bond over a zincate surface requires
reaction barriers in reference to H-Br, reflecting the noticeable difference in their bond
dissociation energies in the gas phase. Desorption of ZnCl; and ZnBr; as gas phase molecules
occur through relatively accessible desorption energies. It was also found that the nonpolar
ZnO (1010) surface displays higher catalytic activity for dissociative adsorption of HX
molecules in comparison to a zinc-terminated (0001) surface. The theoretical calculations in
this chapter support previous experimental observations that HX molecules have great potential

to serve as a perfect chlorinating /brominating agent for recycling of zincite.

Chapter 6 reported the de-chlorination and de-hydrochlorination mechanisms of HCI molecule
and organochlorinated compounds over a magnetite surface. The chapter began with a
comprehensive benchmarking of the adapted methodology against literature that reported
electronic and structural features of bulk and surface of magnetite as well as for the BDE in the
investigated molecules. Results showed that de-chlorination mechanism involved the
formation of ferrous ferric chloride proceeding through two subsequent stapes, further
dissociative adsorption of hydrogen chloride molecule on strong Lewis acid metal oxide site,
followed by liberation of water molecules. It was observed that the dissociative adsorption of
HCI over Feoct sites requires remarkably lower activation energy than that over the Fetet: Sites
of the Fe304(111) surface. The chapter also reported the findings of the investigation of two
competing channels for the reaction of halogenated alkanes and alkenes with the FesO4 surface:

the direct HCI elimination route and the dissociative addition pathway. Products from the latter
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channel were significantly lower in energy, which supports the general consensus related to the

significance of the dissociative addition pathway in producing pure steam of olefins.

Chapter 7 established the results of the investigation of the catalytic de-halogenation
mechanism of selected alkyl halides molecules over a Cu(100) surface. The study sought to
identify the initial stages that dictate the de-halogenation mechanism. The thermo-kinetic
parameters underlying the split off halogen atoms from chlorinated/brominated alkyl
chloride/bromide and chloro/bromo-benzene molecules were examined. The analysis of the
structural properties and binding energies in the elementary physisorption stage for each
surface-adduct structure disclosed that the investigated halogenated compounds interacted
rather weakly with the Cu(100) surface. Activation barriers for C-Cl bond fission were
systematically higher than their analogous C-Br values, largely following their respective bond
strengths in gas phase molecules. Surface CI/Br-Cu bonds mimicked the corresponding bonds

in bulk CuCl,/CuBr,.

Finally, chapter 8 discussed the dissociative adsorption mechanism of aromatic oxygenate
compounds on 3d transition metal surfaces and their partially oxidized configurations
[Cu(100), Fe(100), Cu(100) O1, and Fe(100) _O1]. The main objective of the present
contribution was to illustrate, on a precise molecular basis, the specific underlying mechanism
of the title reaction and kinetics feasibility germane to generating phenolate-type EFPRs. It
was found that dissociative adsorption of the phenol molecule is Kkinetically and
thermodynamically preferred over the partially oxidized configuration in reference to neat Cu
and Fe surfaces. Desorption of the surface-bound phenolate adduct from surfaces demands
desorption energies in the range of 24-48 kcal mol*. Computed charge transfer and DOS

indicates accumulation of spin density on the phenolic’s O following fission of the O-H bond.
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Calculated kinetics parameters shall be useful to predict lifetimes of phenolate-EPFR in Cu/Fe-

rich PM2.5.

9.2. Recommendations

In light of the results reported in this dissertation, further work is needed to address questions

that continue to surround the following issues.

> The role of Fe2Os as a catalysis in the surface-mediated formations of PCDD/Fs,
PBDD/Fs in addition to mixed polychlorinated/brominated dibenzo-p-dioxins, and
furans (PXDDI/Fs; X = ClI, Br). Relevant experimental investigations on co-pyrolysis
of halogen-containing solid wastes with EAFD have mainly addressed the merits of
metal oxides as halogen fixation agents with little emphasis on the likely potential to

generate dioxin compounds.

» A principal aim for the co-pyrolysis of PVC and BFRs with EAFD is to extract its high
load of zinc content. Zinc in EAFD mainly exists in the form of ZnFe;O4. It is assumed
that formation of leachable zinc halide occurs through migration of halides from iron
halides into ZnFe2Os. It will be informative to examine this mechanistic hypothesis

against direct plausible dissociation of HCI/HBr on Zn-O bonds.

» The roles of zincite in mediating decomposition of organohalogens released from

thermal degradation of PVC and BFRs.

>  As reported in chapter 5, analysis was limited to a perfect ZnO structure (i.e., (1010)

surface). The presence of structural defects or atomic-type impurities often enhances
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catalytic decomposition capacities for environmental-bases catalysts. Therefore, it will
be useful to investigate the effect of these factors on the catalytic decomposition

performance of ZnO.

Identification of the mechanistic and Kkinetic parameters for the halogenation
mechanism of aromatic pollutants by zinc halides. Such informative investigations will
assess the overall merits of deploying metals and their oxides to capture the halogen

laden materials in solid waste streams; including e-waste and EAFD.

Thermal recycling is currently represented as a major stream strategy in the safe
disposal of objects laden with halides, most notably the polymeric fraction in electronic
and electrical waste (e-waste). Therefore, it is essential to comprehend the combustion
chemistry underpinning the reaction of chlorinated and brominated constituents with
common polymeric entities. (Appendix D displays the preliminary results of this

investigation).

Future studies need to be carried out to investigate the mechanistic and thermo-kinetic
aspects that govern the formation of other types of EPFR such as phenyl and para-

dihydroxybenzneses over other transition metal oxides such as Si.O3z and Fe;Os.

Determine the thermal stability of materials laden with new-generation brominated
hydrocarbons, collectively known as novel brominated flame retardants (NBFRs) and
their interactions with metal oxides present in potential catalysts (i.e., those in the

EAFD). Decomposition profiles of pure NBFRs, NBFRs-containing mixtures and
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mixtures of BFRs with metal oxides provide valuable safety information, including the

onset of the thermal decomposition stages of decomposition.

Investigation of the potential use of EAFD as an inexpensive catalyst in upgrading

pyrolysis oil requires co-pyrolysis of EAFD with plastics laden with NBFRs.
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Appendix A (Chapter 5)
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Figure 5.51. Slab models of ZnO(1010) and (0001) surfaces. (a) ZnO unit cell; (b) side and

top view ZnO(1010); (c) side and top view ZnO (0001). The green and red spheres represent

zinc and oxygen atoms, respectively.
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(Red) molecules over ZnO (1010) surface using the energy cut-off of 400 eV. Values in
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Figure 5.S4. Optimized structures of gaseous ZnCl> (left) and ZnBr> (right) molecules.
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Figure 5.S5. Arrhenius plots for reactions of zincite (1010) surface with HCI molecules (a)
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Appendix B (Chapter 6)

Table 6.S1. Computed and previous experimental and theoretical values of Fe-O interatomic

distances. Values are in A.

Atomic species Calculated Theoretical [487] Experimental [488,
489]
Feoct2-O 1.986 2111 2.020
Feten-O 1.846 1.811 1.820
Feoct2-O 1.973 1.953 1.920
Fewet-O 1.842 1.900 1.870

Table 7.S2. Kinetic parameters for the reactions of HCI with the Fe304(111) surface at a
temperature range of 300-1000K.

Species Reaction A (s?) Ea (kcal mol?)
Hydrogen chloride M1— M2 10.05 x10* 20.9
M3 — M4 5.22x10% 26.8
M4 — M5 2.69x10% 12.5
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Side view Top view Side view Top view

Figure 6.S1. Side and top view of the Fe3O4(111) (a) (1x1) unit cell and (b) (2%2) unit cell.

Side view for the
first three layers

Side view Side view Top view

Figure 6.S2. Slab models of (FesO4) (111) surface. (a) FezOa unit cell; (b) side and top views
for the Fe304-111 surface. The blue and red spheres represent iron and oxygen atoms,
respectively.
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Figure 6.S3. Optimized structures of the selected gaseous molecules. Values represent BDE in
kcal mol™. Values in brackets are for experimental findings [367, 371]. Large green spheres

denote chlorine atoms.
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Appendix C (Chapter 7)
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Figure 7.S1. Potential energy surface for the C-Cl bond fissions in Chloromethane over Cu
(100) (Red) surface and Cu (410) [595] (Blue). Values are in kcal mol™! with respect to initial

state.
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Figure 7.S2. Potential energy surface for the C-CI/Br bond fissions in (A) Chloromethane over
Cu (100), (Red), Ru(001) [596], (Green) and Pd(100) [597] surfaces. (B) Bromomethane over
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Cu (100) (Blue) and Ru(001) [598] (Green) surfaces. Values are in kcal mol™ with respect to

initial state.
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Figure 7.S3. Potential energy surface for the C-Br bond fissions in bromobenzene over Cu
(100) (Red) and Au (111) [599] (Blue) surfaces. Values are in kcal mol™ with respect to initial
state.
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Appendix D (Future Work)

Figure F1. Reaction of bromine atom over a polyethylene (PE) surface. Values are in kcal
mol™ with respect to initial state. Large blue spheres denote bromine atoms, grey spheres are

carbon, and white spheres denote hydrogen atoms.
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M5 -21.3

Figure F2. Reaction of a 2-bromophenol molecule with the radical site in polyethylene (PE)
surface. Values are in kcal mol™ with respect to initial state. Large blue spheres denote bromine
atoms, grey spheres are carbon, white spheres signify hydrogen atoms and red spheres are

oxygen atoms,
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Figure F3. Reaction of phenoxy radical over a brominated polyethylene (Br-PE) surface.
Values are in kcal mol-t with respect to initial state. Large blue spheres denote bromine atoms,

grey spheres are carbon, white spheres signify hydrogen atoms and red spheres are oxygen

atoms,

M10 -9.6

Figure F4. Reaction of phenyl radical over a brominated polyethylene (Br-PE) surface. Values
are in kcal mol™ with respect to initial state. Large blue spheres denote bromine atoms, grey

spheres are carbon and white spheres signify hydrogen atoms.
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Figure F5. Reaction of benzene molecule with the radical site in polyethylene (PE) surface.
Values are in kcal mol™ with respect to initial state. Large blue spheres denote bromine atoms,

grey spheres are carbon and white spheres signify hydrogen atoms.
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Figure F6. Reaction of a phenoxy radical over a brominated copper polyethylene (Br-CuPE)
surface. Values are in kcal mol™ with respect to initial state. Large blue spheres denote bromine
atoms, grey spheres are carbon, white spheres signify hydrogen atoms, yellow spheres are

copper atoms and red spheres are oxygen atoms.
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Table F1: Kinetic parameters fitted in the temperature range of 300-1000 K.

Reaction A (s1) Ea (kcal mol?)
Ml— M2 2.7x10%7 18.6
M3— M4 9.0x10 21.9
M3— M5 6.0x10%* 30.7
M6— M7 5.6x10%0 56.3
M7— M8 1.4x101 66.4
M9— M10 2.1x10% 15.8
M11l— M12 1.0x10% 92.6
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