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Abstract: Alumina oxides have been widely utilised as
independent catalysts or as support materials for other
catalysts. From an environmental perspective, alumina
nanoclusters dispersed on surfaces of particulate matter
PM,,, generated from various combustion processes, play
a critical role in the synthesis of environmentally persis-
tent free radicals (EPFRs). Of particular importance are
phenoxy-type EPFRs that often act as building blocks for
the formation of notorious pollutants. Herein, we present
a systematic review of the literature pertinent to struc-
tural features of alumina surfaces at the nano-scale and
their well-established role in the synthesis of EPFRs.
Central to the capacity of alumina surfaces in mediating
the formation of EPFRs are their active Lewis acid—base
sites. The nature of these sites is very sensitive to hydra-
tion scenarios. As evident in electroparamagnetic reso-
nance measurements, more than one category of EPFR
forms on alumina surfaces. This generally entails the co-
existence of various surface terminations, varying degrees
of hydrations, and distinct underlying reaction pathways.
The mechanisms for the formation of EPFRs over alumina
surfaces involve interactions with terminal OH groups fol-
lowed by creating genuine chemical bonds with A" sites.
Higher concentrations of EPFRs were often detected on
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alumina surfaces, in reference to other transition metal
oxides. We envisage that future studies may focus on the
generation of EPFRs from potential precursors other than
phenols and catechol, such as brominated species and
substituted thiophenols.

Keywords: alumina, phenoxy radical, surfaces, free radi-
cals, mechanisms

1 Introduction

Owing to their mesoporous structures, high surface areas,
and profound chemical and thermal stability, alumina-
based materials have been widely used as catalyst supports
in a wide array of applications ranging from reforming reac-
tions to hydro-desulphurisation [1]. However, stand-alone
alumina surfaces also mediate the formation of an emerging
class of pollutants: the environmentally persistent free radi-
cals (EPFRs). The interest in studying EPFRs originates from
their toxic attributes. They induce significant oxidative
stress and have been identified in various environmental
matrices, most notably, the particulate matter [2]. Haloge-
nated/hydroxylated benzenes, phenols, and polycyclic aro-
matic hydrocarbons serve as precursors for EPFRs. During
the incineration of municipal wastes, the concentration of
these species may reach up to 1,000 pg/m’ [3]. In the
cooling zone of municipal waste incinerators (MSWIs),
metal oxides, typically dispersed on alumina and iron
oxides serve as catalytic surfaces in the synthesis of EPFRs
via complex physisorption and chemisorption processes [4].
Electronic paramagnetic resonance (EPR) measurements
have unequivocally pinpointed the electronic nature of var-
ious oxygen- and carbon-centred EPFRs [5].

The high concentrations of alumina in MSWIs render
it an important catalyst in the surface-assisted formation
of EPFRs and the notorious dioxin-like compounds. The
concentration of alumina in fly ash can reach up to
25-30 wt% [6]. In the cooling zone of MSWI, the alumina
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surface can be present as a mixture of hydrated and dehy-
drated configurations. Hence, the lower- and higher-tem-
perature ends of the cooling zone involve the hydrated
and dehydrated surfaces of alumina. A few mechanistic
studies have revealed the effect of surface termination
and atomic dopants on pathways that underline the for-
mation of EPFRs [7-9].

A significant number of experimental and theoretical
studies have addressed many aspects related to alumi-
nium-containing compounds, mainly focusing on their
structures, electronic properties, stability, and most impor-
tantly their applications. Herein, we limit this survey to the
chemical reactivity of the surface with an emphasis on the
effect of the degree of hydration and acidity. The structure
of alumina oxide is discussed to shed light on its relations
with the experimentally observed catalysing effects.

The aim of this contribution is thus to critically discuss
the acidity and basicity of alumina; a surface attribute that
largely dictates its environmental catalytic capacity; the
reactivity of alumina towards water molecules (i.e. hydra-
tion reactions); to evaluate the effect of surface hydration
on the catalytic activity of alumina; and most importantly,
to survey the well-documented role of alumina oxide in
mediating the formation of notorious polychlorinated dibenzo-
p-dioxin and polychlorinated dibenzofurans (PCCD/Fs). The
survey thoroughly presents and illustrates pertinent litera-
ture findings to the nano-based effect of alumina surfaces
in forming a wide array of pollutants. The intent herein is
not to provide a comprehensive account of the role of
alumina as catalyst supports but rather of their role as
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Scheme 1: An overview of the survey.
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important surface mediators in the formation of EPFRs.
This review is organised as follows: the first few sections
present the structural and electronic properties of alu-
mina, followed by surveying hydration reactions of alu-
mina before presenting an overview of the formation of
PCDD/Fs and EPFR and the underlying role of alumina.
In this review, we focus only on the most thermodynami-
cally stable form of alumina, a-Al,O; (corundum) [10].
Hydration reactions of alumina are briefly surveyed herein
as they are directly related to the acidic and basic sites in
alumina; the latter underpin the catalytic reactivity of alu-
mina. The role of alumina in the surface-mediating forma-
tion of EPFRs and halogenated dioxins, in general, stems
from structural and electronic features, computed or mea-
sured at the nano-scale. For this reason, this review devotes
the opening section to cover these aspects. Scheme 1 pre-
sents a road map of the review.

2 Crystal structure and electronic
properties of bulk a-Al,05

The crystal structure of a-Al,O; belongs to the R3¢ space
group, with either the trigonal unit cell, that is, hexa-
gonal coordinated with six formula units consisting of
30 atoms in total, and/or the rhombohedral unit cell con-
sisting of two molecular units (i.e. 10 atoms) [11]. The a-
Al,O3 unit cell displays a close-packed ABAB alternating
sequence stack of oxygen ions and Al ions, which occupies
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attributes into the
formation mechanisms
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Figure 1: Crystallographic classification of both trigonal and rhombohedral unit cells of a-Al,0s.

two-thirds of the six-fold coordinated sites between the
oxygen layers [12]. Figure 1 shows the crystallographic clas-
sifications of both the trigonal and rhombohedral unit cells
of a-ALO;,

Figure 2 illustrates our computed electronic band
structure and the total density of states (DOS) of bulk
a-Al,0s. The location of the bands is highlighted in
Figure 2. The system represents a wide insulating gap
of 6.31eV, which is consistent with other theoretically
calculated values stated for a-Al,0;, namely 6.26 [13]

(a) Band Structure

and 6.32eV [11]. The band gap serves as the energy
difference between the highest occupied molecular orbi-
tals (HMO) and the lowest unoccupied molecular orbitals
(LUMO). A notable difference between the upper valence
band (UVB) and the conduction band (CB) was observed
by Mousavi et al. [11]. Unlike the flat behaviour of the
electron states at the top of the VB, CB displays a large
curvature, indicating a large effective whole mass of
the VB, as well as good mobility for electrons at the
CB [11].

(b) Density of States
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Figure 2: Electronic properties of bulk a-Al,03: (a) electronic band structure and (b) total DOS.
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+—» Al termination
+—» O termination
+— Al double termination

Figure 3: a-Al,05 hexagonal unit cell. The terminations labelled Al,
0, and Al double can serve as ideal terminations for the 0001 sur-
face (i.e., a bulk-like termination).

The calculated DOS contains two valence bands: UVB
and the lower valence band (LVB). The LVB extends from
19.9 to —-15.2 eV and mainly consists of two peaks located
at approximately -17.6 and -16.4eV, while the UVB
extends from -7.5 to 0.91eV. The UVB consists of many
peaks that act as a source of electrons contributing to the
transition to the CB [11]. The calculated ionic band gap
(the gap between UVB and LVB) was found to be 7.7 eV,
which is consistent with the reported results by Perevalov
et al. [13] of 8.9 eV. Clearly, such a band gap confirms the
iconicity of bulk a-Al,05 (i.e. + 1.092e and —0.702¢ are the
reported atomic Mulliken charges for Al and O atoms,
respectively [14]).

3 Structural aspects of the a-Al,0;
(0001) surface

The structure of a bulk hexagonal unit cell of a-Al,03
affords different non-equivalent low-index plane orienta-
tions. Of these orientations, the a-Al,05 (0001) surface is
the most thermodynamically stable configuration [15].
The (0001) surface of a-Al,0; has been the subject of
numerous experimental [16-21] and theoretical [22-29]
investigations since it is widely used as a substrate in
many catalytic-based applications. The (0001) surface
of a-Al,0; (shown in Figure 3) displays three distinct
atomic terminations on the surface: Al termination with
an Al surface layer followed by an O layer; O termination
with an oxygen surface layer followed by an Al layer; and
Al double termination with an Al surface layer followed
by an Al layer (refer to Figure 3).

Several investigations [18,19,30,31] on a-Al,0; demon-
strated Al termination to be the most energetically stable.
Tasker [30] attributed this stability from electrostatic
and electronic considerations to the non-polarity of
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this termination. Unlike the other terminations, the net
dipole moment of Al termination, resulting from the stacking
Al-0-Al, stands at zero. Other analogous studies [26,28,29]
attribute the profound stability of the three terminations to
the stoichiometry at the surface, which depends on the alu-
mina/oxygen chemical potential. For instance, the Al-termi-
nated surface assumes a bulk-like termination. Therefore, its
energy is independent of the Al and/or O operating chemical
potential.

Early research on a-Al,0O; focused on estimating the
relaxation of the (0001)-Al terminated surface. Theoretical
calculations of Manassidis et al. [32], using the density
functional theory (DFT) within the local density approxi-
mation (LDA) framework, predicted that the surface dis-
plays a significant inward relaxation, which involves a
downward displacement of the Al layer (i.e. the first layer)
towards the O layer (i.e. the second layer) of 85% relative
to the bulk. These results were later confirmed through a
similar theoretical approach by Kruse et al. [33]. The large
surface relaxation was also confirmed by Verdozzi et al.,
who obtained a very similar relaxation of 87% [27]. How-
ever, X-ray diffraction [27] and ion-scattering [18] experi-
ments conclude a relaxation of 35%, which is significantly
lower than the value predicted by theoretical modelling.

The debate regarding the interpretations of the large
inward relaxation of the surface Al layer has been expanded
with the argument that the large relaxation behaviour of the
surface is related to the formation of an sp? bond between
the Al and O surface atoms [34]. Batyrev et al. [25] stated
that the large relaxation is unlikely to be related to the
formation of sp? because there is no evidence of sp? bonding
in any of the experimental and theoretical studies. However,
the authors attribute this strong relaxation to the electro-
static force.

4 Acidity and basicity of alumina

The a-Al,05 (0001) surface consists of co-ordinately unsa-
turated sites. Accordingly, the surface is easily covered by
different types of adsorbed species. The difference in the
coordination number of AI** surface atoms (i.e. tetrahedral
and/or octahedral) leads to the formation of a variety of
chemical sites on the alumina surface, which has a pivotal
role in chemical processes [35]. Furthermore, the ratio
of the AI>* ion, including both coordination sites and
the oxygen lattice density, can result in various transition
aluminas, making the surface chemistry of alumina a
highly complex subject [36]. Water, as an abundant com-
ponent, constitutes the most commonly adsorbed species.
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Depending on the temperature and pressure, water adsorbs
on the surfaces either physically (i.e. non-dissociated) via
hydrogen bonding and/or chemically (i.e. dissociated)
forming surface hydroxyl groups [37].

Water dissociation over the alumina surface leads to
the formation of a surface hydroxyl group [37,38], starting
from the physisorbed (non-dissociated) interaction at
room temperature. With the increase in temperature,
water gradually desorbs from the surface changing the
chemistry of the surface significantly [38-40]. The extent
of the dehydration of alumina assumes a significant role in
controlling the surface acid—base properties. For instance,
desorbing one water molecule from two adjacent hydroxyl
groups causes the formation of a strained oxygen bridge,
followed by the appearance of active Lewis acid—base sites
[41]. However, this change does not terminate at this point.
When an alumina surface co-exists with a sufficient amount
of water, the surface Lewis acid sites are converted into
(very weak) Brgnsted acid sites, arising from the basic prop-
erties of the surface. Figure 4 illustrates a simple schematic
of the generation of acidic—basic sites and Brgnsted acid
sites over the alumina surface [41,42]. The Al’* originates
from a five-coordinated arrangement. Such unique coordi-
nation has been recently confirmed by accurate ultra-high-
field solid-state NMR [43].

Both Lewis acid—base sites, which are generally gen-
erated after dehydration/dehydroxylation [44-50], have
been thought of as a key factor in deriving the catalytic
activity of alumina surfaces [41]. It is generally viewed
that Brgnsted acid sites facilitate dehydration reactions
(i.e. water elimination), while Lewis acid and basic sites
mediate surface hydrogenation [51]. As stated above, the
dissociation of water molecules over exposed Al cations
forms adsorbed hydroxyl surface groups, OH®. Disso-
ciated hydrogen atoms form other surface OH groups,
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OH®". The latter signify the Brgnsted acid sites that can
coordinate with other species, whereas Lewis acid sites can
exchange their OH®® groups [52]. The absolute atomic
charge held by each site depends on the coordination
number of both the OH groups and the nearby Al sites.
For singly coordinated OH groups, surface Al sites are con-
nected to five bulk oxygen atoms in addition to a hydroxyl
group. As such, Al cations donate > charge unit to each
oxygen atom in the hydroxyl groups Al;~OH°°. This ren-
ders Al as basic sites. For doubly coordinated OH sites, the
oxygen atoms receive Y2 charge unit from each of the Al
cations. This renders the net charge at the oxygen atoms to
be zero, i.e. Al,—~OH®. In the triply coordinated hydroxyl
groups, oxygen atoms accept a V2 charge unit from Al sites,
and thus, they entail a net positive charge of 0.5, ie.
Al,-OH*>,

Different models of surface hydroxyl groups have
been suggested to elucidate the reactivity of alumina sur-
faces [37]. Table 1 summarises the types of hydroxyl
groups based on these models and their associated vibra-
tional frequencies, while Figure 5 portrays the types of
bondings according to these models. The early Peri’s
model [40] is unable to encompass the entire hydroxyl
group of transition aluminas as it assumes that (100) is
the only plausible termination of alumina. This was cor-
rected by the model of Tsyganenko and Filimonov [53],
which considers all other surface terminations. A more
comprehensive model was suggested by Morterra et al. [37]
that treats the coordination of the surface cation (i.e. Al) as
a key factor in determining the surface hydroxyl group
frequencies. Finally, Knozinger’s model suffers from the
limitation that there is no surface reconstruction and/or
ion migration, even at high temperatures [54]. Finally,
Busca’s model [55] incorporated the role of surface cation
vacancies and the coordination of the cation.

OH OH 0
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—0—Al—0—-Al—-0—- —» — 0 — Al—0 —Al—-0-— +H,0
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Figure 4: Formation of Lewis acid—base sites over the alumina surface [41,42].
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Table 1: Types of hydroxyl groups on alumina and their associated
frequencies

OH Frequency Peri’s Tsyganenko’s Knozinger’s
bond (cm™) model [40] model [53,56] model [57]
1 3,800 A | Ib

2 3,775 D | la

3 3,745 B Il Ib

4 3,730 E 1l lla

5 3,710 C ] 1]

6 3,690 C ] ]

7 3,590 H-bonded H-bonded

The coordination by each group is described in three
models as shown in Figure 5. For example, the vibration
associated with category III according to Tsyganenko’s
classification is equal to 3,710 cm™

Chemical sites over alumina surfaces have been detected
experimentally either directly by the O-H stretch using
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infrared (IR) spectroscopy [40,58] (i.e. Brdnsted acid sites,
Al-OH) and/or indirectly by the adsorption of IR-absorbing
probe molecules (i.e. Lewis acid-base sites, A’* and 0%)
[54,59]. The change in the IR spectra from the neat alumina
surfaces upon interaction with a species indicates the occur-
rence of a chemisorption or a physisorption process. As will
be discussed in the following sections, catalysis by alumina
surfaces stems from their facile capacity to undergo dehydra-
tion and dihydroxylation reactions. For instance, the deso-
rption of a water molecule from the surface affords one A"
cation and one O? anion. Thus, this reaction creates active
Lewis acid-base sites. As such, the process of dihydroxyla-
tion correlates with the description of alumina surfaces based
on Tsyganenko’s [53] and Knozinger’s [54] models, whereas
nearby OH groups desorb at lower temperatures and isolated
groups desorb at higher temperatures. In a nutshell, catalysis
by alumina is governed by its acidic and basic sites.

Apart from previous models, several investigations
[35,40,58] deployed the IR spectroscopy observations to
classify surface hydroxyl groups into two main groups:

@ OH I|{ T }|I |
OH
o} o_|/
\Ll/ A|1 \/’\1/ O\ll/ \/|xl/ Sl \J\l/ \>A1\
AN AN AN AN
Net charge  -0-3 -0.25 0.0 +0.25 +0.5
Acidity order
®) ' ~
62- . A/:D (;2- 01-1 Vézc
0> OH" 0* + 0% +
+ or + OH- o o>

o* +

o* + AM 0>

+ O* OH 0* + OH +

o> + o + O

+K + 0> +
B X"

c
© q
/
M M
Type Type II

M M

Type III

Figure 5: (a) Categories of hydroxyl groups and coordination numbers of Al cations according to the Knozinger model [54]. (b) The Peri
model representing five different types of surface hydroxyl groups (“+” represents A>* of the lower layer) [42]. (c) Surface hydroxyl groups
based on Tsyganenko’s classification [53,56]. The symbols A-E in (b) refer to the category of the OH group as described in Table 1 by Peri’s

model.
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isolated hydroxyl groups with sharp IR bands (>3,600 cm ™)
and self-associated hydroxyl groups with broad intense
bands (<3,600 cm™). Furthermore, self-associated hydroxyl
groups differ from isolated ones in the presence of the
hydrogen bond connection between each group. The iso-
lated hydroxyl group has been classified, based on Knozin-
ger’s model, into five different types. Figure 6 displays a
schematic diagram including both types of hydroxyl groups
and their frequencies.

5 Water interaction with alumina
surfaces

5.1 A mechanistic overview

As a prominent stand-alone and support of catalysts
deployed in many chemical reactions, the hydration of alu-
mina has received considerable critical attention because it
affects the chemistry of the surface (reactivity, polarity, and
catalytic performance). It has been investigated using var-
ious surface science techniques with the underlying aim
to elucidate mechanistic pathways that prevail at the
nano-scale. All of these proved that the interaction
occurs via acid—base interactions [60]. The adsorption
of water on alumina surfaces principally involves chemi-
sorption, quasi-chemisorption, physisorption, and capil-
lary condensation, which translate into a more profound
interactional complexity [61].

In an experimental study using the NMR technique,
Rui et al. [62] investigated the interaction of alumina and
water molecules. They showed that through chemical
shift changes (6y) and spin-lattice relaxation (T;), water
exists over the alumina surface in three different states:
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bound water, pore water, and bulk water. Adsorbed water
constitutes hydrogen atoms bonded with the alumina
surface and accordingly, it entails the highest chemical
shift value and the shortest relaxation time. Conversely,
bulk water has the lowest chemical shift value and the
longest relaxation time. The authors also found an inverse
correlation between the chemical shift value of the adsorbed
water and the temperature, which has been attributed to the
effect of the temperature on the speed of the molecular
motion. As the temperature increases, the gained molecular
speed increases the tendency of the bound water to leave the
surface; this process led to a decrease in the average che-
mical shift. Several studies investigated the state of the
adsorbed water on alumina surfaces [63]. Likewise, Coustet
and Jupille [64], via resolution electron energy loss spectro-
scopy, demonstrated that water adsorption over alumina
mainly occurs by dissociative adsorption. This was also con-
firmed by the temperature programmed desorption (TPD)
study carried out by Elam et al. [65].

A large and growing body of experimental and theo-
retical literature has investigated the interaction of the
a-Al,05 (0001) surface with water molecules, all of which
prove that the a-Al,05 (0001) surface is highly reactive
towards water molecules in producing surface hydroxyl
groups [23,65-74].

A variety of experimental techniques, such as photo-
emission,[67] thermal desorption [65], calorimetric [23,66],
and vibrational spectroscopy [71,72], have indicated that the
amount of water exposed to the surface is a principal deter-
mining factor of the hydrolysis process. For instance, at low
water exposure, hydroxylation of the surface occurs through
the active defect sites, whereas a high volume of water exposed
to the surface results in the breaking of the Al-O surface bond,
and accordingly, hydroxylation of the basal plane.

DFT investigations [68,69,75-77] have confirmed the
analogous experimental findings. These studies described

H H H H H H
H H
/o /) / LN
Y 0 0 0 0 o o0 o
All /Ll ‘ \Al A/l \A1 Al/ I\Al A
Al
Al Al Al Al Al
© <|0 © © 0 © (0) <|0>(0) ( T)\ | |
3800 3750 3700 3600 3400 3200

Wavenumber (cm™)

L J

Y
Isolated hydroxyl groups

(0) = octahedral coordination

(t) = tetrahedral coordination

Figure 6: Frequency of hydroxyl group over the alumina surface [35].

L J
T

Associated hydroxyl groups
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Vs M H:0 1le H
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Figure 7: Hydrolysis process of the a-Al,05 (0001) surface [74].

in detail the steps of the basal plane hydroxylation, which
starts by breaking one of the three equivalent Al;—Og surface
bonds. Following the fission of multiple surface Al;—Og
bonds, fully hydroxylated (0001) or gibbsite-like alumina
is formed as depicted in Figure 7.

Hass et al. [68,69] reported that the initial dissocia-
tion steps (i.e. at low water exposure) are facile and
thermodynamically favoured. They even occur at
ambient temperature with trivial activation energy. In a
follow-up study, Ranea et al. [74] used plane-wave DFT to
determine that the following steps (i.e. at higher water
exposure) proceed along more complex reaction coordi-
nates and occur with higher activation energy than that
of the opening step. The authors also confirmed that the
hydrolysis of the a-Al,0; surface is governed by the

@ Al atom
( Hydrogen atom

@ Oxygen atom of
alumina surface

@ Oxygen atom of
water molecule

Figure 8: Water over the a-Al,05 (0001) surface.
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Fully hydroxylated “gibbsite-like”

degree of water coverage. It was illustrated that a signifi-
cant contribution of intermolecular interactions offsets
the effect induced by adsorbate-surface binding at
increasing coverage.

It has been shown that water adsorption over the a-
Al,0O5; (0001) surface produces three different states, as
shown in Figure 8.

A 1-2 dissociative pathway (when a water molecule
dissociates on the same Al-O surface bond) is the most
kinetically feasible mechanism, where the Al surface
atoms are hydroxylated and the nearby oxygen atoms are
protonated. This is followed by a 1-4 dissociation pathway,
where water dissociates over two different Al-O bonds. The
calculated binding energies for the three states, as reported
by Hass et al. [68] in their ab initio molecular dynamic

Molecularly adsorbed
states

1-2 dissociation

states

1-4 dissociation
states
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a-Al1,03(0001) surface +
+ H,O
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204 TSwm-p2
=25
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-30— water (M)
1-4 dissociative

354 water (P2)
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40

water (Py)

Figure 9: Hydrolysis process of the a-Al,05 (0001) surface [14]; TS,
transition structure.

study, were predicted to be 97, 139, and 135 kJ/mol, respec-
tively. Wittbrodt et al. [75] employed ab initio computations
to investigate the interaction of water molecules with the
AlgOy, cluster, mimicking the extended a-Al,O5 (0001) sur-
face. The authors found that dissociation occurs rapidly
over the surface (i.e. 1072s) after the water has been physi-
cally (i.e. molecularly) adsorbed. Figure 9 presents a poten-
tial energy surface for H,O dissociation on the a-Al,Os;
(0001) surface.

Gaigeot et al. [78] used DFT-based molecular dynamics
simulation (DFT-MD) to perform a detailed investigation of
the behaviour of the (0001) a-Al,QOs/water interface as an
important aspect in determining the interfacial properties,
such as acid-base behaviour, dissolution rate, and surface
charge. The authors [78] provide an accurate description of
the interfacial hydrogen bonding and electron polarisation
effects. In addition, based on interfacial hydrogen bonding,
they classified the surface hydroxyl groups into two sites:
(i) strong and short H-bonding donors and (ii) weak and
long H-bonding acceptors. Alternately, one is in the surface

H H
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plane and the other is pointing out from the surface, as seen
in Figure 10.

The calculated average charges on the O and H atoms
of the hydroxyl group were found to be —0.84 and 0.28e,
respectively, which is the key electronic descriptor dic-
tating the strength and weakness of both sites [78]. The
authors also found that both the H-bonding acceptor and
H-bonding donor sites lead to the formation of two spe-
cies of water molecular interfaces, namely, liquid-like
interface and ice-like interface, respectively. Previous
studies [72,78-82] provide further information on the
vibrational spectroscopy of these two interfaces. Two dif-
ferent spectrum broadbands have been detected, 3,200
and 3,400 cm™! peak, which are referred to as ice-like
interface and liquid-like interface, respectively. Further-
more, the structure of the water/alumina interface was
found to be greatly affected by the change in the pH of the
reaction medium [81-83].

The catalytic properties (i.e. activity and selectivity)
of the alumina surface are directly correlated with the
chemistry of the surface where the hydrolysis process
assumes a critical role. Evidence suggests that heating
and cooling processes are among the most important fac-
tors where the degree of hydration coverage (i.e. acidity
and basicity of the surface) is highly sensitive to tempera-
ture [84]. Based on the results of the IR and NMR mea-
surements, heating and cooling processes can either
reversibly add or remove hydroxyl groups on the surfaces
[85]. Furthermore, it has been observed experimentally,
in a microcalorimetry study conducted by McHale et al.
[66], that the degree of hydration over the a-Al,05 (0001)
surface is mainly associated with the drying temperature,
in which heating at a temperature of >1,000 K dehydrates
the surface to almost <9 OH/nm? whereas at a lower
temperature of 600K, the extent of surface hydroxyl
group coverage stands at 15 OH/nm? Using X-ray photo-
electron spectroscopy (XPS) [67], TPD, and laser-induced
thermal desorption (LITD) measurements [65], it was
found that the formation of the surface hydroxyl group

Leads to the formation of ¢

W _ Leads to the formation of

Liquid —like interface.

Ice —like interface.

Figure 10: Hydrogen bonding network in the (0001) a-Al,03/water interface [78].
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over (0001) a-Al,O; is observed at a temperature as low
as 300 K.

In LITD and TPD study of alumina hydration, Nelson
et al. [86] investigated the desorption of water from the
a-Al,05 (0001) surface. They showed that the water des-
orption process takes place over a wide range of tempera-
tures (i.e. 300-500 K), concluding that the alumina surface
includes different surface hydroxyl groups with different
binding energies ranging from 96 to 172 kJ/mol. A seminal
study in this area is the work of Hendriksen et al. [87]. The
authors demonstrated that molecular water is more readily
removable compared to surface hydroxyl groups, in which
the latter remains on the surface even at 1,273 K.

5.2 Effect of surface hydration on the
catalytic activity of alumina

It has become evident that [38-41,88] the chemical makeup
(i.e. adsorption and decomposition) of the hydroxyl groups
over the alumina surface constitutes a key factor in clarifying
the reactive/catalytic nature of alumina [65,69,70]. However,
the relationship between the reactivity, surface structure,
and degree of hydration remains open to debate [83].

An experimental study by Ballinger and Yates [89] on
the behaviour of alumina at high temperatures revealed
that dehydration of alumina occurs in the temperature
range of 475-1,200 K. The authors also observed a linear
correlation between the decreasing integrated absorbance
of the hydroxyl group with the increasing integrated absor-
bance of physisorbed AI>*~CO. Another experimental study,
using Fourier transform (FT) IR spectroscopy, confirmed
that the heat of adsorption over alumina surfaces (i.e.
both a- and y-alumina powders) depends primarily on the
degree of hydration prior to water adsorption.

Data from several sources have identified that the
increased reactivity of the surface atoms on the alumina
surfaces is associated with lower atomic coordination
numbers, whereby the lower the coordination, the higher
the surface acidity or basicity. In a study investigating a
selective probe for tri-coordinate Al “defect” sites on 110
and 100 terminations of y- and §-alumina, Wischert et al.
[90] reported that the fully dehydrated 110 surface in both
transitions displays three different Lewis acid sites: tri-
coordinated (Aly;), tetra-coordinated (Aly,), and tetra-
coordinated (Alyy), whereas the fully dehydrated 100
surface encompasses two Aly sites. The authors theoreti-
cally addressed the potential of deploying both the 110
and 100 y- surfaces as scavengers for the N, molecular
gas, and they found that N, molecules are significantly
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stabilised on the strongest Lewis acid site (i.e. tri-coordi-
nated (Alyy), AE.4s (N>) = =45 kJ/mol). Along a similar line
of inquiry, Joubert et al. [91] demonstrated experimentally
that the tricoordinate Aly; strong Lewis acid sites on the 110
surface are the highly reactive sites in dissociating H-H and
C-H bonds of H, and CH, molecules, respectively.

In a follow-up study by Wischert et al. [92], the effect
of surface hydration on the catalytic activity of the y-Al,03
(100) surface towards the CH, molecule was investigated.
The authors found that water assumes an important role in
the Lewis acidity of the surface in a process that is con-
trolled mainly by temperature. For instance, water physi-
cally interacts with Alyy sites, increasing the basicity of the
neighbouring Og,,r atom without making any changes in
the Lewis acidity of Alyy, which ultimately results in the
formation of a highly reactive “frustrated” Aly;, O Lewis
acid-base site, facilitating dissociation of the C-H bond of
CH, through lower activation energies.

6 Alumina oxide mediated the
formation of organic pollutants

6.1 EPFRs

The main sources of air pollution (organic pollutants and
particulate matters [PMs]) are typically combustion and
thermal processes [93,94]. In the light of size analysis,
PMs are often divided into three categories as follows
[95-99] (Scheme 2).

Up to 90 and 70% of PMy; and PM, s, respectively,
are generally produced from combustion processes (i.e.
internal combustion engines, industrial heating, and bio-
mass burning), which are further categorised as either
primary particles (i.e. directly emitted particles) or sec-
ondary particles (indirectly emitted particles) [100].

EPFRs are a class of toxic compounds when asso-
ciated with combustion generate airborne fine particles
PM, 5. They were first demonstrated experimentally by

Fine Ultrafine
Coarse particulate  wgr particulate
matter matter
aerodynamic diameter PM, 5 PM,,
>25 aerodynamic diameter aerodynamic diameter
<23 <o.1

Scheme 2: Categories of PM in the atmosphere (PM, stands for the
PM where the number (i.e., x) signifies that the average mean dia-
meter is less than x pm).
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Dellinger et al. [101] in environmental samples collected
from different sites, as seen in Figure 11. The same
research group later confirmed the presence of the EPFRs
in airborne fine particles with a high concentration of
10'-10"® radicals/g in samples from Baton Rouge city
[102]. In addition to the ambient PM, 5, EPFRs were estab-
lished on the surface of particles containing active transi-
tion metals in the combustion process (i.e. post-flame and
cool-zone regions) [101,103,104]. The delocalised elec-
tron system of EPFR enables them to resist oxidation by
atmospheric oxygen. Oxidative stress induced by the
EPFR is analogous to that of reactive oxygen species
(ROS, such as OH singlet oxygen, and HO,). Thus, EPFRs
can induce serious health problems including chronic
respiratory and cardiopulmonary dysfunction [105,106].

Typically, EPFRs are produced from the physiochemical
interaction of aromatic hydrocarbons, present in the combus-
tion processes, with the metal oxide powder [104,107,108].
Reliant on the nature of the adsorbate (aromatic hydrocar-
bons) and the temperature, the different EPFRs produced are
generally classified as either semiquinone and/or phenoxyl

EPR spectra

Magnetic field strength

AH,»=9.6 G

AH,»=10.1 G

AH,»=10.3 G

AH,,=10.6 G

AH,=4.9 G
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types of radicals. Theoretically, it has been demonstrated that
the stability of the EPFRs stems from the resonance stabilisa-
tion of the phenyl ring. As portrayed in Figure 12, EPFRs
encompass both carbon- and oxygen-centred radicals
[103,109]. The EPFR formation has been studied experimen-
tally by many researchers using EPR spectroscopy and X-ray
absorption spectroscopy (XANES) [103,104,107,108,110-113].
These studies provided a detailed account of the physio-
chemical interaction of EPFR precursors with selected metal
oxide surfaces (i.e. Fe,03[107]). They indicated that, in
the progressive physisorption and chemisorption pro-
cesses, the surface metal atoms transfer electrons to
the adsorbed organic precursors, successively leading
to the generation of persistent surface-bound radicals.

The stability of EPFRs primarily depends on two main
factors, namely the nature of the precursor molecule and
the metal oxides. Figure 13 contrasts the half-lives of
different EPFRs generated over various metal oxides.
EPFRs generated from phenol over alumina entail [110]
a longer half-life time than most of the investigated tran-
sition metal oxides, except that of ZnO.

2=2.0038

AHpp=10.6 G

g=2.003
Rubidoux

g=2.0036

Phoenix

2=2.0038
Philadelphia

¢ =2.0037 Durham

Baton Rouge
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v

Figure 11: EPR spectra of EPFRs in PM, 5 from difference places in the United States [101].
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Phenoxyl
radicals

Figure 12: Structural types of EPFRs.

6.2 Role of EPFRs in the heterogeneous
formation of PCDD/Fs

EPFRs have been recognised as a key intermediate in the
formation of persistent organic pollutants, most notably
PCDD/Fs [115-118]. PCDD/Fs are generally formed along
two main pathways: (I) high-temperature homogeneous
synthesis (gas-phase reactions in the temperature window
of 723-973 K) and (II) heterogeneous synthesis (operating in
the range of 473-673 K); the latter is divided into two broad
channels: precursor synthesis (surface-mediated) and de
novo synthesis (oxidation of carbonaceous matrix) [119-123].

9 R
P9 R
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In the combustion process, high temperatures pro-
duce a different type of radicals (i.e. semiquinone and
phenoxy), which mainly depend on the precursor present
and leads to a series of chemical reactions [124,125] and
ultimately the formation of PCDD/Fs and other combus-
tion-generated PMs. Figure 14 displays the zone theory of
combustion for the formation of PCDD/Fs, which pro-
vides an overview of the zones of the combustion pro-
cesses, including the main pathways and the associated
temperature window of each zone. The catalytic forma-
tion of PCDD/Fs from the precursor, via forming EPFRs, is
observed in the last stage of the combustion process,
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Figure 13: Comparison of several half-lives of different EPFRs generated over different metal oxides [114]. For alumina, data are only

available for phenol [110].
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Figure 14: Zone theory of combustion that operates in the formation of PCDD/Fs [102].

particularly, in the cooling zones of the combustion sys-
tems (zone 4). In this part of the combustion process,
the temperature is typically in the range of 423-873K. The
adsorbed precursor further interacts either with another sur-
face-bound moiety via the Langmuir-Hinshelwood mechanism
(L-H, depicted in Figure 15) or with a gaseous precursor via the
Eley—Rideal (E-R, shown in Figure 16) mechanism. The nano-
effect mechanisms presented in Figures 15 and 16 can only be
attained through DFT calculations.

6.3 Role of alumina in the formation of
EPFRs and PCDD/Fs

Alumina exists as one of the most abundant metal oxides
in PM, 5 encountered in combustion systems [126—129]. Its
concentration in PM,; can reach 13-16% by mass [6].
Table 2 displays the concentration of alumina and other
oxides in fly ash generated from different coal types.

cl | | . !
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A great deal of research has evidenced that alumina,
among the most important transition metals in PM,s,
plays a crucial role in the formation of PCDD/Fs. For
instance, Patterson et al. [110] used electron energy loss
spectrometry to elucidate the mechanism of EPFR forma-
tion over a y-Al,O5 surface. The authors report a notice-
able shift in n—n* transition of the chemisorbed phenol,
suggesting that the appearance of this precursor governs
the generation of phenoxy-EPFRs. A recent experimental
study by Potter et al. [130] demonstrated the contribution
of alumina, a- and y-Al,03, as well as aluminosilicate to
the formation of PCDD/Fs from the catalytic oxidation of
a 2-monochlorophenol precursor (2-MCP). The authors
verified that both alumina and aluminosilicate exhibit
an important role in PCDD/F formation. However, the
yield of PCDD/Fs mediated by a-Al,0; was only 0.4%
(by wt% of the initial reactant). Figure 17 displays the
PCDD/F yields from the oxidation of 2-MCP over selected
surfaces including both alumina a- and y-Al,03 surfaces.
Despite the results of these experiments, a systematic
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Figure 15: The L-H mechanism for the formation of PCDFs. A case of a 2-chlorophenol molecule on alumina surfaces.
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Figure 16: The E-R for the formation of PCDDs. A case of a 2-chlorophenol molecule on alumina surfaces.

Table 2: Concentration of selected oxides in fly ash generated from
different coal types [6]

Component (wt%) Bituminous Sub-bituminous Lignite
SiO, 20-60 40-60 15-45
Al,03 5-35 20-30 10-25
Fe,05 10-40 4-10 4-15
Ca0 1-12 5-30 15-404
MgO 0-5 1-6 3-10
SO5 0-4 0-2 0-10
Na,0 0-4 0-2 0-6
K,0 0-3 0-4 0-4
LOI 0-15 0-3 0-5

mechanistic understanding of how alumina facilitates the
formation of EPFR is still lacking.

A series of experimental studies have examined the
role of other metal oxides on the formation and persis-
tency of EPFRs in particulates. For instance, Lomnicki
et al. [104] and Vejerano et al. [107] investigated the cat-
alytic activity of two transition metal oxides, Fe,05; and
CuO, deposited on silicon oxide surfaces. They investi-
gated the catalytic activity of both oxides towards five dif-
ferent aromatic hydrocarbons, namely phenol, hydroquinone,
2-monochlorophenol, 1,2-dichlorobenzen, and catechol. They
confirmed that both the Fe,0; and CuO surfaces mediate the
formation of EPFR species (both phenoxy and semiquinone
types of radicals). They also describe in detail the surface-
mediated process, starting from the physisorbed interaction
of the precursors, followed by its dissociation states, and
ending with the EPFR formation. Furthermore, the authors
indicated that surface metal atoms transfer electrons to the
bound precursors resulting in the synthesis of EPFR. Some
studies have also been carried out to investigate the influence
of Ni,O [108], ZnO [114], and TiO, [113] on the formation of
EPFR, demonstrating their importance in EPFR formation.

Theoretically, Pan et al. [131] investigated the forma-
tion of EPFR generated from 2-chlorophenol (2-CP) over
hydrated and dehydrated silica surfaces using DFT.

The authors demonstrated that the dehydrated silica
cluster is more active towards the attack of 2-CP if con-
trasted with hydrated configurations. Results from the
study unequivocally point out the role of surface acidity
in the formation of EPFRs. However, an intriguing ques-
tion arises if the same trend applies to alumina and other
metal oxides. Along a similar line of inquiry, Mosallanjad
et al. [115] conducted a study to investigate the forma-
tion of PCDD/Fs from neat silica-mediated 2-chlorophenol,
confirming the catalytic role of silica surfaces in the gen-
eration of PCDD/Fs. The authors attempted to evaluate the
impact of temperature on the surface catalytic activity of silica
by applying the process in two temperature ranges (523-673
and 823-973 K), representing the lower and the upper range,
respectively, of the catalytic regime of PCDD/F formation.
They confirmed that the catalytic pathway over neat silica
was observed only in the upper range. However, the authors
also recognised the critical role played by the fly ash matrix in
the PCDD/F formation, even in the absence of transition
metals (i.e. neat silica, neat alumina, and alumina-supported
iron oxide [132]).
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Figure 17: PCDD/F yields from the oxidation of 2-MCP over selected
surfaces [130].
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6.4 Alumina surfaces mediated the
formation of EPFRs

The interaction of phenol with y-alumina resulted in a
paramagnetic signal that is commonly observed over
other transition metal oxides, with distinct characteris-
tics. For instance, the paramagnetic signal for the adsorp-
tion of phenol over y-alumina entails a g-value of 2.0043
and a peak width of 9.6 G. The observed broadness of the
peak indicated a possible co-existence of several EPFR
species [110]. When compared with TiO,, the observed
peak featured a g-value of 2.0032. The latter value indi-
cates an electron located at an ortho position of the phe-
noxy O. The combination of several peaks in the case of
alumina interaction with phenol most likely originates
from the adsorption at different acidic sites according to
the alumina—OH models described in Section 4. Likewise,
it was suggested that the presence of various surface ter-
minations assumes a critical role in producing different
EPFRs. Radicals bounded to y-alumina surfaces exhibited
two decay profiles: one with a 1/e half-life of only 2.5 days
while the second one prolonged to a 1/e half-life of 40
days. This was evident through a simultaneous increase
in the g-value from 2.0043 to 2.0046 [110]. Such a shift may
infer that the remaining radicals on the surface may be
phenoxy radicals, or even the more stable semiquinone
radicals. The initial g-value was attributed to phenyl radi-
cals adsorbed in a horizontal orientation.

Different transition oxides assume differences in types,
concentrations, and mechanisms pertinent to the produc-
tion of EPFRs. The capacity of alumina to promote the for-
mation of EPFRs exceeds that of other metal oxides. This
was attributed to the ease of the oxidation of its Al cations
[133]. It was illustrated that the effectiveness towards the
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synthesis of EPFRs follows the order Al,O; > ZnO > CuO >
NiO. Morphologies were also regarded as an important
factor. The seminal work by Liu et al. [133] systematically
investigated the formation of EPFRs over various metal
oxides, including alumina, starting from 2,4-dichloro-1-
napthol. The g-factors for radicals obtained over alumina
significantly overshoot the corresponding values acquired
over other transition metal oxides. This translated in higher
concentrations for EPFRs mediated by alumina, as shown in
Figure 18a. In particular, alumina selectively promoted the
formation of monochlorinated species. As it was the case in
the interaction of alumina with phenol, the obtained elec-
troparamagnetic spectra for 2,4-dichloro-1-napthol exhib-
ited an asymmetrical profile indicating the formation of
more than one category of EPFRs. Both phenolic and semi-
quinone-type EPFR radicals were formed. The formation of
these distinct EPFRs indicates the occurrence of reaction
mechanisms that involve either HCl or H,0O elimination.
As shown in Figure 18b, micrometre-sized alumina resulted
in the formation of a lower concentration of EPFRs when
compared with the regular alumina nanoparticles. The reac-
tion of basic O~ sites in alumina’s nanoparticles with halo-
genated pollutants in the atmosphere opens a potent
pathway for the formation of EPFRs. This pathway contri-
butes in parallel to the widely suggested direction for the
formation of EPFRs from thermal processes.

Along the same line of inquiry, Ye et al. [134] inves-
tigated the formation of EPFRs over iso-structural metal—-
organic frameworks (MOFs) where Al, Cr, and Fe constitute
the metallic-active ingredients. Initial precursors included
chlorinated phenols and catechol. A’*-rich MOF facilitated
the formation of EPFRs that endured a half-life of up to
70 days. Insufficient Lewis acidity associated with Cr’*
and Fe’* sites significantly hinders the formation of EPFRs
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Figure 18: (a) Concentrations of EPFRs over alumina and other transition metal oxides. Reproduced with permission from the American
Chemical Society [133]. (b) Effect of alumina morphology on the yield of EPFRs over alumina. Reproduced with permission from the American
Chemical Society [133]. (c) The building structure of the Al,03-MOF and the corresponding EPR spectra. Reproduced with permission from
the American Chemical Society [132].
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Scheme 3: Generic formation mechanisms of EPFRs over alumina.

when contrasted with A" sites. For this reason, it was con-
cluded that the synthesis of EPFRs originates from the pre-
sence of Lewis acid sites, regardless of the oxidation capacity
of the involved metallic species. Deploying magnetic reso-
nance spectroscopy measurements confirmed the unpaired
electron donation. Figure 18c shows the building structure of
the Al,O5-MOF and the corresponding EPR spectra [134].

Diffused reflectance infrared Fourier transform spec-
troscopy (DRIFTS) provided insightful mechanistic aspects
with a prime focus on the vibrations associated with the
temperature-induced departure of water molecules that
leads to the emergence of AI’* sites. Thermal treatment
of monochlorophenol and catechol at 250°C afforded strong
asymmetrical peaks with g-values of 2.0044 and 2.004,
respectively. The absence of hyperfine splitting indicated
a weak interaction between AI’** and the unpaired electron
of the phenoxy’s O of the initial precursor. The observed g-
values reflect the formation of both oxygen- and carbon-
centred radicals. The interaction of the Al,05-MOF with
catechol produced phenolate oxygen-centred radicals,
rather than the expected semiquinone-type radicals [134].
The concentrations of EPFRs resulting from monochloro-
phenol are lower than those observed from catechol. How-
ever, in both cases, the synthesis of EPFRs stems from the
parent precursors rather than from the secondary decom-
position products.

In a related study, Liu et al. [135] employed a com-
bined experimental-theoretical approach to investigate
the formation of EPFRs over a- and y-Al,Os; starting
from pentachlorophenol. It was found that the strong
catalytic capacity of both forms of alumina resulted in

the dichlorination of the parent pentachlorophenol. As
such, the pentachlorophenoxy radical was not detected.
The formation of methyl-substituted phenoxy radicals
and long-chain products promotes the authors to assume
the role of the dissociated chlorine atoms. More specifi-
cally, it was assumed that the alkylation process is facili-
tated by the conversion of Lewis acid sites into Brgnsted
acid sites. The lower chlorinated isomers of phenoxy
radicals were detected over the two alumina surfaces
with g-values in the range of 2.0049-2.0055. Steric protec-
tion at the para position increases the lifetimes of EPFRs over
alumina surfaces. This is achieved by avoiding intramole-
cular reactions from neighbouring adsorbed species [136].

6.5 Mechanistic considerations
6.5.1 General overview

Guided by EPR and DRIFTS measurements, a general
mechanistic pathway was proposed for the formation of
EPFRs over hydroxylated alumina surfaces [137]. Scheme 3
depicts the general features of this mechanism starting
from a 2-chlorophenol molecule as the initial precursor:
The reaction begins with the adsorption of a 2-chloro-
phenol molecule. As shown in Scheme 2, the terminal OH
groups assume a Kkey role in the formation of phenoxy- and
semiquinone-type EPFRs. The removal of the phenolic H atom
together with a surface OH group (i.e. water elimination)
results in the formation of a chlorophenolate adduct.
The fate of this intermediate is either stabilisation into
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Figure 19: Formation of phenolate over a neat a-Al,05(0001) surface. Reproduced with permission from the American Chemical Society [7].

phenoxy-type EPFRs or to undergo self-coupling into dioxin-
like compounds [137]. Water elimination is accompanied by
an electron transfer from the aromatic moiety to the AP*
sites; a process that leads to Al reduction. A parallel HCI
elimination pathway leads to the formation of semiqui-
none-type EPFRs. To the best of our knowledge, the literature
presents no DFT accounts on the relative importance of these
two competing pathways, HCl versus water elimination. Thus,
it will be insightful to compute corresponding kinetic para-
meters to assess the relative importance of both routes.

6.5.2 Related DFT studies

In previous DFT studies [7-9], we presented detailed the-
oretical investigations into the role of alumina oxide-based

Relative energy (kJ/mol)
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models in surface-mediating formation of EPFR, a situa-
tion that is typically encountered during the interaction of
aromatic compounds with the generated particulate matter
PM;, in combustion. We considered different models of
alumina, encompassing: dehydrated alumina surfaces,
Si-doped alumina surfaces and clusters with different
hydration coverages. First, we characterised the catalytic
potential of the neat a-Al,03(0001) surface in producing
the phenolic-type EPFR, under conditions pertinent to
the cooling zones of the combustion system [7]. We found
that surface-assisted rupture of the phenol’s O-H bond
over a dehydrated alumina surface required only 48 kJ/mol
to proceed with the manifestation of the facile nature of
producing adsorbed phenolate, as shown in Figure 19.
Furthermore, the relevance of the acidity sites to the catalytic
activity of alumina was clearly supported by the finding that
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Figure 20: Formation of a phenolate over a Si-doped alumina surface [8].
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the catalytic activity of the alumina surface in producing the
phenoxy/phenolate species negatively correlates with the
degree of hydroxyl coverage.

When considering alumina clusters, we found that
clusters with the active A1=0 double bond are catalyti-
cally more active in mediating the formation of phenolate
in reference to structures where all Al-O bonds are satu-
rated (i.e. Al-O single bonds) [9]. The Si-doped atom
(Figure 20) was found to increase the catalytic activity
of the dehydrated alumina surface in producing phenolate
adduct, in which the required energy barrier for the for-
mation of phenoxy moiety decreased by 17 kJ/mol com-
pared to the undoped surface (i.e. 48 kJ/mol, reported for
the pure surface).

Very recently, Wang et al. [138] mapped out detailed
mechanisms for the formation of phenoxy-type EPFRs
from the adsorption of phenol over y-AlL,O; surfaces
with different hydration levels. The role of the catalytic
effect by ambient water was highlighted in the study. It
was illustrated that activation energies required for the
surface-mediated fission of the phenolic O—H bonds cor-
relate with the strength of the basic sites. The interaction
of phenol with anhydrous alumina at lower water coverages
forms phenoxy-bounded EPFRs via direct fission of the O-H
bonds, whereas at surfaces with high water coverages, the
process involves water elimination steps. Figure 21 shows
the pertinent mechanism for the latter case.
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7 Potential catalytic applications of
alumina surfaces

Hydration of alumina surfaces may entail catalytic appli-
cations in strategic areas, most notably hydro-deoxy-
genation (HDO) of biomass fragments. Currently, most
HDO reactions take place over non-hydroxylated surfaces
such as ceria [139]. Surface hydrogens sourced from the
hydroxyl groups may have the potential to initiate sur-
face-assisted hydrogenation reactions with and without
inlet streams of hydrogen. Along the same line of enquiry,
facile removal of surface hydroxyl groups may afford alu-
mina surfaces an oxidation capacity towards hydrocarbon
pollutants. We envisage that these directions present poten-
tial catalytic applications of alumina.

8 Perspectives and future outlooks

This review focused on the functionality of alumina sur-
faces in facilitating the formation of EPFRs. However,
despite many experimental studies, reaction mechanisms
for the interaction of structurally related precursors with
alumina surfaces leading to EPFRs and PCDD/Fs remain
largely speculative. Future research is required to address
the formation of other types of EPFRs (such as phenyl and
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Figure 21: Formation mechanism of phenoxy-type EPFRs over hydroxylated alumina surfaces [138]. Reproduced with permission from

Elsevier.



DE GRUYTER

ortho/para-dihydroxylbenzenes), the effects of surface
defects on the interaction of alumina with organic pre-
cursors for EPFRs, and the plausible role of silicate
impurities in alumina. The formation of EPFRs from other
substituted phenolic species, most notably, brominated phe-
nols warrants a detailed investigation. These molecules emit
invariably from the thermal decomposition of brominated
flame retardants. With a significantly weaker aromatic
C-Br bond in reference to C-Cl bond, bromine-bearing
EPFRs may form in higher yields than their chlorinated
counterparts. Likewise, it is also important to construct
kinetic models that account for the temperature-depen-
dent profiles of the generated EPFRs.
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