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ABSTRACT

Our previous studies on Environmentally persistent free radicals (EPFRs)-contaminated
Superfund soil sites utilized a “top-down” approach to reduce the soil matrix into its constituting
components in order to determine which soil component was associated with the majority of the
formed EPFRs. However, due to the inherent complexity associated with this method, no real
mechanistic information was obtained from these studies. To overcome this limitation, the work
presented in this dissertation was carried out using a “bottom-up” approach, which utilized
surrogate systems to individually investigate the component(s) of the soil which are involved in

the formation and stabilization of EPFRs in the Superfund soil.

The first part of this work (chapter 2), utilized Fe(lll)-loaded montmorillonite as a surrogate
system the clay/mineral component of the soil and phenol as the organic pollutant to mimic the
polluted, EPFR-containing Superfund soil. This approach allowed, for a molecular level
understanding of the mechanism of EPFR formation occurring in the clay/mineral component
system of the soil and was accomplished by a combination of FT-IR, EPR, ICP-OES and XANES
analyses. It revealed that, once sorbed, the phenol transfers an electron to Fe(lll), forming Fe(ll)

and an organic EPFR.

In chapter 3, the work was extended to a bi-component clay/humin surrogate soil system,
utilizing Cu(ll)-loaded as well as poly-p-phenylene (PPP)-grafted Cu(ll)-loaded montmorillonite
clay surrogate soil systems. Both individually and in combination, the effects of the make-up of
the surrogate soil system on the EPFR formation were compared in terms of EPFR

concentrations, lifetimes, and their potential to generate reactive oxygen species (ROS).

The effects of soil pH and other environmental conditions, such as humidity and solar
irradiation, on EPFR formation were probed in chapter 4 of this dissertation and EPFRs were

shown to be affected by these environmental factors.

Xiv



Finally, insight into the naturally (non-pollution) occurring EPFRs was obtained by
comparing three different natural organic matter (NOM) samples sourced from the Humic
Substance Society (IHSS), and revealed that NOM contains EPFRs with very similar
characteristics to those detected in Superfund samples, but at much lower levels. This research

reveals that EPFRs are ubiquitous in the environment.

XV



CHAPTER 1
INTRODUCTION

1.1 Background

Soil contamination and its adverse effects to living organisms have become a major
concern in recent years, primarily due to the potential risk of human exposure through wind-blown
dust or through ingestion. Over the decades, a wide spectrum of polycyclic aromatic hydrocarbons
(PAHSs), chlorinated hydrocarbons (CHCs), and other organic pollutants in soil and sediments has
been investigated.* PAHs were found to be the parent compounds to a large range of important,
environmentally toxic compounds, such as polychlorinated dibenzodioxins (PCDDs),
polychlorinated dibenzofurans (PCDFs), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and
polychlorinated biphenyls (PCBs)*, which are known to be mutagenic and carcinogenic to
humans.>® Some well-known processes leading to the formation of dioxins and their parent
compounds, such as PCDDs, its congers, and chlorinated products include the photochemical
degradation of antimicrobial compounds, pesticide release from chemical industries, waste water
and sewage sludge release, forest fires and metal smelting.1*” Among all these sources, dioxins
formed from chlorophenol precursors, like pentachlorophenol (PCP), appear more dominant in
the environment, especially in the soil. This effect is due to a number of processes that can
transform chlorophenol precursors to dioxins in the environment. For instance, studies have
shown that PCDDs can be formed from white rot fungi through chlorophenol degradation
pathways involving peroxidase and oxidase enzymes or, alternatively, from chlorinated anicyl
compounds.”!  Similarly, chlorophenols, the basic precursors to PCPs, OCDD
(octachlorodibenzodioxin) and PCDDs, have been reported to have formed through natural
halogenation of phenols via nonspecific chloroperoxidase (CPO) enzymes.?1* Large deposits of
OCDD have been found in the soil that had been leached of their soluble precursor, PCP.31!

Chlorophenols have also been introduced to the environment through human activities, or



instance from spills at wood treating sites, where chlorophenols—due to their antifungal
properties—have been historically used in large amounts. 241313 Despite the large body of
literature in regards to the potential toxicity of dioxins formed through PAH and CHC
contamination, only very recently have the researchers started to understand that the
intermediates in the transformation of parent compounds to dioxins could be not only highly toxic,
but even more toxic that the parent or dioxin compounds themselves. This new direction of
revealed that a new class of radicals, known as the environmentally persistent free radicals
(EPFRs), constitutes an important intermediate product in the transformation of a number dioxin
precursor compounds, justifying further investigations into (i) the real identity of these type of
toxicants which, over the past decade, have been commonly misidentified as molecular pollutants
and dioxins, (ii) the fundamental chemistry that leads to EPFR formation, and, in the long run, (iii)

developing EPFR remediation techniques.

1.2 Environmentally Persistent Free Radical

Free radicals in the general sense are a group of highly unstable species, or groups of
atoms, with an unpaired electron. Radicals are generally highly reactive and react in a fraction of
a second in their quest to achieve stability, stripping off electrons from atoms with which they
come in contact, often resulting in a sequence of reaction.>1® Environmentally persistent free
radicals (EPFRs) are resonance-stabilized surface bound free radicals of semiquinones,
phenoxyls, and cyclopentadienyls. These radicals form by the association of aromatic and
polychlorinated aromatic hydrocarbon compounds with a redox-active transition metal center.®
They are more stable and persistent, meaning that they experience much longer lifetimes than
most free radicals.'®1° They were initially shown to form under post-flame conditions during the
creation of particulate matter (PM) of fine (PM 2.5-0.1 um) and ultrafine (PM 0.1 pm and smaller)
sizes.%2% Post-combustion particulate matter is found to be particularly rich in transition metals,

such as copper, iron, nickel, and zinc in their highest oxidation states.®?° EPFRs are formed at



transition metal centers that can be easily reduced when an organic compound chemisorbs.82
As depicted schematically in Figure 1.1, EPFRs form by an initial physisorption mechanism, in
which the organic molecule engages in a weak bonding with the metal center. Subsequently, an
elimination of water or hydrogen chloride results in chemisorption of the organic molecular
adsorbate, followed by a single electron transfer from the organic molecule to the transition metal
center, resulting in the formation of a metal center-bound free radical. This metal center
association, and the subsequent mesomerism, provides stability to the formed organic radical,
which manifests itself as resistance to oxidation, recombination, and degradation over a period of
time.’®2 The organic radicals produced from this process, thanks to resonance, lead to the
possible formation either oxygen-centered or carbon-centered EPFRs which, in turn, determines
the EPFRs’ exact environmental and biological activity. Initially, EPFRs were thought to have
formed direct surface-bound radicals with the primary associating organic molecule precursors;
however, present research has shown the formation of reactive oxygen species (ROS) of
hydrogen peroxide (H205), superoxide (Oz™) and hydroxyl radicals( *OH) through the synergistic
interaction of EPFRs with the associated reduced metal oxides."182324 ROS have been found to
induce oxidative stress, which can then result in a myriad of harmful effects, such as DNA
damage, pulmonary dysfunction, cardiovascular diseases, and cell death. 17182324 EPFRs are
known to promote active oxygen species formation in aqueous media, with the particle-associated

EPFRs acting essentially as free radicals from the chemical and biological perspective. 17182324
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Figure 1.1 Simplified model mechanism of surface-associated EPFR formation from a substituted
aromatic molecule via physisorption, chemisorption, and electron transfer.



Previous studies with transition metal oxides, such as Ni(l)O, Cu(IDO, zZn(I)O and
Fe(l1)203, that have been supported on silica surfaces generated from combustion and thermal
processes under post-flame conditions, have demonstrated the formation and stabilization of
EPFRs.29222526 These model system studies laid foundations for studying EPFR formation in
soils, as soils naturally contain significant amounts of transition metals in the form of minerals,
including metal oxide species and clays. Thus, soils constitute a reservoir of transition metal
centers that are involved in the EPFR formation. In parallel, the use of organic molecular
precursors, such as PCPs, in wood preservation and other industrial processes, has led to their
presence at elevated levels, in the environment, especially in soils. Similarly, increased levels of
PAHs and CHCs from such sources as the on-road emissions from heavy-duty diesel vehicles?”
2% and even deposition of industrial products, such as automobile tires and household plastics®,
have resulted in the heightened presence of aromatic precursors in soils and sediments. Given
the research showing that EPFRs can be formed when the appropriate organic precursors and
transition metal centers are brought together, and the widespread presence of these components
in soils and sediments across the globe, the following question arises: can EPFRs form in soils

and are they present in the environment, especially at sites polluted with organic contaminants.

In regards to the presence of EPFRs in soil question, EPFRs have been discovered to
have formed at PCP-contaminated Superfund soil sites, which indicates that EPFRs are not
confined only to the combustion-generated particles.?'32 The detection of EPFRs in soil sets the
tone for even further research on EPFRs in soil matrices, which are known to serve as a major
repository for organic contaminants. Further analysis of the PCP wood treating soils correlated
very high concentrations of EPFRs with high metal and PCP concentrations, strongly suggesting
the importance of metal centers and the aromatic precursor contaminants in the EPFR formation
in the soil. This means that EPFRs can form in soils. After the detection of EPFRs at a PCP-

contaminated wood treatment Superfund site, subsequent investigations performed at other



Superfund sites with PCP contamination also indicated the presence of EPFRs. 32 EPFRs have
also been detected in soils high in coal and tars.®*¢ This is not surprising, considering that PAHs
are also present in soils contaminated with coals.?’*® These contaminants are known to bind to
the metal sites in the sediments, which are abundant in the soil, leading to the formation of natural
EPFRs.3333 For instance, Kiruri et al. detected high concentrations of highly stabilized organic
radical in tar balls collected from the Gulf of Mexico shores of Louisiana and Florida after the BP
oil spill.*® Probing the tar balls’ EPFRs, it was concluded that the EPFRs were formed from the
partial oxidation of crude oil components; that occurred as a result of an interaction between the
oxidized aromatics in the crude with metal ion centers. The tar ball EPFRs also had a chemical

signature similar to that in the EPFRs detected in Superfund soils and PM .

Further efforts have been made to extend the understanding of EPFRs in both the soil and
PM2.5, and these efforts have yielded the application of surrogate models in the study of EPFRs.
Several recent studies have employed different metals in the study EPFRs using surrogate
systems in order to understand the importance of metals to EPFR stability and persistency as well
as their reactions with different aromatic precursors. Our group has recently employed two
transition metals, Cu(ll) and Fe(lll), with which a clay soil surrogate was loaded, as well as phenol,
as the organic precursor, to mechanistically study EPFR formation. Both the organic precursor
and the metal center perspectives were taken into account in teasing out the influence of a number
of environmental factors on EPFR stability (a more detailed discussion on these studies is
presented in chapters 2 and 3). Recently, Hangzong et al. followed our lead to study the formation
and stabilization of EPFRs induced by the interaction of anthracene with Fe(lll)-modified clays. 4°
Also, it has recently been illustrated in aqueous solution that, under UV irradiation, catechol in the
presence of hematite (HMT)-silica leads to the formation of EPFRs, with catechol acting as the
organic precursor.*? The results from these works indicate that EPFRs in the surrogate systems

were similar in terms of their make-up and stability to EPFRs detected in contaminated soils, thus



showing the promise of the surrogate soil approach. While the research on EPFR formation in
soil using surrogate systems has only focused on two metal centers, a good number of other
metals have been studied using silica-based nanoparticles.2°-222543 For example, the formation of
EPFRs on Ni(I1)O, ZnO, TiO2 and Al.O3z has been documented 2°2543  which all yielding EPFRs

with similar properties as EPFRs formed with the Fe and Cu clay systems.

The model mechanistic hypothesis for how EPFRs are formed involves physisorption,
chemisorption, and concurrent electron transfer steps, and has been first proposed by Dellinger
et al.1®?? (as seen in Figure 1.1). This model has been shown to be appropriate for all EPFR
formation studies to-date. Initial experiments with XANES showed the reduction of Cu(ll) to Cu(l),
in copper oxide, after exposure to organic precursor pollutants, such as 2-chlorophenols.*
Sprunger et al a group of Superfund scientists in LSU have conducted an extensive research on
the electronic structure of the EPFR forming processes employing ultraviolet photoelectron
spectroscopy (UPS), low energy electron diffraction (LEED), and electron energy loss
spectroscopy (EELS).#345-46 According to their findings, the chemisorption steps in the
hypothesized EPFR formation mechanism were confirmed by the observed changes in the
photoemission spectrum, which showed features of the chemisorbed phenol involving the phenol
HOMO located 1.1 eV above the top of the TiO. valence band. 4*%5-4¢ Following the EPFR
formation at high temperature, an observed enhancement of the Ti 3d-derived “defect” peak and
the attenuation of the phenol HOMO and phenol o orbitals. 434546 Collectively, these effects were
interpreted as an indication of a high temperature chemisorption-associated charge transfer from
phenol to TiO», which serves as evidence of an electron transfer process involved in the EPFR
formation. Similar behaviors were also identified in the studies with Al,Os, 434546 giving further
credence to the electron transfer being subsequent to the chemisorption onto the metal surface
step, initially proposed by Dellinger et al.,'® and corroborates the findings from this work, as

presented in Chapters 2 and 3.



1.3 The role of EPFRs in the degradation of organic pollutants

While there is a lot of literature on the toxicity of EPFRs, to-date, very few papers report
on the role EPFRs may play beyond their toxicity. In their recent work, Xing et al., studied the
degradation of p-Nitrophenol (PNP) concentration caused by EPFRs containing biochars.*’
Similarly, EPFRs containing biochars have been observed to enhance the degradation of 2-
chlorobiphenyl (2-CB).*8 Although EPFRs in the biochars were responsible for the degradation of
both PNP and 2-CB, the degradation mechanism appears to differ between pollutants. For PNP
degradation, EPFRs were directly involved through direct radical association.*” However, with the
2-CB degradation, EPFRs containing biochar generated *OH radicals through hydrogen peroxide

(H20>) activation, leading to the degradation of 2-CB by the OH radicals.*®

1.4 Toxicity of EPFRs

As stated earlier in section 1.2, EPFRs are known to form ROS through the reduction of
molecular oxygen, followed by a disproportionation reaction, which produces hydrogen peroxide
in situ. which, in turn, undergoes Fenton reaction with the reduced metal center to produce «OH
radical.}”?® The production of ROS is one of the main reasons for why EPFRs are toxic. 172324
The reduction of the metals to their respective low oxidation states by the aromatic pollutants
(phenols and chlorophenols) in the EPFR forming processes is key to ROS generation because
of the reduced metal center which is essential for Fenton chemistry. These metal centers, and
the matrices they are associated with, are regarded as vehicles for the transport of toxic pollutants
into the body via the respiratory system, reaching the lungs, tissues, and other organs, prompting
oxidative stress and the consequent tissue damages. While metals and organic pollutants are
synergistic in their influence and contributions to the toxicity of EPFRs to humans, toxicological
studies have widely correlated EPFR toxicity to the sizes of the EPFR carriers.*®°! The reasons
behind this is not far-fetched; Kiruri et al. have previously reported higher EPFRs concentrations

and enhanced stabilization on smaller-sized CuO nanoclusters, compared to large-sized CuO



nanoclusters.®? Based on their work and other literature, the smaller-sized metal nanoclusters
catalyze EPFR formation better due to their larger surface area, thanks to which they can bind to
a larger number of aromatic pollutants and hence, form more EPFRs. 552 This analogy can also
explain the reason for the higher toxicity of PMy1 or PM2s compared to other larger- sized PM’s
(PM10).%°-%* Due to the ability of EPFRs to travel through the respiratory system to the lungs and
penetrate to other tissues, most of the early combustion work on EPFRs has been largely focused
on EPFRs formed on PM ;s.Particulate matter sources can range from combustion-generated
particles to wind-raised dust from the soil.2%%4% They are complex and heterogeneous in nature,
making it difficult to attribute their toxicity to a particular component.'®5! In 2009, Cormier and
Dellinger first reported the effect of EPFRs associated with CuOf/silica particles (ultrafine
surrogates for PM) on human bronchial cells (BEAS-2B).1® The results revealed that EPFRs
containing CuO/silica ultrafine particles caused a myriad of cell damaging effects. Among them
was the generation of ROS, which were detected by observing an increased level of 8-epi and
PF2a lipid peroxidation products, which are notable oxidative stress markers in patients with
respiratory disease.® Furthermore, their experiments also showed that BEAS-2B cells exposed
to EPFRs containing CuO/silica particles triggered an increased expression of cytokines.'® The
latter effect was the result of an oxidative stress due to the ROS generation, leading to poor
regulation of the antigen via oxidant-antioxidant imbalance!®, an activity associated with cell
inflammation.*® In addition, researchers also showed that ROS induced irreversible inhibition and
distortion of cytochrome P450 metabolic activities in rat liver microsomes and other living
organisms when exposed to two different types of EPFR-containing CuO/silica particles (MCP230
and DCB 230).°*%" Generally, cytochrome P450s are known to modulate the xenobiotic
metabolism in living tissues®*-” thus their inhibition adversely affects their functions. Over the last
five years, more epidemiological evidence has emerged on the toxicity of EPFRs to living
organisms with the negative impact resulting in chronic pulmonary diseases, impairment of
cardiovascular functions, DNA damage, and eventual cell death.'®5155-60 The case of enhanced
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influenza disease severity has also been reported following pulmonary oxidative stress caused
by EPFR-induced ROS from PM.5! Fundamentally, these deleterious consequences are all linked
to the potential EPFRs have to generate ROS which, in turn, cause oxidative stress. Finally, toxic
effects of EPRFs are not only limited to humans. A recent report has revealed that EPFRs in
biochar can cause decreased germination rate, damage to plasma membrane, and shoot growth

retardation® which ultimately inhibits growth in plants as a consequence of oxidative stress.®?

15 Research Scope

EPFRs in the nature of in the form of phenoxyl and semiquinone radicals have been
recently found by our center at a 25-years old wood preserving Superfund site contaminated with
PCP. 3! Further work revealed that the component of soil which the vast majority of the EPFRs
were associated with, was the clay/humin fraction. However, this discovery-based research did
not examine the chemical mechanism of in-situ EPFR formation in soils. Given the potential health
risks of such EPFRs, it is imperative that the role of the different soil components be determined
in an in-situ EPFR formation, whether acting individually and synergistically. Another motivation
behind this dissertation research is that the in-situ formation of EPFRs may patrticipate in the
relatively slow intermediate stage in which chlorophenol is transformed into potentially more toxic

dioxins.

Given the inherent complexity and heterogeneity of soils, the previously 32 used “top-
down” approach to study the formation of EPFRs at Superfund sites has limitations, especially
when one wishes to obtain fundamental mechanistic information essential to devising remediation
strategies. Therefore, in this work, a “bottom-up” approach has been taken, as illustrated in Figure
1.2, in which surrogate systems are used and systematically built up in order to introduce the

complexity and heterogeneity of real soils.
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Figure 1.2 Experimental design for bottom — top approach utilizing single component, bi-
component and tri-component system (figure from superfund research proposal- project 3)

Soil components

From the physical perspective, soil can be viewed as being composed of three phases,
namely the gaseous, solution, and solid phases. Alternatively, as Figure 1.2 illustrates, soil can
be broken down into three major, chemically active components, especially in regards to EPFR
formation, namely the mineral, organic, and biological components. The mineral and organic
components encompass the clay/humic fraction or the Superfund soils that showed, by far, the

highest EPFR concentration of any of the soil components. As discussed in detail below,

1) the mineral phase provides a template for redox active metal centers;

system; and

2) the organic component provides a medium in which (i) hydrophobic compounds can be
concentrated, (ii) the electrons essential to redox processes can be transported, and (iii) EPFRs

can be stabilized due to the delocalization of the unpaired electron over a larger conjugated
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3) the biological component provides enzymes, such as laccase and peroxidase, that may allow
redox processes at the relatively low soil temperatures that may not be energetically possible by
other pathways, such as those facilitated by the high temperatures found in combustion process
or the energy input provided by UV/Vis radiation. All of these components are known to play a

vital role in the fate and transport of pollutants (PCP) within the soil. ¢

1.6.1 Clay minerals

Clay minerals are known to catalyze organic reactions transforming organic compounds
through polymerization.?3# High levels of PCCD, which has been found in livestocks, meat, fish
and baby food and linked to dioxin-containing minerals used in feed stocks, has been associated
with PCP contamination of soils and the presence of transition metals within the clay component
of the soils. 234 Active transition metal centers in clay mineral are known to play a key role in the
formation and stabilization of the intermediate radicals obtained en route to the formation of
dioxins. A number of studies have reported the formation of radical cations of 1- and 2-
chlorodibenzo-p-dioxin as intermediate products on the surface of a Cu(ll)-smectite clay.®5-¢¢
Researchers have also used density functional theory to predict, and Fourier transform infrared
studies to confirmed that pentachlorophenol radical cation generated on Fe(lll)-montmorillonite
can initiate octachlorodibenzo-p-dioxin formation from PCP.* Other studies have also shown that
clays can play a role in the CO; sorption and the storage of radioactive wastes.®”-®® These works
buttress the diverse role the clay component embedded in the soil play as a natural reservoir and
in pollutant contamination. Naturally occurring clay minerals are known to contain both transition
and non-transition metal cations, with metal smelting activities increasing the transition metal
content of the clay components of soils 2* In the research contained in this dissertation work, we
have used a smectite -montmorillonite clay, that has been exchanged with the commonly found
soil, especially in some anthropogenically polluted soils, transition metal cations, hamely Cu(ll)

and Fe(lll).
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1.6.1.1 Smectite-montmorillonite clay

Smectites are a group of phyllosilicate mineral species that includes saponite,
montmorillonite, nontronite, beidellite, and hectorite.®®’° Montmorillonite is a 2:1 type of smectite
clay mineral with an assemblage of a stacked octahedral aluminate layers in between two
tetrahedral silicate layers, containing exchangeable interlayer cations, see Figure 1.3. 6707
Smectite clays possess distinct properties, such as high cation exchange capacity, large surface
area which is chemically active and remarkable hydration characteristics at the interlamellar
surfaces.%®° The presence of exchangeable cations, usually alkali and alkaline earth metals (Na,
Ca and Mg), in smectites compensates for the variable net negative charge of the clay surface.
These net negative surface charges caused by the charge deficiency which is arises during
isomorphous substitution of lower charge cations for higher charge cations and this occurs
through intercalation between the interlayer sites. These cations constitute the exchangeable ions
found in the interlayers of montmorillonite clay, with commercial clay deposits containing greater
number of Ca and Mg compared to Na and H.5°"° These ions can be reversibly exchanged. For
instance, during soil mineral leaching process, a Na-containing montmorillonite is usually

exchanged by higher valence Ca and Mg. ®°

Montmorillonite clay is regarded as a swelling clay and the extent of swelling is dependent
ability for the interlayer cation to form well oriented water layers on the clay interlamellar surfaces.
This is also defined by the swelling ratio is which is directly related to the ratio of Na and Ca ions
in the interlayer. Among the interlayer cations, Na-containing montmorillonite exhibits a high
swelling ratio. Na swelling usually leads to dispersion and the development of colloidal-like
properties, such as high natural viscosity.®® Commercial smectite clay originates from a variety of
natural processes, suggesting the reason for its widespread occurrence. One of such natural
processes is through the hydrolysis of extrusive volcanic rocks, with minor contributions from

intrusive rocks, in environments exposed to surface weathering.®® Also, during geochemical

12



processes, smectites can form through the alteration of Si-, Al-, Fe- and Mg-bearing minerals as
well as the precipitation of natural elements containing fluids.®®"* In recent years, smectites have
been studied due to their ability to serve as adsorbents for organic pollutants.”? The large surface
area and small particle sizes that characterize smectite clays assist in their sorption of, and the

ability to catalyze the transformation of organic molecules.®®"*
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Figure 1.3 A schematic diagram of montmorillonite.

1.6.2 Organic component — soil organic matter (SOM) and humic substances (HSs)

Soil organic matter (SOM) is a class of natural organic matter (NOM), that originates
primarily from the degradation of plant materials with a little contribution from animal litter.”3-"°
(Ref) Humic substances (HSs), which constitute the major component of SOM, are made up of a
weakly associated molecular assemblies of heterogeneous polymer-like moieties, which can be
hydrophobic and hydrophilic in nature and are akin to proteins,® They have molecular weights
that ranges from 100 to 100,000 Da. "¢ HSs contribute 40-90% of the total organic carbon of the
soil and sediments.” HSs are composed of three main chemical entities, namely alkyl, O-alkyl,
and aryl, which arise from the degradation of long chain aliphatic, cellulose, and lignin parent
materials as well as other biomolecules, such as fats, proteins, pectines, and cutines.*">76.7" The

core structure of HSs is typically polyphenolic, or/fand carbohydrate with polymeric aliphatic
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branches and linkers.”®"® HSs are operationally divided into three different fractions depending
on their characteristic solubility in alkaline and acidic media. Fuvic acid represents the fraction
soluble at all pH conditions and humic acid (HA) is the fraction that is soluble under alkaline
conditions. Humin is the insoluble fraction of humic substances.”” This variation in solubility of
humic substances does not necessarily indicate the presence of three categories of organic

molecules. 778

HSs are polyfunctional in nature (i.e., contain carboxylic, phenolic, alcohol, amine, etc
functional groups), which enables their effective interactions with both metal ions and organic
molecules. These interactions can be as a result of ion exchange, complexation, redox
transformations, and hydrophobic associations 7782 Since HSs can act as redox mediators, their
accumulation in the terrestrial and aquatic environments plays a vital role in stimulating the redox
biotransformation of organic molecules in the soil. This property has been attributed to the very

abundant quinone moieties in humus.8-%

1.6.2.1 Humics as electron shuttles

A number of studies have investigated the role of HSs in the remediation of organic
pollutants in the soil and the environment. 86|t has been shown that HSs act as terminal electron
acceptors in microbial degradation and biotransformation of a range of organic pollutants.®-8” The
electron shuttling activities of HSs in the soil cannot be overemphasized in terms of soil redox
processes. Previous literature has demonstrated that quinone moieties are responsible for the
electron transfer redox mediating role of HSs in the reductive transformation of organic
pollutants.””8-83 For example, it has been shown that microorganisms, such as halorespiring
bacterium, Desulfitobacterium dehalogenans, with non-iron-reducing capabilities have exhibited
effective iron-reducing capability in the presence of anthraquinone-2,6-disulfonate(AQDS, a HS
quinone surrogate), highlighting the electron accepting role of humic substances.® The oxidation

state of quinone moieties usually varies depending on local environmental conditions, stage of

14



redox reaction, and the transforming agents involved. The quinone moieties within HSs can be
present in three oxidation states, quinone, semiquinone, and hydroquinone, (Figure 1.4, a). *° The
ability of quinone moieties within HSs to exhibit these oxidation states highlights HSs’ ability to
shuttle electrons back and forth from organic compounds to HS-coated redox centers, including
clay minerals, in the soil system. In this case, the degradation of the organic polutants is aided by
the electron shuttling capabilities of HSs, with the clay mineral acting as the final electron
destination. As an ultimate consequence, EPFRs are formed by, and become associated with,
the clay/humin soil fraction. EPFRs resulting from this process can be derived from two sources:
1) direct electron shuttling by HSs from PCP to the transition metal center of clay mineral (Figure
1.4, b) and 2) the shuttling of electrons, with HSs acting as the main redox active centre, induced
by the HS-oxidixing microorganism degradation of PCP. The latter effect can easily lead to
dechlorination of PCP, with phenol usually being the final product (Figurel.4, c). Futhermore, clay
minerals and other redox center-containing minerals may not be required as a source of transition
metal centers as HSs can bind transition redox centers due to the inherent presence of phenol
and carboxyl groups, and thus, HS-transition metal complexes can act as both electron sink and

source in the fate and transport of organic pollutants in the soil.3!
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Figure 1.4 (a) Quinone-hydroquinone electron route in SOM. (b) Direct electron shuttling by
SOM from PCP to metal center of clay mineral. (c) PCP degradation leading to phenol formation
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1.6.3 Biological component

A number of microorganisms have been found to be able to degrade chlorinated phenols,
by the chlorinated phenol compound undergoing reductive dechlorination when subjected to
anaerobic conditions in the presence of electron donating groups.81-%3 Thus, it can be postulated
that the biological components of soils may play a major role in the formation EPFRs in soils.
Previous studies have shown that microorganisms can anaerobically reduce humic substances
in the process leading to the reduction of high valency transition metal-containing mineral.8! In
particular, high Fe(lll) metal reducing capacity of NOM was demonstrated when incubated with
S. putrefaciens.® In fact, a large number of microorganisms such as Desulfitobacterium spp,
Geobacter spp, Sulfurospirillum spp fall into this category. Furthermore, under anoxic conditions
mineralization of organic pollutants to CO; can occur in the presence of quinone-reducing
microorganisms.*°,%4% Similarly, White rot fungi which are usually found on woods and trees
produces three ligninolytic enzymes; lignin peroxidase, manganese dependent peroxidase and
laccase.®®%8 These enzymes are able to degrade chlorinated phenols, including PCP, through the
formation of stabilized phenolic radical intermediate by one-electron oxidation of phenolic
compounds. The product of this class of degradation pathway varies sometimes depending on
the composition of the reaction. Several studies have reported the formation of chloroquinones
and other products of polymerization.®>%3% Reduction of oxidized chlorophenol is generally
catalyzed by redox enzymes, such as lignin peroxidases or manganese peroxidases (Mn-P), in
concert with H2O- in the presence of quinone reductase or glucose, with laccase (a copper

containing oxidase) reducing dissolved oxygen to water in this process.*®

1.7 Techniques
Several analytical techniques were employed in accomplishing the research projects in
this dissertation work, including electron paramagnetic resonance (EPR) spectroscopy, X-ray

absorption near edge structures (XANES) spectroscopy, extended X-ray absorption fine
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structures (EXAFS) spectroscopy, Fourier transform infrared (FTIR) spectroscopy, Raman
spectroscopy, X-ray powder diffraction (XRD) spectroscopy, and photoelectron spectroscopy

(XPS) will be discussed in detail.

1.7.1 Electron Paramagnetic Resonance Spectroscopy (EPR)

Electron paramagnetic resonance (EPR) was the key technique used to identifying,
characterize, and quantify EPFRs in this work. EPR is an electromagnetic radiation absorption
based spectroscopic technique, which can be applied to detect paramagnetic species containing
one or more unpaired electrons.?%-19 Paramagnetic species can be organic or inorganic in nature.
As a result of the intrinsic angular momentum possessed by the free electron, an unpaired
electron can be in one of two spin states, namely an o state (+% low energy electron) and a 3
state (%2 high energy electron), which mutually are degenerate and randomly oriented in the
absence of a magnetic field.%-192 However, when an external magnetic field is applied, denoted
as By , degeneracy is removed and the magnetic %2 moments (u) of the unpaired electrons are
aligned either parallel or anti-parallel to By, typically populating electrons into two energy levels
due to the Zeeman effect and resulting in the o and B states, respectively.®®-1°2 Initially, the majority
of electrons settle in the lower energy level; however, with the application of microwave radiation,
electrons are also promoted to the higher energy level, as shown in Figure 1.5. A point of field
resonance is established when the energy of the incident (microwave) radiation frequency, wo,
corresponds to the energy difference (AE) between the o state and (3 states. At this point of field

resonance, microwave absorption occurs and can be detected. 100-103
The energy difference is expressed with the following equation;

AE = hwo = gHoBo equation 1.1,

where h is the Planck’s constant (h = 6.63 X 10734 J s), w (Hz) represents the frequency of the
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Figure 1.5 Diagram showing the Zeeman effect, with the splitting of the energy level of an
electron as a result of applied magnetic field.

incident microwave radiation, Bo (Tesla) is the applied magnetic field, g is known as the
spectroscopic g-factor, and Lo is the Bohr magneton conversion constant (o = 9.27 X 1074 J T~
1. It can be deduced from equation 1.1 that the measured energy difference is a function of the
frequency of the incident radiation and is directly proportional to the magnetic field.1%-103 The
resonance frequency, wo, is also known as the Larmor frequency®-19 and can be expressed with

the equation:
Wo= 7e Bo equation 1.2,

where e is the magnetogyric ratio of the electron. The g-factor can be derived by a rearrangement
of equation 1.1, as follows:

g = hwo /HoBo equation 1.3.

The g-factor is a highly insightful EPR parameter, as it is used to determine the chemical

identity of the paramagnetic species giving rise to the detected signal .1%-1! The spectroscopic

g-factor, denoted as ge, is the g-factor of a free electron with zero angular momentum and has a

value of; ~2.0023. However, the interaction between the ground and excited state electrons
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results in an additional amount of orbital angular momentum, which is regarded as the spin-orbit
coupling contribution. The g-factor is affected by the degree of the spin-orbit coupling contribution
from the local environment of neighboring atoms, the magnitude of which is dependent on the
size of the nucleus of the paramagnetic species of interest. 1919 This results in the deviation of
the measured g-factor from that of the free electron (ge) For instance, the g-factors for
paramagnetic metal centers in metal complexes are larger compared to the paramagnetic centers
in organic radicals. This this is due to the spin-orbital couple contribution from lighter nucleus
atoms (H, O, N, and C) in organic radicals compared to the heavy nucleus paramagnetic metal
centers. 199192 The g-factor provides chemical information of not only the immediate atom but also
the chemical environment, bonding type, and electronic structures between electron-molecule or

electron-atom interactions. 100102

An EPR spectrum is plotted as the first derivative, f'(x), of the absorption spectrum, f(x),
as shown in Figure 1.6 first derivative is to obtain the g-value from the crossover point as the

falling inflection point of the first derivative of the absorption curve, i.e., when the function goes

Absorption Curve, f(x)

B

H
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First Derivative Curve, f’(x) g-factor

-~
~
P I

g-factor

Figure. 1.6 Absorption curve, f(x), and first derivative, f'(x), EPR specitra.



from concave to convex. The g-factor is measured by a line drawn through the first derivative
spectrum at the peak maxima of the absorption spectrum.°%-192 Another important parameter that
defines the nature of the paramagnetic species is the resonance line width, AHy.,, otherwise
referred to as the peak-to-peak linewidth, which is determined by measuring the distance between
f'(x) at the maximum and the minimum of the first derivative EPR spectrum.2?°-1°1 The narrowness
or broadness of EPR spectrum peak-to-peak linewidth is can also be used to determine the local

environment of the interacting paramagnetic centers,100102

The interaction that results from the unpaired electrons (electron spins) interacting with
the nuclear magnetic moment is defined as the nuclear hyperfine interaction. Nuclear hyperfine
interactions are very important in EPR measurements since they can be used to extract
information about the interacting unpaired electron and the atomic nuclei. This is usually
determined by identifying the splitting patterns that result from these hyperfine interactions with
their hyperfine splitting constants, which are characteristic of the neighboring interacting nuclei.-

102.

The basic components of an EPR spectrometer are presented in Figure 1.7, in which the
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Figure 1.7 Schematic block diagram of an EPR spectrometer.
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EPR microwave cavity (sample cavity) or resonator, which serves as a sample holder, is saddled
with two magnets that provide the magnetic field following the generation of the high frequency
electromagnetic microwave from a klystron source.'®1t The microwaves generated by the
spectrometer are then passed through the sample where the modulated signal is reflected on to
the phase-sensitive detector diode. The so generated signal is equivalent to the amount of
absorbed microwaves. In the EPR operation, the microwave frequency is kept constant while the
magnetic field is varied.1®-192 Typically, most EPR instruments operate with an approximate
microwave frequency of 9.5 GHz, which falls within an X-band region of 8-12 GHz. ° Other EPR
spectrometers operate at higher microwave frequencies (similar to higher field NMR

spectrometers), including 35 GHz (Q band region EPR) and 95 GHz (W band region EPR).101-103

1.7.2 X-ray Absorption Spectroscopy (XAS) Techniques

Two other important techniques used in the work presented in this dissertation, namely
XANES and EXAFS, are categorized under X-ray absorption spectroscopy (XAS). XAS
techniques are based on the absorption of X-ray lights in the form of a photon by a tightly bound
electron at the core level of an atom.2%41% The absorbed energy causes the ejection of an electron
from the core shell, thereby creating a so-called core hole (figure 1.8). The ejected electron is
known as the photo electron.'%41% For these processes to occur, the energy of the incident photon
must be greater than the binding energy of the core shell electron.* The absorbed energy is
characteristic of the binding energy of the electron core. Often, with further absorption, the core
edges are promoted to a continuum which, in turn, gives rise to an absorption edge. %41% The
excess energy from the incident photon is released as a photo-electron.1®*X-ray absorption is

often defined with the basic Beer’s law equation:

| = loe™ equation 1.4,
where lp and | represent the incident and the transmitted X-ray intensities, respectively, while t is

the thickness of the absorbing atom. The most important parameter from equation 1.4 is y, which
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is the coefficient of absorption; it is a function of energy and is related to the properties of the

absorbing atom?!®* and can be expressed as follows:

u = pZ* |IAE3 equation 1.5,
where p is the sample density, Z is the atomic number, A is the atomic mass number, and E
represents the X-ray energy. Equation 1.5 shows an important correlation between the absorption
coefficient, Y, the atomic mass number, A, and the X-ray energy, E. The edge energy varies
proportionately with twice the atomic number of the target element nuclei in the absorbing species,
and usually falls between 5 and 35 keV, allowing most elements to be probed with XAS based
methods. 104 In XAS techniques, the energy near and above the core absorption edges of atomic
species are measured as a function of their absorption intensities.!** Since all atomic species

have core-level electrons with distinct binding energies, XAS measurements are element specific.
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Figure 1.8 Ejection of a photoelectron from a core shell K orbital by incident X-ray energy to
form a core-hole. (figure redrawn from ref .104)

After the ejection of an electron from a core-edge electron shell, the atom becomes excited
with a highly unstable electron core hole, with a lifetime on the order of a few femtoseconds.%*

106 Subsequently, the excited state atom decays, most typically in one of the following two ways:
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1) the higher energy shell electron level tends to drop into the core-hole, and an X-ray of a
characteristic well defined energy is emitted or 2) the higher energy shell electron level drops into
the core-hole, which is then accompanied by an emission of a second electron (known as an
Auger electron) into the continuum, see Figure 1.8 and Figure 1.9. As depicted in Figure 1.9, the
core hole can be filled in by either an electron from the immediate higher energy shell, L, or the
penultimate shell, M, which will result in the emission of different fluorescent lines.%* The energy
emitted in the first process is known as X-ray fluorescence energy, while the second process is
referred to as the Auger electron emission effect.1®* Auger effects are usually encountered in the
lower energy X-ray absorption regimes. The energy resulting from both processes are
characteristic of specific atomic transitions in an element, thus they can be used to identify

different elements as well as quantify their concentrations. 194-106
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Figure 1.9 Excited state decay via X-ray fluorescence and Auger electron emission
processes. (figure redrawn based on ref. 104)

XAS techniques utilize either transmission or emission (fluorescence) modes for detection.
For both measurements, experimental signals are determined as their respective energy function
of the absorption coefficient and can be derived as follows:

Transmission measurement ....... M(E)=log(lo/l) equation 1.6
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Fluorescence measurement ....... M(E)=a(lilo) equation 1.7
Generally, X-ray absorption spectroscopic data are categorized as: 1) X-ray absorption near edge

structures, XANES, or extended X-ray absorption extended fine-structure, EXAFS.104

1.7.2.1 X-ray absorption near edge spectroscopy (XANES)

X-ray absorption near edge spectroscopy XANES) is a unique X-ray absorption tool for
determining the formal oxidation numbers of elements the local coordination environment around
an absorbing atom. It probes the fine structure of the elements in the vicinity of the absorption
edge (K, L, M... subshells).1%¢-1% This is achieved by measuring the photoelectron intensity for
photon energies from the absorption edge up to 50 eV beyond the edge energy.1°61%8 XANES
evaluates unoccupied electronic states by determining the X-ray absorption coefficient, which
depends on the photon energy at a fixed angle of illumination. This absorption coefficient
decreases with increasing photon energy, which is, in turn, dependent on the atomic number of
the absorbing atom. As depicted in Figure 1.10, the XANES region is composed from the pre-
edge, the main edge, and the multiple scattering region, the latter being primarily associated with
the white line.1%4-19° While the pre-edge and the main edge are solely used to extract information
about the oxidation numbers, all three regions are responsible for determining the coordination
sphere of the absorbing atomic species.%41%° The XANES spectrum is determined in large part
by the symmetry of a local site irrespective of the crystalline order.10410% 107 Therefore, it can
provide more information about the chemical bonding as well as the site symmetry probed
compound.(from both amorphous and crystalline materials) °-11* The pre-edge region primarily
shows the absorption edge features of the absorbing atoms; these features result from the bound
state’s electronic transitions, with transition probability being typically determined by dipolar
selection rules.197108111 |n most transition metal oxides, especially those of the first row transition
metals, pre-edge changes can depict 1s to 3d transitions as a result of the presence of the partly

filled d orbitals. This is made possible due to the hybridization of d and p orbitals.?”:11 Information
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about the oxidation state of the absorbing atoms is majorly deduced from the location (energy) of
the pre-edge and the main edge regions, since the main edge regions provide further details on
the continuum state energy threshold.!° Finally, information pertaining to the neighboring species
of the absorbing atom, such as the interatomic distances and bond angles,°”*! can be elucidated
from the multiple scattering regions (figure 1.10). This region arises from the photoelectron

scatterings by nearby atoms surrounding the central absorbing atom.
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Figure 1.10 X-ray absorption spectra showing XANES and EXAFS regions

1.7.2.2 Extended X-ray absorption fine structure (EXAFS)

Extended X-ray absorption fine structure (EXAFS) is a technique employed to determine
the structural information of a crystalline or amorphous sample. EXAFS provides information such
as the coordination numbers, interatomic distances between an absorbing central and the
neighboring atom, and the local environment of the nearby atoms that are within the range of ~5A
in a sample.10410%6-109 |n EXAFS, the measurement is mainly concerned with the region which is
~50 eV to ~1000 eV above the absorption edge energy.'®” As stated earlier, the energy of the
incident photon is usually higher than the binding (edge) energy resulting in the ejection of a
photoelectron. Typically, a photoelectron is represented as a wave/particle and the resultant

energy is given by the following equation;104-106-108
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E = Ex- Eo equation 1.8,
where Ey is the energy of the incident X-ray photon and E, represents the binding energy or
energy of the edge. Due to the proximity of other neighboring atoms to the specified central
absorbing atom, the wave associated with the photoelectron is scattered by these nearby atoms,
resulting in a constant interference pattern, which can be constructive or destructive in nature. 1%+
106-108]n a sample, these interference patterns result in absorption coefficient modulations, giving
rise to signal oscillations which are usually evident in the EXAFS spectra. 104107108

Generally, the EXAFS equation is expressed in terms of an energy oscillation function,
whose value is proportional to the amplitude of the scattered photo-electron at the absorbing

atom:

_ W(E)—uo(E) ;
¥(E) = o equation 1.9,

where Y(E) is the measured absorption coefficient, po(E) is the background value of the absorption
coefficient of the isolated atom, while Apo(E) represents the difference in the measured absorption
coefficient from the background energy. 1%4108-109 The oscillation functions associated with the

photoelectron are usually expressed interpreted in terms of a wave vector or wavenumbers,

Zme(E - Eo)
k= 7w

k= —Vzm“’f_EO) equation 2.0,

k’ :104,108—109

or

where me is the electron mass. When every other component is factored in, considering the
oscillation from the photoelectron scattering of the nearby atoms, the oscillation wave function
x(k) defines the complete EXAFS equation which is stated as 104108109

2R;
_zkzg-.z _J
Njfj(k)e lea

kRJ-Z

x(k) = %

equation 2.1,
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where N is the number of the neighboring atoms, R is the interatomic distance between the
central absorbing atom and the neighboring atoms and the atomic disorder from the neighboring
atom, &2, can be determined from the known values of the scattering properties, namely: f(k) and
o(k), which are dependent on the atomic number of the neighboring atom.1% EXAFS spectra are
usually represented as Fourier transformed radial distributions. 104198109 EXAFS data can be
collected both in transmission and fluorescence modes. In this dissertation work, XANES and
EXAFS were utilized to investigate the change in the oxidation state of transition metal ion centers
after EPFR formation and, in conjunction with other technigues, to determine the coordination

environment of formed EPFRs.

1.7.3 X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) is a versatile analytical characterization tool, commonly
utilized in the phase measurement of crystalline materials.'?12 Materials are usually analyzed in
a finely ground powdered form. XRD operates on the basic principle of the scattering of X-ray
radiation by the surface of a material and depends on the arrangement of the atoms in the crystal
lattice. Due to the periodic manner in which atoms are arranged in the crystal lattices, constructive
inference is produced, causing a diffraction of the incident X-ray at an angle equal to the incident
X-ray.12114 The outcome of the scattered light from a crystal surface is dependent on the number
of electrons around atoms which are responsible for the coherent scattering. The diffracted light
from a crystal provides information about the atomic arrangements in the crystal. 112114 Generally,

the XRD principle is based on Bragg’s equation, which is stated as follows:
nA=2dsin B equation 2.2,

where n represents the order of reflection of X-ray light from the crystal surface, A is the
wavelength of the incident X-ray, d represents the distance between the crystal planes, and 6 is
the angle of incidence of the X-ray light. In operating the XRD instrument, the powdered sample
is scanned at an angle of 26 in such a way as to obtain diffraction in all directions from the
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powdered sample.'*?14 The information derived from the XRD scanning experiment is interpreted
in terms of d-spacing and results in d-spacing values which are then judged against standard
references. 1** An XRD spectrum is typically presented as a plot of count-per-seconds versus the
rotation angle of 26. In the research contained in this dissertation work, XRD was utilized to

corroborate the cation exchange in and dosing of montmorillonite clay.

1.7.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface probing technique which can be
applied to measure the electronic structure at the surface of a material. XPS probes electronic
properties from the photoelectrons emitted from surface atoms bound up to ~10 nm deep from
the surface.'* This is accomplished by measuring the resultant kinetic energy after the ejection
of an electron from an atom by an incident photon. As previously described in section 1.7.2, the
decay of the excited state electron results in the filling of the K shell hole by an L shell electron.
This results in the emission of an Auger electron that gives rise to characteristic electronic signal
which is detected in XPS. The kinetic energy involved in the photoemission and the Auger de-
excitation process from different electronic energy level transitions are unique to each element.
The XPS spectrum is presented as a plot of signal intensity versus the binding energy. In this
dissertation work, XPS was employed to corroborate the reduction of Fe(lll) to Fe(ll) that occurred

in the EPFR formation process in the model Fe-containing clay-based surrogate soil system.

1.7.5 Raman Spectroscopy

Raman spectroscopy is an analytical technique based on the principle of inelastic
scattering of monochromatic radiation. In Raman spectroscopy, a monochromatic laser light
source of a specified frequency is applied to illuminate a sample, resulting in the interaction of
photon with the sample’s molecules. This interaction leads to an exchange of energy and a
subsequent scattering of the incident radiation. The resulting scattered radiation possesses a

frequency and wavelength different from those of the incident radiation, giving rise to a
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phenomenon known as the Raman effect.!1411> The energy of the resulting scattered radiation
may be lower or higher than that of the incident photon depending on the extent of energy
exchange during interactions of light with the sample’s molecules. 14115 |n addition, the
discrepancies in the frequency, wavelength, and energy of the scattered light are all a function of
the rotational and vibrational energy of each type of molecule. The energy transition of the
molecule is determined by the frequency difference of the scattered radiation. For instance, when
the frequency of the scattered radiation is less than the frequency of the incident radiation, it
results in the appearance of a Stokes line in the Raman spectrum.'® This corresponds to an
energy transition from a lower to a higher energy vibrational state of the sample’s molecule
However, anti-Stokes shifts can also be observed in Raman spectroscopy for fluorescent
samples.!® This occurs when the frequency (energy) of the scattered radiation is higher than that
of the incident radiation. Raman spectra are usually presented as a plot of intensity versus the
wavelength number, with the wavenumber of Raman active modes usually ranging from 400 to
4000 cm™. In this dissertation work, Raman spectroscopy was utilized to identify and characterize
the organic phase poly-p-phenylene grafted on the cation-exchanged clay during the preparation

of a clay-polymer surrogate model used to represent the SOM/mineral component of soil.

1.7.6  Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared spectroscopy is an analytical technique used to measure
functional groups that absorb or emit within the infrared region of the electromagnetic spectrum.
Beer’s law, as previously stated in section 1.7.2, also applies to FTIR. In FTIR, a single frequency
infrared (IR) radiation source is employed to illuminate a splitter which reflects and transmits the
beam of light into two equal parts.!® After splitting, the transmitted beam of radiation is cast on
the sample, causing the sample to absorb radiation that is characteristic of the sample’s molecular
constituents. The transmitted beam from the sample is then compared against the transmitted

beam obtained from the background, thus generating two single beam spectra, which are then
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interpreted by Fourier transforming the corresponding interferograms to yield frequency-based
data so that different functional groups are detected as a result of their vibrational frequencies.
FTIR spectrum can be presented as transmission or absorbance versus wavenumbers. A typical
FTIR instrument has a wavenumber range of 400 to 4000 cm~2, which represents the mid infrared
radiation energy region. Molecular absorption of radiation in this IR region results from the
difference in the ground state and excited state vibrational modes. ¢ In this dissertation work,
FTIR was utilized to confirm the absorption of phenols after gas phase exposure on cation-

exchanged clays.
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CHAPTER 2
FORMATION OF ENVIRONMENTALLY PERSISTENT FREE RADICAL
(EPFR) IN IRON(III) CATION-EXCHANGED SMECTITE CLAY*

2.1 Introduction

Clay minerals are important components of soils and act as a potential reservoir of metals
and toxic organic pollutants.!? Sorption of polycyclic aromatic hydrocarbons (PAHs) and
chlorinated aromatic hydrocarbons to clay minerals has been used to remediate organic
pollutants;?>® however, the possible formation of undesirable dioxins render this practice
detrimental to the environment.*°> Organochlorinated contaminants, formed as products and by-
products of such remediation processes, are not only toxic in their own right, but the intermediate
reactions leading to their formation are also of major concern to environmental safety.®’ In
particular, these intermediate processes result in the formation of surface-stabilized
environmentally persistent free radicals (EPFRs).28° Traditionally, EPFRs have been
misidentified as molecular pollutants in soils and particulate matter.10 The stability of an EPFR is
associated with the ability of mostly aromatic organic contaminants to undergo chemisorption and
form complexes with a redox (transition metal) centre, with the EPFR being formed through a
single electron transfer.®!! In addition to EPFRs playing a role in the transformation of pollutants,
radical processes involving EPFRs and organic compounds impact the formation of humic
substances, and hence, carbon sequestration.'? It has also been found that EPFR-containing
particles can generate reactive oxygen species (ROS) which, in turn, may induce oxidative stress.
This can occur in three steps: 1) EPFRs reduce molecular oxygen to superoxide, 2) the

superoxide, through disproportion, forms hydrogen peroxide; 3) the reduced metal species formed

* This chapter previously appeared as Ugwumsinachi G. Nwosu, Amitava Roy, Albert Leo N. dela
Cruz, Barry Dellinger and Robert Cook, “Formation of environmentally persistent free radical
(EPFR) in iron(lll) cation-exchanged smectite clay. Environ. Sci.: Processes Impacts, 2016,18,
42-50. Reproduced by permission of The Royal Society of Chemistry
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via EPFR formation participate in Fenton chemistry which, in turn, generates ROS.” EPFRs have
recently been found at elevated concentrations in numerous soil/sediment samples from a range
of pentachlorophenol-polluted Superfund sites.’*!4 A detailed top-down study found that the

EPFRs were almost solely associated with the clay/humic soil fraction.*

Other studies have shown that: 1) dioxin radicals can form in the presence of Cu(ll)
smectite montmorillonite clay mineral,*® 2) pentachlorophenol (PCP) radical cations are generated
in Fe(lll)-montmorillonite clay,? and 3) transition metal centres in clay minerals play a key role in
the formation of the intermediate radicals in the formation of dioxins.?® However, these studies
were carried out at conditions not relevant to the EPFR-contaminated Superfund sites as organic
solvents were used and/or high temperature and reflux conditions were applied. Our previous
investigations also demonstrated the catalytic role of transition metal centres, Cu(ll) and Fe(lll)
supported on silica particles metal surfaces, in the formation of intermediate EPFRs.%'%16 While
important, these studies did not address the type of conditions present at the Superfund sites in

which soil EFPRs have been found.

With the remediation of EPFR-contaminated soil systems being the ultimate goal of this
research, it is important to first gain a fundamental molecular level understanding of how EPFRs
are formed in soils at environmental conditions. The soil matrix, however, due to its complexity,
poses major technical challenges for modern molecular level analytical methods, thus a bottom-
up approach is appropriate, in which a soil is broken down into its biological, organic, and
inorganic components and the role of each of these components is determined individually and
in combination with each other. In this effort to systematically reconstruct the geosorbant (here
soil) and understand at a molecular level the mechanism of EPFR formation in contaminated soll
systems, we report on the use of Fe(lll) exchanged montmorillonite clay, designed to model the
clay component of a real soil in which EPFR have been shown to concentrate.'* Iron was chosen

as the redox centre of interest as it was found to be the most abundant transition metal in the
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contaminated Superfund sites.®® Phenol was utilized as a simplified model of organic
contaminants as it is a well-known soil contaminant itself and can be easily produced by microbial
reductive dechlorination of chlorophenol and polychlorophenols in contaminated soils,*” and is
considered as priority pollutant by U.S. EPA.8 The following analytical techniques were combined
in this study: 1) Fourier transformed infrared (FTIR) spectroscopy and X-ray diffraction (XRD) to
demonstrate the sorption of the model pollutant, phenol, 2) X-ray photoelectron spectroscopy
(XPS) to study the changes in chemical environment of Fe species, the redox centre of interest
in this study, and other elements in the clay, 3) electron paramagnetic resonance (EPR)
spectroscopy for radical detection and quantification, and 4) X-ray absorption near edge structure
(XANES) spectroscopy to investigate the redox change of the Fe centres. This non-biological
approach offers insights into the mechanism of the EPFR formation in soils and allows one to

measure EPFR lifetimes under environmentally relevant conditions.

2.2 Experimental

2.2.1 Materials

Smectite clay (CaM), STx-1b (Montmorillonite) with a cation exchange capacity (CEC) of
84.4 meg/100 g and a surface area of 83.79 + 0.22 m?/g, was purchased from the Source Clay
Repository (Purdue University, West Lafayette, IN). Iron(lll) chloride, FeCls, was obtained from
Sigma Aldrich, analytical grade phenol (loose crystal) was obtained from Mallinckrodt, and trace

metal grade nitric acid, HNOs3, was obtained from Fisher Scientific.

Preparation of Fe-Exchanged Clay Samples: Cation-exchange was performed following well
established protocols.?° Briefly, a 4 g sample of clay was placed in a 250 mL beaker and mixed
with 25 mL of 0.012 M FeCls; solution for proper hydration and dispersion. The resulting
suspension was then diluted up to 100 mL with additional FeCls solution and stirred for 48 h. The

Fe(lll) clay suspension was transferred to a dialysis tube and immersed into 18 MQecm water.
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The water was replaced every 12 h in order to wash out free chloride ions associated with FeCls;
until a negative AgNO:s test. The resulting clay material (Fe(lll)CaM) was filtered using a suction
vacuum filtration set-up and allowed to dry for 48 h at 60 °C. The sample was then crushed and

homogenized using mortar and pestle and utilized for subsequent experiments.

2.2.2 ICP-OES-Analysis

The metal content of the clay samples was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) using a Varian Vista-MPX CCD Simultaneous ICP-
OES. For this analysis, a 0.2 g sample of clay was digested in 5 mL of concentrated HNO3 for
approximately 8 h, cooled, and the resultant digestate was diluted to a total volume of 50 mL with

18 MQ+cm water and analyzed.

2.2.3 Gas Phase Phenol Dosing of Clay Samples

Clay samples were dosed with phenol following a previously reported method.14 Briefly,
50 mg of samples, contained in a 4 mm glass detachable bulb-shaped pyrex reactor with a
protruding Suprasil® quartz EPR tube, were exposed to phenol at room temperature in vapor
phase by dosing in a custom-made vacuum exposure system. Sample dosing commenced after
the attainment of a ~10-2 mm Hg vacuum to allow the removal of interfering organic contaminants.
Unreacted physisorbed phenol was evacuated by applying a vacuum of 102 mmHg. This
procedure resulted in the production of four different samples, namely: pristine montmorillonite
(PureCaM), phenol-exposed pristine montmorillonite (DosedCaM), Fe(lll)-cation-exchanged
montmorillonite (Fe(ll)CaM), and phenol-exposed Fe(lll)-cation-exchanged montmorillonite

(DosedFe(lll)CaM). All phenol-exposed samples were protected from light throughout the study.

2.2.4 Sample Exposures

Three different sample exposures were used in this study. First, the sample was simply

left under vacuum. Secondly, the sample was exposed to ambient air. The third experiment
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involved exposing the sample to humid air inside a Model 3940 Series Forma Environmental

Chamber with the relative humidity and temperature set at 75% and 25 °C, respectively.

2.2.5 Electron Paramagnetic Resonance (EPR) Spectroscopic Analysis

EPR measurements were conducted using a dual cavity Bruker EMX 10/2.7 EPR
spectrometer with a X-band microwave frequency of 9.78 GHz at room temperature and spectra
were recorded under the following instrumental conditions: sweep width of 150 G and 6000 G,
attenuator of 20 dB, power of 2.03 mW, modulation frequency of 100 kHz, modulation amplitude
of 4 G, sweep time of 41.94 s, time constant of 1.28 ms, conversion time of 20.48 ms, static field
of 3460.059 G, centre field of 3488.00 G, receiver gain of 1.0 x 10%, and a total of 5 scans. The

instrument was calibrated with a 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard.*:2°

2.2.6  FTIR Analysis

Infrared spectra were collected on a Bruker Alpha or Tensor 27 Fourier transform infrared
(FT-IR) spectrometer. Powdered clay samples were dispersed directly onto a Pike Miracle ATR
cell sample plate as to cover the Pt-diamond crystal. Spectra acquisition was recorded within the
frequency ranges of 400 cm™ to 4000 cm™ at a minimum resolution of 4 cm™ by averaging 16

scans.

2.2.7 X-Ray Analysis

X-ray absorption near edge structure (XANES) spectra were obtained at the wavelength
shifter Double Crystal Monochromator (WDCM) beam line of the J. Bennett Johnston, Sr., Center
for Advanced Microstructures and Devices (CAMD) located on the 7 T wavelength shifter.
Germanium 220 crystals were used in a Lemonnier-type monochomator with design modifications
made at Bonn University, Germany. Iron metal foil was used for monochromator calibration at
7112 eV. Samples were prepared by spreading a few pm thick clay powders onto a Kapton™
tape. The measurements in fluorescence mode were made with a 13-element germanium solid

state detector (Canberra Industries, Meridian, Connecticut, USA). Multiple scans (2-5 scans each)
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were performed at room temperature and were averaged using the Demeter software (Ravel and
Newville, 2005). Spectra of reagent grade standards of Fe>Os, FeO and FesO4 were also collected
for least squares fitting. The X-ray diffraction (XRD) data were collected on a PANalytical
Empyrean diffractometer using the Cu Ka radiation of A = 1.5419 A within 26 scan range of 5 —
90°. The X-ray photoelectron spectroscopy (XPS) measurements were performed using the
Kratos AXIS 165 XPS/AES system equipped with a monochromatic Al-Ka source and a charge
neutralizer, at pass energy of 80 eV for high resolution scans. The step size of 0.05 eV was
applied and shifts in binding energies were corrected with a 284.6 carbon 1s peak as internal

reference.

2.3 Results and discussion

Our previous research on particulate matter (PM.s) proposed that EPFR formation
involves an initial physisorption of an organic pollutant, followed by chemisorption and a
concurrent single electron transfer process to an active redox (transition metal) centre.®!%16 In
this study we wish to (i) determine if the same processes could take place on a very simple soll
surrogate system, namely Fe(lll)CaM, under ambient environmental conditions, (ii) monitor the
sorption of the organic pollutant (in this case phenol), the formation of the EPFRs, and the
reduction of the transition metal centre, (iii) quantify the amount of EFPRs formed and metal
centres reduced, as well as (iv) determine the influence of environmental conditions on EPFR

stability.

2.3.1 PureCaM and Fe(ll)CaM Characterization

As shown in Figure 2.1, a reduced basal spacing in the XRD pattern from 1.53 nm for the
PureCaM sample to 1.31 nm for the Fe(lll)CaM sample indicates the replacement of interlayer
Ca(ll) cations by Fe(lll).22  An XPS survey spectra (Figure 2.1, B) show intense oxygen peaks
associated to the major silicate Si (2s, 2p) and aluminate Al (2s, 2p) metal framework that forms

the tetrahedral and octahedral layers in calcium montmorillonite clay.?> The Fe 2p region in the
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Figure 2.1 XRD pattern spectra of A) PureCaM, Fe(lll)CaM and DosedFe(lll)CaM, B) XPS
survey spectra of (Fe(lll)CaM) and PureCaM. Experiment performed with 1.8 x 104 mg/kg Fe

loading.

survey after cation exchange appears to intensify after treatment with Fe(lll) (inset spectra). This
is an indication of Fe(lll) exchange with the Al(lll) interstitial lattice sites of the octahedral
aluminate clay layers.?® Similarly, the intercalation and the replacement of calcium and other
interlayer cations with by Fe(lll) species are also known to be responsible for such changes.?
Overall, these data strongly suggest that the Fe(lll) introduced in the cation exchange procedure

is interstitial in nature; however, the possibility of FeOOH coating a small percentage of the clay

surface cannot be completely disregarded.

2.3.2 Phenol Sorption

The sorption of phenol to the clay samples following the dosing procedure was confirmed

using FTIR spectroscopy by the presence of phenol vibrational frequencies in the phenol-dosed

samples.
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Figure 2.2 FTIR spectra showing sorption of phenol at different wavenumbers, ranging from
4000 cm-1 to 600 cm-1, with Fe loading of 1.8 x 104 mg/kg. (Expanded view)

The spectral regions presented in Figure 2.2, A and Figure 2.2, B are highly diagnostic of
phenol sorption. In Figure 2.2, A sorption of phenol to the DosedCaM and DosedFe(lll)CaM
samples is shown via the absorption bands at 1595 cm=, 1501 cm™?, 1474 cm™, and 1345 cm™.
The double peaks at 1501 cm™ and 1474 cm™, along with the peak at 1595 cm™, are all
attributable to the carbon-carbon stretching vibration of phenol, while the bands at 1368 cm-1
and 1345 cm™ for pure phenol, DosedCaM, and DosedFe(lll)CaM are assignable to the in-plane

-OH bending.?>-2¢ Other bands seen in Figure 2.2, B that are associated with the adsorption of
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phenol appear in the lower frequency region at 755 cm~ and 694 cm~! and correspond to the out-
of-plane C—H bending.?® Similarly, a shoulder peak at 806 cm™, typical of the aromatic C-H
bending region, indicates adsorption of phenol to the metal cation.?5?” The sorption of phenol is
further supported by the increase in the basal spacing observed from the XRD patterns (cf. Figure
2.1) between the Fe(lll)CaM and DosedFe(lll)CaM samples from 1.31 nm to 1.45 nm,
respectively. Spectra shown in Figure 2.2, C reveal a broad and rather featureless envelope of
peaks between 3200 cm™ and 3583 cm™ for all clay samples and pure phenol, which can be
assigned to a number of different hydroxyl group types. The sharp peak at 3628 cm™ for the clay
samples can be assigned to the -OH groups associated with Si(IV) and Al(lll) or Fe(lll) in the
tetrahedral and octahedral sheets.?®% Figure 2.2, C further shows the corresponding -OH
bending absorption bands between 841 cm= and 791 cm™ for octahedral cations (Si(1V), Al(Ill),
and Fe(ll)), mainly Al-OH-Fe and Al-OH-Mg.?4? In addition, H—-O—-H stretching vibrations from
inherent and adsorbed interfacial water molecules and weak hydrogen bonding within the Si—-O

surfaces have also been known to show strong absorption bands within these regions.?%3!

2.3.3  EPFR Formation and Analysis

The presence of organic radicals, EPFRs, were detected by EPR shortly after the dosing

of the Fe(lll)CaM with phenol.

EPR Analysis: The EPR spectrum presented in Figure 2.3, A provides clear evidence of
EPFR formation when Fe(ll)CaM is dosed with phenol. The EPFR signal in Figure 2.3, Ais a
nearly symmetrical peak with the magnetic field centred at 3460 G, an average g-factor of 2.0034,
and peak-to-peak line width (AHp-p) of ~6.1; these values correspond to an oxygen-centred
phenoxyl-type organic radical.}*'*® The EPR spectrum at 6000 G, presented in Figure 2.3, B
provides further insight into the chemical environment of the unpaired electron. A broad peak at

g-factor = 2.03 and a somewhat narrower peak towards the lower magnetic field at g-factor = 4.21

49



A —— Fa{lljCaMmMT
—— DosedFe{lllCaMMT
—— DosedCaMMT

Intansity fa.u)

] I I L 1 I I

00 3420 3840 2450 3480 L Asx
Magnetic Field [Gauss)

B — Fe{lljcam

m ﬂ : —— DosedFe(lljCaM

I T T T I T

1004 2000 o 400 GO0 GO0
Magnetic Field (Gauss]

Intensity {a.u)

Figure 2.3 EPFR generation: EPR spectra for Fe(lll)CaM with Fe loading of 1.8 x 104 mg/kg
and DosedFe(lll)CaM at A) 150 G and B) 6000 G spectral width.

are attributed to low and high spin octahedral and tetrahedral paramagnetic Fe(lll) ion sites,
respectively.®?3 The peak at g-factor = 2.03 is superimposed by the peak associated with the

organic radical formation after phenol exposure.

The example of Fe(lll) illustrates the importance of transition metal centres and their exact
speciation. It is further supported by the fact that the DosedCaM system does not form EPFRs.
While PureCaM does inherently possess Fe(lll) centres, they are located at the enclosed inner
lattice sites in the octahedral clay layer. This hinders phenol-Fe(lll) interactions, preventing EPFR
formation, as indicated by no radicals being detected in the DosedCaM system. This
demonstrates that intercalated Fe(lll) species are mainly responsible for the formation of the
organic radicals through a single-electron oxidation of phenol.**¢ Furthermore, a change in colour

from brownish yellow for Fe(lll)CaM to greyish green for the DosedFe(lll)CaM also confirms the
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occurrence of a redox process; this has been previously observed for the Fe(lll) reduction to Fe(ll)

in montmorillonite clays.**

2.3.4 Role of Redox Centres in EPFR Formation

The role of the Fe(lll) redox centre was further studied by a combination of high resolution
XPS and XANES. High Resolution XPS: The high resolution XPS scans of the Fe 2p region in
the survey scan in Figure 2.1, B can be employed to further explain the changes in the chemical
state of Fe(lll) after cation exchange and subsequent radical formation. Figure 2.4, A-C highlights
the Fe 2p3/2 and Fe 2p1/2 binding energy peaks of iron. The peaks at 711.6 and 725.0 eV for the
PureCaM are assignable to the structural Fe, confirming that Fe(ll) and Fe(lll) are embedded in
the montmorillonite lattice.® After cation exchange with Fe(lll), the Fe 2p1/2 peak remains nearly
unchanged (724.8 eV for Fe(lll)CaM and 724.7 eV for DosedFe(lll)CaM). On the other hand, the
Fe 2p3/2, which is considered to be the main Fe 2p peak, partitions into two sub-peaks positioned
at 710.7 eV and 713.0 eV, that may be attributed to structural and intercalated Fe species,
respectively.®® Upon dosing with phenol, the position of the peak ascribed to the intercalated
Fe(lll) shows a 0.6 eV shift from 713.0 eV to 712.4 eV. This suggests a change in chemical state

of Fe(lll), consistent with a reduction of Fe(lll) to Fe(ll).

XANES Studies: In order to further confirm the mechanism by which EPFRs are formed,
Fe(lll)CaM and DosedFe(lll)CaM samples were analyzed by XANES, with the focus on the Fe
redox centre. The data in Figure 2.5 show, based on the K-edge energy shift, the partial reduction
of Fe(lll) to Fe(l) (100% Fe(lll) for Fe(llCaM and 77%Fe(lll) and 23%Fe(ll) for DosedFe(lll)CaM)
after phenol dosing. These data, when synthesized with the FT-IR and EPR data discussed
above, lead to the mechanism proposed in Scheme 1, whereby the initial phenol adsorption in
the Fe(lll)-exchanged clay results in the abstraction of a hydrogen atom from phenol and a single

electron transfer from the phenol molecule to the Fe(lll) centre, leading to the EPFR formation.

51



Intensity (a.u)

705 710 7186 720 725 730 736
Binding Energy (eV)

,:_!.
o
2
[
c
2
=
706 710 715 720 7256 730 735
Binding Energy (eV)
T o
E C
2 -
= 724.7
c
]
L

705 710 715 720 725 730 735
Binding Energy (eV)

Figure 2.4 Deconvoluted high resolution XPS spectra of Fe 2p binding energy peak regions for
A) PureCaM, B) Fe(lll)CaM, and C) DosedFe(Ill)CaM. Experiment performed with 1.8 x 10*
mg/kg Fe loading.

This mechanism is consistent with the EPFR formation mechanism proposed for PM.5.%63" The
XANES data presented in Figure 2.5 reveal additional mechanistic information beyond the
oxidation state of Fe redox centres in the formation of EPFRs. Least squares fitting of the spectra

demonstrates a decrease in the main-edge intensity of the spectra for the probed post phenol-

dosed sample (Fit_Fe(l1&I1l)) compared to the iron standards (Fe(ll) and Fe (111)).
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phenol Fit. Experiment performed with 1.8 x 104 mg/kg Fe loading.

This suggests an alteration typical of the octahedral or near octahedral coordination
environment of Fe in the post phenol-dosed sample.®-? A significant edge shift from 7125.5 eV
to 7124.0 eV and 7122 eV to 7120 eV at the centre and the base of the K-edge towards the Fe(ll)
energy for the phenol-dosed sample (Fit_Fe(ll&lll)), when compared to the Fe(lll) standard,

provides further strong evidence of the change in oxidation state of iron from Fe(lll) to Fe(ll).38-4!

-H* electron tranfer
—_—
—_—
H 0

Fet oxide \ Fedim 0xlde

o

-~ I

o
\ Fe? e oxide

(o]

/

Fele— oxide

Scheme 2.1. General mechanism for EPFR formation with phenol on Fe(lll)CaM.
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The expanded insets of the Figure 2.5, A-B show the emergence of an intense and broad peak
in the post phenol-dosed sample spectrum DosedFe(lll)CaM and in its spectral fit (Fit_Fe(l1&ll1)).
It results in a slight deviation from the pre-edge centroid position. This type of shift has been
previously associated with a change in oxidation state of Fe(lll).2842 However, further explanation
can be ascribed to the distortion in the coordinating ligands after chemisorption, with the
subsequent replacement of ligating species, such as -OH and H:O, following a single electron
transfer from phenol molecules.®-3°42 This possible distortion in the 1s—3d pre-edge transitions
during electron transfer (Fe(lll) — Fe(ll)) in the octahedral coordination environment, may explain
the intensity gain observed for Fit_Fe(l1&IIl) as a result of their quadrupolar character.34%-41 This
finding corroborates the initial EPR observations. Furthermore, the Fe(lll)CaM and Fit_Fe(lI&IIl)
spectra appear to align with the standard Fe(lll) spectrum, both in the 1s—4s (main-edge) and in
the 1s—3d (pre-edge) transition regions, demonstrating a 100% Fe(lll) composition in the pre-
phenol-dosed sample (Fe(ll)CaM) with no distortion in the coordination environment. In
summary, the XANES data support the proposal that phenol is chemisorbed to the Fe redox
centre and, via electron donation, reduces Fe(lll) to Fe(ll), and reinforce the EPFR formation

mechanism presented in Scheme 2.1.

Radical Density: The combination of ICP-OES and XANES results allows for an estimation
of the Fe(ll) concentration (in atoms per gram), while EPR analysis allows for the determination
of spins (EPFRs) per gram. Thus, by linking the data from these three techniques, one can obtain
an estimate of EPFR density per Fe(ll) atom (in spins /atom). Remarkably, it was found that there
were 1.5 x 102 spins/Fe(ll) atom. Stated differently, only 3 EPFRs are produced per 200 Fe(lll)
atoms reduced (or 200 electrons transferred). While steric effects between metal atoms have
been reported to be the biggest factor affecting the accessibility of phenol to the transition metal
surface,!! steric effects due to phenol orientation on the metal surface are bound to affect the

lifetime of the radical as well, increasing the chances of radical recombination and decay. Thus,
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the low ratio of EPFRs to Fe(ll) redox centres reported here can be explained by a large number
of the initially formed radicals combining with other radicals in the areas of high radical density—
in short, phenoxyl radical polymerization— leading to the relatively rare event of long-lived EPFR

formation in the areas of low radical density.

2.3.5 Influence of Fe(lll) Loading in Fe(lllCaM on EPFR Concentration

To further investigate the relationship between Fe concentration and EPFR formation,
Fe(ll)CaM samples with different Fe loadings were prepared from Fe solutions of varying
concentrations, ranging from 0.0021 M to 0.025 M, following previously stated procedures.*® Upon
exposure to phenol, an increase in the Fe(lll) loading concentration from ~8 x 10% mg/kg to ~2.4
x 10* mg/kg caused a non-linear increase in the EPFR concentration (cf. Figure 2.6, A). EPFR
concentrations obtained when the Fe loading concentrations were between ~ 1.8 x 10* and 2.4 x
10* mg/kg were found to be statistically within the same range. This observation can be explained
as follows: at low Fe loadings (8 x 10°® mg/kg — 1.0 x 10* mg/kg) only a few Fe(lll) centres are
available for EPFR formation. Due to steric effects, the adsorbed phenoxyl radicals prevent
additional phenol molecules from accessing Fe(lll) centres.!! However, at higher Fe loading
concentrations (> 1.0 x 10* mg/kg), more and more Fe(lll) centres become available for reaction
with phenol. The data also show that, at 1.8 x 10* mg/kg, an optimum number of the appropriate
Fe(lll) centres are available, beyond which no further EPFR formation occurs. This EPFR
saturation can be explained by the fact that, at higher (1.8 x 10* mg/kg) Fe(lll) concentrations,
there are either no additional isolated Fe(lll) centres, causing any radicals formed to react with
each other instead of facilitating EPFR formation or additional Fe(lll) are not accessible to sorbed

phenol molecules due to steric reasons.
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Figure 2.6 A) Relationship between EPFR concentration and Fe(lll) loading concentration B)
EPFR lifetimes for DosedFe(lll)CaM in vacuum (purple), after exposure to ambient air (red) and
at 75% relative humidity (RH; blue).

2.3.6  EFPR Lifetime Analysis

The stability of EPFRs in the atmosphere contributes to their environmental impact. We

have investigated this by exposing the Fe(lll)CaM-associated EFPRs to air.

Effect of Air on EPFR Persistence: EPFR lifetimes have been widely studied as a way to
express their persistency and stability after exposure to molecular oxygen in the
environment.!11643 The EPFR concentrations in DosedFe(lll)CaM samples (at an approximate
1.8x10* mg/kg Fe(lll) loading concentration) were monitored immediately upon exposure to air
and under relative humidity (RH) range of 22%—-38%, both in the dark (to minimize the chance of
a photoreaction). The same procedures were carried out with EPFRs under vacuum to serve as
a control experiment for an oxygen-free atmosphere. The results for these experiments are shown
in Figure 6, B with two time periods being apparent: the growth period, during which EPFRs were
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formed, and the subsequent decay period. The growth period is attributed to the migration of

phenol to more active Fe(lll) sites in the clay.

The growth period also resulted in the g-factor and AHp-p of the EPFRs increasing from
2.0034 to 2.0036 and from 6.1 to ~ 6.6—6.9 G, respectively. The increase in AHp-p is a
consequence of concentration broadening.?” The EPFR decay rates and lifetimes were
determined employing the pseudo-first-order integrated rate law expression (In (R/RO) = —kt,
where t; = 1/k, T =1/e, e is the base of the natural logarithm, and R/RO is the ratio of the final to
initial radical concentrations).'*1¢43 When suspended in vacuum, EPFRs showed significant
stability, with decay occurring at a very slow rate of 0.00028 h7, yielding a 1/e lifetime of T =
148.8 days . During this decay period, the g-factor and AHp-p remained unchanged. For EPFR
decay monitored in air, a 1/e lifetime of 10.4 days was observed with a decay rate of 0.0040 h2.
During the in-air decay period, the g-factor and AHp-p decreased to 2.0032 and 5.2 G,
respectively. The total EPFR lifetimes for the systems under study here are 151.8 days (with 72

h of radical growth) under vacuum compared to 12.4 days (with 48 h of radical growth) in air.

The above lifetimes are longer than the 3.8 days previously reported for EPFRs generated
(in air) on a Fe(lll)20a/silica system, a model surrogate of the PM. s systems,® dosed with phenol
at 230 °C, but shorter than those reported for EPFRs in pentachlorophenol-contaminated soils
and real PM_s systems. Conversely, multiple decays with longer combined EPFR lifetimes of 39
and 21- 5028 days were reported for PCP-contaminated soil and real PMas systems,
respectively.®”** The complex nature of the soil matrix, which can consist of polymeric aromatic
components of soil organic matter (SOM) and assorted transition metals (Fe(l11), Cu(ll), Mn(ll1)),**
143643 may account for the longer lifetimes encountered in the contaminated soil system due to
local effects, such as hydrophobic associations and 1r-stacking, which are common with the SOM
systems.'31443 Additionally, the long EPFR lifetimes for real PM,.s samples have been previously

explained by the presence of trapped EPFRs, also known as ‘internal radicals’. This trapping, or
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internalization, protects radicals from molecular oxygen in the environment, hindering the
oxidation, and hence, slowing decay processes of these ‘internal’ EPFRs.?" It has also been
reported that phenol intercalation can occur in a montmorillonite clay containing organic cations,
constricting phenol molecules to their interlayer domain.** The same intercalation can be
assumed for the system under study here, as evidenced by the increase of the basal spacing
from 1.31 nm to 1.45 nm for Fe(ll)CaM and DosedFe(lll)CaM (cf. Figure 2.1), causing similar
internalization and hindrance to oxidation, resulting in longer EPFR lifetimes for the
DosedFe(ll)CaM than for the Fe(lll):O4fsilica system. Radical dimerization provides another
plausible explanation of the prolonged EPFR lifetimes, especially during the radical growth period
after air exposure.43 For example, a cyclopentadienyl radical formed from a phenoxyl radical via
chlorophenoxyl radical intermediates, was previously implicated in the formation of different types
of dioxins.*® Such an occurrence may can also contribute to the slight change in the g-factor and

AHp-p observed during the radical growth period in this work.

Effect of Humidity on EPFRs Persistence: The observed EPFR decay after exposure to
air may also be due to the adsorption of water molecules to, and desorption of the organic
precursor from active metal sites. To verify this assertion, DosedFe(ll)CaM EPFRs were exposed
for 4 hto 75% RH air at 25 °C and their decay was monitored. As shown in Figure 2.6, B, a much
faster decay rate of 0.02 h=* was found under these conditions, amounting to a 1/e lifetime of 2.1
days and no initial growth period. During the EPFR decay period, the g-factor decreased from the
2.0033 — 2.0035 range to 2.0030, while the AHp-p showed a swift decrease from 6.2 to 4.7 G,
suggesting a more homogenous radical system.20 The increase in the RH of air to 75% resulted
in EPFRs decaying 5 times faster than in air with RH ranging from 22% to 38%, and 71 times
faster than under vacuum. This observation suggests that humidity is a more important factor than

the presence of oxygen in the EPFR decay processes taking place in the environment.
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Additionally, at 75% RH conditions, no prolonged growth period was observed, presumably due

to the water molecules blocking all available active Fe(lll) sites, inhibiting further reaction.

2.4 Conclusions

It has previously been found that soils with iron concentrations between 14 and 23 x 103
mg/kg, contaminated with phenols and, to a lesser extent, other organic pollutants, have EFPR
concentrations ranging from 5.83 x 107 to 20.2 x 107 spins/g.®* The complex tri-component
biological/mineral/SOM soil system is an analytical challenge, especially for mechanistic studies.
This study is an initial step in gaining a mechanistic understanding of how EPFR form in
contaminated soils by simplifying the soil system to its mineral components. The mineral
component, represented here by montmorillonite clay, was chosen as it has been shown that the
vast majority of EPFRs in contaminated soils are associated with this fraction, and that clay
systems act as a major metal repository and a sorbent of organic pollutants.'*443 This model
system yielded EPFR concentrations and lifetimes close to, but lower than those reported for real
world soil samples, with no biological component present. The differences in concentration can
be explained by other processes, such as enzyme-enhanced EPFR formation.**** The longer
EPFR lifetimes for real world soil samples can be explained by SOM stabilization, as we have

previously suggested.

Mechanistically, the Fe-loaded montmorillonite system revealed that, under
environmentally relevant conditions, an EPFR can be formed by the intercalation sorption of
phenol, followed by a transfer of an electron from the phenol to an Fe(lll) centre, which results in
the reduction of iron to Fe(ll). The intercalation of phenol results in the intercalated EPFR, which
reduces the ability of oxygen to oxidize this radical, and hence, allows for a long-lived radical.
This mechanism can be further extended by the fact that the concentration of EPFRs (spins) are
much lower than that of the Fe(ll) centres per gram of clay, which leads to the conclusion that a

large number of the formed radicals dimerize and form non-radical final products, such as dioxins,
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and only the isolated radicals become EPFRs. Finally, it was found that high humidity resulted in

faster EPFR decay, hence EPFR toxicity may be lower in humid climates.

The strong resistance to oxidation and the stability of these radicals after exposure to air

imply that, even without the stabilizing effect of SOM, the formed EPFRs can persist long enough

in the soil to increase the chance of the EPFR-containing clay particles being suspended in air by

wind and, in turn, inhaled, ultimately causing oxidative stress.” The critical environmental

implication of this work lies in the observation that the clay system, when contaminated, in the

absence of any biological components, can form EPFRs at concentrations close to those found

in real contaminated soils at ambient temperature, which has wide ranging environmental and

human health implications, especially when humidity is relatively low.
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CHAPTER 3
MODEL SYSTEM STUDY OF ENVIRONMENTALLY PERSISTENT FREE
RADICALS FORMATION IN A SEMICONDUCTING POLYMER
MODIFIED COPPER CLAY SYSTEM AT AMBIENT TEMPERATURE*

3.1 Introduction

Decades of experimental research on the remediation of polluted soils have led to
the concept that, after much aging, soil acts as an environmentally inert sink for organic
pollutants.?? However, the discovery of environmentally persistent free radicals (EPFRS)
in soils has caused a reconsideration of this notion.®* Detected in combustion particulate
matter, soils, and sediments, EPFRs appear to be ubiquitous in the environment.®>’ EPFRs
are oxidation resistant organic radical complexes, may be aromatic or polycyclic aromatic
in nature, and are formed via the reduction of transition metal ions by the adsorbed

aromatic organic pollutant.®#8

Our early studies were aimed at the understanding the role of transition metals and
aromatic organics in the formation of dioxins in combustion particulate matter.*® EPFRs
are of similar concern as dioxins'°'?, as they have been shown to induce the formation of
reactive oxygen species (ROS) and can lead to cardiopulmonary diseases and cancer.'*
1 The formation of EPFRs in combustion particulate matter implies an important role of
high temperatures in the formation of EPFRs.%® In addition, it has been recently shown
that UV radiation can also induce the formation of EPFRs!’ in the presence of a redox
centre and an appropriate organic contaminant. While there is evidence that high

temperatures or UV radiation may induce the formation of EPFRs, the detection of EPFRs

* This chapter previously appeared as Ugwumsinachi G. Nwosu, Lavrent Khachatryan, Sang Gil
Youm, Amitava Roy, Albert Leo N. dela Cruz, Evgueni E. Nesterov, Barry Dellinger and Robert
L. Cook “Model system study of environmentally persistent free radicals formation in a
semiconducting polymer modified copper clay system at ambient temperature.” RSC Adv.,
2016,6, 43453-43462. Reproduced by permission of The Royal Society of Chemistry.
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in subsurface soil and sediment samples as well as our recent study on Fe(lll)CaMMT
systems,348 raise a number of questions regarding the fundamental mechanisms of EPFR
formation. In particular, is there truly a need for any added energy beyond what is thermally
available under environmentally relevant conditions? To address these questions, an
understanding of the possible soil EPFR-forming components must be developed.

Soil (and sediment) can be viewed as a complex matrix, that can be broken down into
three major components, namely: biological, mineral, and organic.®>#'® The formation of
radicals by the biological and mineral components has been documented. For instance,
white rot fungi are known to utilize a number of enzymes to break down organic molecules
via radical pathways in the presence of a redox centre, such as iron.'®2° On the mineral
side, it has been shown that loading clays or coating silica with a redox centre (Fe) can
yield EPFRs with the addition of either thermal or UV energy.'%1” Among soil components,
the soil organic matter (SOM), can be viewed as the most complex.?* A number of studies
have shown that SOM can act as an electron shuttle within soils.?2?® This means that a
redox centre may not have to be directly accessible if it is coated with SOM. In this context,
to-date, the Superfund site with the highest EPFR concentrations had 1) high
concentrations of redox-active transition metals, such as copper, iron, and manganese, all
of which could act as catalytic templates for the chemisorption of pollutants resulting in
EPFR formation* and 2) high SOM content,*#'® which despite potentially coating such
catalytic templates, due to their electron shuttling potential, allow the redox centres to

remain accessible.

Consequently, in order to understand the mechanisms of EPFR formation in
contaminated soils, it is necessary to conduct a systematic multifaceted study of the
individual components of the soil system and their respective roles in EPFR formation. A

“top-down” approach was employed in our prior work on the detection of EPFRs in a
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contaminated soil from a Superfund wood-treatment site.®> Here we turn our attention to
the contributions of the soil organic matter and the clay mineral components in the
formation and stabilization of EPFRs under environmentally relevant conditions. We have
developed and employed a poly-p-phenylene-modified, copper(ll)-loaded montmorillonite
clay composite (PPP-Cu(l)CaMMT) as a model for the SOM-clay/mineral components
and utilized phenol as a precursor pollutant. Poly-p-phenylene (PPP) is a semiconducting
polymer, that can act as a simple model for the complex organic phase in natural soil. It
was used to investigate the degree to which extended conjugated aromatic systems can
affect the stability and lifetimes of EPFRs and the potential for electron shuttling, as seen
in SOM. Montmorillonite clay, a naturally abundant smectite clay, containing stacked
octahedral aluminate layers assembled between two tetrahedral silicate layers with
exchangeable interlayer cations,?*2¢ was employed to facilitate the inclusion of the
transition metal (redox centre). The amounts, nature, and lifetimes of the EPFRs formed
on this surrogate soil, as well as the potential of EPFRs to generate ROS at

environmentally relevant conditions were also investigated.

3.2. Experimental Section

3.2.1 Materials

Clay samples, smectite clay, STx-1b (Montmorillonite) with a cation exchange
capacity (CEC) of 84.4 meq/100 g and surface area of 83.79 + 0.22 m?/g were purchased
from the Source Clay Repository (Purdue University, West Lafayette, IN). High purity 5,5-
dimethyl-1-pyrroline N-oxide (DMPO, 99%+, GLC) and Copper(ll) chloride (anhydrous,
99%) were obtained from Enzo Life Sciences, and Acros Organics, respectively.
Isopropylmagnesium chloride (2.0 M solution in THF) was purchased from Acros Organics.
All other reagents and solvents were obtained from Aldrich and Alfa Aesar and used

without further purification.
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3.2.2 Experimental Design

To-date, the highest concentration of EPFRs detected in a real soil was from a wood
treating site in Georgia.'® A “top-down” analysis of the contaminated soil from this site
revealed that the EPFRs were almost entirely associated with the clay/humin fraction. This
soil also had greatly elevated levels of Cu compared to the neighbouring soils that did not
contain EPFRs (differences in Fe were minimal). Based on this finding and the high SOM
content of these EFPR-containing soils, the conjugated aromatic assemblies within the
SOM were proposed to act as stabilizers of the soil EFPRs. In order to determine if Cu
could act as a redox centre—in terms of electron acceptance—in the formation of EPFRs
at environmental conditions and to elucidate the role of conjugated aromatics in the
stabilization of EPFRs in soils, an engineered soil surrogate (ESS) was synthesized. This
surrogate was a novel poly-p-phenylene-modified copper(ll)-loaded montmorillonite clay
composite (PPP-Cu(IDCaMMT). Its make-up echoes the important aspects of the field
site—the dominance of Cu and SOM and the presence of the clay/humin soil component
with which the vast majority of the detected EPFRs were associated. The use of such a
surrogate system allows for a detailed mechanistic study of EPFR formation and
stabilization, which in turn will result in better understanding of toxicity data and improved
remediation strategies. Such investigations are not possible with real soil samples due to

their inherent extreme complexity.

3.2.3 Preparation of Clay Systems

The method used followed our previous work.®2 Briefly, 4 g of clay was
homogenized, stirred in 100 mL of a freshly prepared 0.02 M solution of CuCl, for 48 hours
and vacuum filtered. The wet clay was dried at 60 °C for 48 hours. For the metal analysis,
clay samples were digested in 5 mL trace metal grade concentrated HNOs for 24 hours

and then diluted in 50 mL of de-ionized water. The digested sample was analyzed for
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metals using Varian Vista-MPX CCD simultaneous inductively coupled plasma—optical
emission spectroscopy (ICP-OES) instrument and found to contain 24 mg/g of copper. The
procedure for the synthesis of the PPP-modified montmorillonite clay by surface-confined
Kumada catalyst-transfer chain-growth polymerization is provided in the Supporting
Information (appendix A). For the purpose of this study, samples were identified as
CaMMT, Cu(IhDCaMMT, PPP-Cu(l)CaMMT, Dosed Cu(ll)CaMMT and Dosed PPP-
Cu(InCaMMT for pristine, copper-loaded, copper-loaded poly-p-phenylene, phenol-
exposed copper-loaded and phenol-exposed copper-loaded poly-p-phenylene

montmorillonite clays, respectively.

3.2.4 Raman Spectrometry Measurements

The Raman spectroscopic measurements were performed using a Jobin Yvon
Horiba LabRAM Raman spectrometer employing the following conditions: HeNe laser
source (632.81 nm), incident power of 17 mW, grating of 1800 lines per mm, and confocal
hole aperture of 180 um. Measurements were carried out in the scan range of 150 — 2000

cmL.

3.2.5 Gas Phase Phenol Exposure Experiments

The samples were exposed to phenol in a controlled temperature and vacuum
chamber employing a previously developed procedure.®® Briefly, 50 mg of Cu(ll)CaMMT
and PPP-Cu(l)CaMMT were preheated under vacuum at 40 °C in a 4-mm ID suprasil
quartz EPR tube prior to phenol exposure. Phenol vapour deposition was performed for 5
minutes at ~102 mm Hg, followed by evacuation for additional 5 minutes to allow the

removal of an unreacted adsorbate.

3.2.6 EPR Measurements

EPR measurements were performed using a Bruker EMX-10/2.7 EPR spectrometer
(X-band) with dual cavities under the following parameters: microwave frequency of 9.77
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GHz, power of 2.01 mW, 5 scans, modulation amplitude of 4.00 G, modulation frequency
of 100 kHz, centre field of 3488.46 G, sweep width of 150 G and 6000 G, time constant of
1.280 ms, conversion time of 20.5 ms, sweep time of 41.93 s, resolution of 2048 points,
and receiver gain of 1.0 x 10*. Measurements were done at room temperature and
quantitative analyses were conducted using Bruker's WINEPR program.®'® Radical
concentrations and the g-factor were estimated relative to the standard 2,2-diphenyl-1-
picrylhydrazyl (DPPH), which was used to calibrate the field position.?” The EPR
parameters for the spin trapping experiments, to detect DMPO-OH adducts, were as
follows: sweep width of 100 G, EPR microwave power of 10 mW, modulation amplitude of

0.8 G, time constant of 40.96 ms, and sweep time of 167.77 s.

3.2.7. X-ray Diffraction (XRD) Measurements

The XRD data were collected on a PANalytical Empyrean diffractometer using the

Cu Ka radiation of A = 1.5419 A within 20 scan range of 5 — 90°.

3.2.8. Extended X-Ray Absorption Fine Structure (EXAFS) and X-Ray Absorption
Near Edge Structure (XANES) Measurements

The EXAFS data were collected at the high energy X-ray absorption spectroscopy
beamline of the J. Bennett Johnston, Sr., Center for Advanced Microstructures and
Devices (CAMD) electron storage ring at Louisiana State University, Baton Rouge,
Louisiana, USA. The beamline is equipped with a Bonn University modified Le Monnier
type water-cooled double crystal monochromator, located on the 11-pole and a 7.5 T multi-
pole wiggler. A Ge 111 crystal set was used in the monochromator for the EXAFS
measurements. The monochromator beam energy was calibrated with a standard Cu
metal foil at the energy of 8979 eV and the fluorescence mode measurements were made
with a single element Ketek™ 80 mm? silicon drift detector. Samples were prepared by

spreading a few pm thick clay powder onto a Kapton™ tape. Multiple scans (2-5 scans
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each) were performed at room temperature and were processed using the IFEFFIT
Demeter software 0.9.21.28 FEFF paths for EXAFS fitting were obtained from the copper

cyclohexasilicate crystal structure,?® via Inorganic Crystal Structure Database.

For X-ray absorption spectroscopy near edge measurements Ge 220 crystals were used
in the monochromator. A Ketek™ 150 mm? silicon drift detector was used for the
measurements. Each spectrum was measured with following steps: from -100 to 30 eV
below the edge with 5 eV, from -30 eV to 30 eV around the edge in 0.5 eV, 100 to 200 eV
in 2eV, 200 to 400 eV in 5 eV. At least two spectra were averaged each with 7 seconds

integration time.

3.2.9 Hydroxyl Radical Detection

Hydroxyl radicals (*OH) were trapped using DMPO with the following procedure: 10
pUL of a sonicated suspension containing 2 mg/mL of homogenized Cu(ll)CaMMT,
Dosed_Cu(IDCaMMT, PPP-Cu(l)CaMMT, or Dosed_PPP-Cu(I)CaMMT samples were
mixed with a 10 uL of freshly prepared 3 M DMPO solution and the suspension was made
up to 200 pL. All sample suspensions were made in a pH 7.4 10 mM phosphate buffered
saline (PBS) solution (using organic free 18 MQ-cm ultra-pure de-ionized water). Aeration
was carried out by bubbling air through the PBS solution for 10 minutes prior to introducing
the samples. The reaction mixture was stirred vigorously at room temperature and
subjected to EPR analysis. The concentration of the *OH radical generated in solution was
estimated assuming a 1:1 stoichiometric ratio between DMPO and *OH. 2 Finally, *OH
radical concentration was estimated relative to the standard radical 3-line spectra of 4-

hydroxyl-2,2,6,6-tetramethylpiperidine-1-oxyl, TEMPOL.*®
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Figure. 3.1 Raman spectra and thermogravimetric analysis (TGA) data of PPP-
Cu(InCaMMT, DosedPPP-Cu(Il)CaMMT and Cu(Il)CaMMT showing (A) D and G bands

between 1200 cm~ — 1700 cm™; (B) Stretching bands between 150 cm~! — 400 cm™2; (C)
TGA data collected at 10 °C/minute from 0 °C to 600 °C under nitrogen.

3.3 Results and Discussion

3.3.1 Characterization of the Model Soil System

3.3.1.1 Raman
Samples of Cu(Il)CaMMT, PPP-Cu(l)CaMMT and Dosed_PPP-Cu(l)CaMMT were

characterized by Raman spectroscopy to determine the presence of the polymer, the
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sorption of phenol, and possible changes resulting from electron delocalization in the
conjugated aromatic polymer system. The obtained results are presented in Figure 3.1 (A

and B).

The results in Figure 3.1, A show characteristic observable changes in the different
clay samples in the prominent Raman D, D' and G band modes at 1342 cm™, 1641 cm™,
and 1548 cm™ for the clay composite samples (PPP-Cu(ll)CaMMT and Dosed_PPP-
Cu(IDCaMMT). These bands are characteristic of stretching vibrations of bonds between
sp?-hybridized carbons typical for aromatic polymers, graphene, and carbon nanotubes.3%
34 The in-plane bending vibrations of the methine C—H bonds are recognized as
responsible for the shoulder peaks appearing at 1234 cm~1.31-32 These peaks were absent
in the Cu(l)CaMMT, thus indicating the presence of PPP phase in the clay composite
PPP-Cu(l)CaMMT.®® The 13 cm~ shift in D' band splitting from 1641 cm~ to 1628 cm™,
observed in Figure 3.1, A (marked by the dashed vertical line), is consistent with the
electronic delocalization after exposure to phenol.3*3* Another distinguishable feature is
the decreased Raman intensity in the stretching bands between 150 cm~! and 400 cm™
observed for Dosed_PPP-Cu(I)CaMMT (Figure 3.1, B). This further corroborates the prior
evidence of aromatic ring interactions after phenol exposure and polymerization of PPP
within the Cu(ll)CaMMT system.3* Similar trends have been noted in single-walled carbon
nanotube (SWCNT) systems for which reduction in Raman intensities within radial
breathing mode band regions were correlated to the sorption of organic molecules on, or

modification of, SWCNT surfaces.3* 3> 3¢

3.3.2. Thermogravimetric analysis (TGA)

TGA was used to determine the amount of PPP in the clay composite, with the
results presented in Figure 3.1, C. Approximately 5% (0.101 mg) mass loss of the clay

composite sample that occurred between 425 and 500 °C for both PPP-Cu(Il)CaMMT and
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Dosed_PPP-Cu(l)CaMMT, was due to the loss of PPP.3"*® The TGA data also reveal
three distinct weight loss patterns between 60 and 190 °C. For PPP-Cu(ll)CaMMT there
is a swift loss of mass until about 100 °C, which can be associated with the loss of water.3°
For Cu(IDCaMMT the pattern is somewhat more complex, with a small shoulder between
60 and 120 °C, which can be attributed to water loss, including the surface-bound water.3°
The majority of this surface water appears absent in PPP-Cu(l)CaMMT, which is
consistent with the hydrophobicity of the PPP coating. The large shoulder apparent
between 60 and 200 °C for Dosed_PPP-Cu(l)CaMMT can be attributed to the loss of the

sorbed phenol due to vaporization.*°

3.3.3. X-ray Diffraction (XRD)

The XRD data presented in Figure 3.2 show 1) a shift in the interlayer peak for
CaMMT from 1.53 nm to 1.28 nm for Cu(I)CaMMT, as clear evidence of Cu(ll) exchanging
with interlayer cations (Ca?*, Mg?* and Na*) in montmorillonite*!, 2) a shift in the interlayer
peak from 1.28 nm to 1.52 nm between Cu(l)CaMMT and PPP-Cu(Il)CaMMT, serving as
a clear evidence that the majority of the PPP polymer is formed in the interlayer, and 3) an
increase in interlayer spacing after phenol dosing, which is indicative of phenol being

sorbed into the interlayer space.

3.3.4 Formation and Characterization of EPFRs

3.3.4.1 Cu(Il)CaMMT versus PPP-Cu(ll)CaMMT

After exposure to phenol, EPFRs were formed by both Cu(IlCMMT and PPP-
Cu(IhCaMMT, as evidenced by the EPR spectra in Figure 3.3, A, with g-factor values of 2.0034
and 2.0033 and peak to peak line widths, AHp-p, of ~5 and 7, respectively. These values are
consistent with phenoxyl-type radicals.®®4? When CaMMT was exposed to phenol, no
radicals were formed, providing reasonable evidence that EPFRs formation in the studied

systems involves both an organic precursor and an active transition metal (redox) centre.
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PPP-Cu(IDCaMMT inherently contains radicals—either intrinsically present (solitons), or

resulting from PPP oxidation in air (polarons) (Scheme 3.1A).%% These radicals have a
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Figure 3.2 Powder XRD patterns showing the interlayer spacing for pre-phenol-exposed
samples: CaMMT, Cu(lI)CaMMT, PPP-Cu(Il)CaMMT and post phenol-exposed samples:
Dosed_PPP-Cu(l)CaMMT, and Dosed_Cu(ll)CaMMT.

g-factor of 2.0024, indicating that the radical resonates mostly within the benzene rings of
the conjugated PPP system and compares well with the g-factor of a free electron (2.0023)
and PPP systems (2.0023 — 2.0025). 4446 A shift in g-factor from 2.0024 to 2.0033 was
observed after phenol exposure, indicating a combination of carbon and oxygen-centred
organic radical of phenoxyl type,** 44 as well as a new source of radicals (as depicted in
Scheme 3.1, B). A new source of radicals is also supported by the g-factor of 2.0034 for
the Dosed_Cu(l)CaMMT which, along with results from previous studies,*?4447
demonstrates that, for copper-phenol systems with an adjacent oxygen atom, the radical
mostly resides on the oxygen centres. Only slightly lower g-factor of 2.0033 for the
Dosed_PPP-Cu(IDCaMMT strongly suggests the presence of a new but very similar

radical to that present in the Dosed_Cu(ll)CaMMT.
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Figure 3.3 EPR Spectra of phenol exposed Cu-loaded clay (black), Cu-loaded-poly-p-phenylene
clay, (purple), and phenol-exposed Cu-loaded clay-poly-p-phenylene (red) composite. Spectra
were collected at (A) 150 G and (B) 6000 G magnetic fields.

This new source of radicals also explains the fact that the same exposure to phenol
leads to more radicals being formed in PPP-Cu(ll)CaMMT (1.58 x 10!’ spins/g, corrected
to account for the radical inherent to PPP) compared to Cu(I)CaMMT (1.22 x 107 spins/g).
Scheme 3.1B proposes a model for the formation of these radicals within the Dosed PPP-
Cu(IDCaMMT. The mechanisms put forward in Scheme 1 are supported by further EPR analysis
at a magnetic field of 6000 G (cf. Figure 3, B). This analysis indicates a splitting of the hyperfine
components (g|| =2.345, gL = 2.075), which are typical of paramagnetic Cu(ll) ions.*** However,

the distortion in shapes and positions of the hyperfine components at these regions after
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Scheme 3.1 Proposed structures and mechanisms of EPFR formation in Cu-loaded clay and the
PPP semiconducting polymer modified clay, showing possible -1 stacking interaction between
polymer molecule and adsorbed phenol. The silyl group which can bind Cu(ll) is an intrinsic part
of the clay-confined PPP.

polymerization imply a mononuclear or binuclear copper-poly-p-phenylene complex formed on a
fraction of Cu(ll) paramagnetic centres.®>2 The required binding sites on PPP polymers are
provided by the silyl groups which are used as anchoring units for clay immobilization of PPP
polymer (see the Supporting Information for experimental details). These findings are consistent
with the mechanisms illustrated in Scheme 3.1. The mechanism presented in Scheme 3.1(B and
C) is also consistent with the formation of EPFRs through the chemisorption of an aromatic
organic molecule to a transition metal centre and the subsequent reduction of the transition metal

centre via the formation of a metal-oxygen complex.®8: 1627
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Figure 3.4 Fourier transform of Cu K-edge K3-weighted EXAFS of Cu(ll)CaMMT,
Dosed_Cu(lDCaMMT, PPP-Cu(I)CaMMT Dosed_PPP-Cu(ll)CaMMT. Black lines represent
experimental data while red lines represent best fit to cyclohexasilicate crystal structure. Phase
shift correction was not applied.

3.3.5 Extended X-Ray Absorption Fine Structure (EXAFS)

The EXAFS data shown in Figure 3.4, represent the Fourier transform x(R) (R space) of
Cu(InCaMMT, PPP-Cu(I)CaMMT, Dosed_Cu(l)CaMMT and Dosed_PPP-Cu(l)CaMMT, and
further confirm the presence of a polymer unit bonded to Si in close proximity to the copper-
oxygen bond, as hypothesized in Scheme 3.1A. The radial distances for the Cu-O and Cu-Si/Cu
shells were clearly observed in PPP-Cu(ll)CaMMT and Dosed_PPP-Cu(I)CaMMT. The peaks
due to Cu-Si/Cu were absent in Cu(l)CaMMT and Dosed Cu(ll)CaMMT. This is supported
strongly by fitting PPP-Cu(ll)CaMMT and Dosed_PPP-Cu(IlCaMMT with a copper
cyclohexasilicate crystal structural model, which best describes a Cu-O-Si structural backbone,
as proposed in Scheme 3.1B. The first set of peaks represents Cu—O interatomic distances
observed to be ~1.93 A for Cu(l)CaMMT and Dosed_Cu(ll)CaMMT and ~1.96 A for PPP-
Cu(IDCaMMT and Dosed_PPP-Cu(ll)CaMMT (based on the fit to copper cyclohexasilicate crystal
structure). According to the fit, the presence of Cu-Si coordination shell peak with a distance of
~3.17A may suggest the presence of PPP polymer since it was anchored on the silica oxide. With

the Cu—Cu distance of ~3.12 A falling within the same range, a possible backscattering from the
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binuclear copper portion of the complex may also be possible by the presence of the polymer.
This corroborates the previously presented Raman and EPR spectra, which indicate the presence

of a copper-PPP complex.

i Cu, 0
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Figure 3.5 Cu K-edge XANES spectra of Cu(l)CaMMT, Dosed_Cu(Il)CaMMT, PPP-
Cu(IhCaMMT, Dosed_PPP-Cu(l)CaMMT, and standards CuO and CuO.

3.3.6  X-ray Absorption Near Edge Spectroscopy (XANES)

XANES experiments were also performed in order to investigate the changes in the
oxidation state of copper in the EPFR forming process. Evidence of the redox process
involved in the formation of EPFRs was observed at the 1s — 4p transition edge region of
the Cu K-edge XANES spectra, as illustrated in Figure 3.5. The result showed the
appearance of a shoulder at ~8989.3 eV, as evidence of the absorption edge energy, after
dosing for both Dosed_Cu(I)CaMMT and Dosed_PPP-Cu(ll)CaMMT, a feature absent in
the spectra for Cu(ll)CaMMT and PPP-Cu(lIl)CaMMT, indicating Cu(ll) to Cu(l) reduction,

as previously reported in an EPFR forming process.*® Generally, Cu in +1 oxidation state
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is marked with prominent sharp peaks at the 1s — 4p transition region, as seen in Cu0,
while shifts to lower and higher energies in this region have been reported to indicate

reduction and oxidation of Cu species, respectively.>

3.3.7 EPFR Lifetimes

In order to gain insight into the decay kinetics of EPFRs present in Dosed Cu(l)CaMMT
and Dosed_PPP-Cu(I)CaMMT, time dependent open air exposure studies were carried out, and
the results are presented in Figure 3.6. The data in Figure 3.6. were used to calculate the lifetimes
(1) according to the pseudo-first-order integrated rate law expression: In(R/Ro) = -kt where t; = 1/k
and k and e represent the slope of the regression and the base of the natural logarithm,

respectively.®

3.3.7.1 Dosed_Cu(ll)CaMMT

A decay lifetime of ~20 h (1. = ~20 h) was found for the Dosed_Cu(ll)CaMMT-associated
EPFRs, as shown with the pseudo-first-order rate law expression fit line (red) in Figure 3.6. A
shorter decay lifetime has been found for EPFRs formed on silica-supported Cu(l)O (11 = ~74
min).1® The ~1.5 orders slower decay of the Dosed_Cu(ll)CaMMT EPFRs can be attributed to the
confined environment of the adsorbed (physisorbed and chemisorbed) phenol to the Cu(ll) metal
centre.® Due to the layered structure of montmorillonite clay, phenoxyl radicals can be formed
through binding of phenol with cation-exchanged copper in the interlayer (as well as edges) of the

clay, resulting in the entrapment of radicals within the clay matrix (internal radicals).*” 55-°¢

The XRD data (cf. Figure 3.2) strongly support this assertion, with a significant shift
in the interlayer peak spacing for Cu(ll)CaMMT from 1.28 nm to 1.51 nm after phenol
exposure (Dosed_ Cu(lI)CaMMT). This presents an additional barrier to the decomposition
of the EPFRs formed in the clay, making them more stable than the EPFRs formed on

silica-supported Cu(l1)O.¢
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Figure 3.6 Lifetimes of phenoxyl radical (EPFR) formed under 30 minutes thermal pre-heating at
40 °C in ambient air with 5 min gas phase phenol exposure to Cu(I)CaMMT (open red circles
and dashed red fit line) and PPP-Cu(l)CaMMT (closed black circles and dashed black fit lines).
Igor Pro 6.37 was used for all line fitting. * Corrected lifetime-utilizing a 0.843 PPP decay factor
[to account for the decay of the radicals associated with PPP]).
3.3.7.2 Dosed_PPP-Cu(lhCaMMT

The EPFRs associated with the Dosed PPP-Cu(Il)CaMMT vyielded two decay
lifetimes of ~13.5 h and 55.6 h (12 and T13), as shown with the pseudo-first-order rate law
expression fit lines (black) in Figure 3.6, after accounting for the PPP radical decay. The
two decay periods occurred: from the initial air exposure (0 min) to 180 min and from 180
to 360 min. The g-factor and AHp-p values varied between 2.0030 and 2.0034 and
between 6.0 and 7.2, respectively, and are consistent with previously reported results of
the decay of phenoxyl-type oxygen-centred EPFRs.84247 In addition, EPFRs formed in real

soil samples contaminated with pentachlorophenol (PCP) have shown similar multiple

decays.1®

These two decays can be assigned to 1) the faster decaying EPFRs chemisorbed
to Cu(ll) metal centres, as in the case of Dosed_Cu(ll)CaMMT (Scheme 1C) and 2) the

slower decaying Cu(ll)-bound PPP polymer chain-associated EFPRs with a possible
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electron shuttling taking place between the phenol and the PPP polymer chain, utilizing

the conjugated backbone system.

The XRD data presented in Figure 3.2 show interlayer peak positions of 1.52 and
1.55 nm for PPP-Cu(lIl)CaMMT and Dosed_PPP-Cu(lIl)CaMMT, respectively, indicating
the presence of the PPP and the subsequent phenol intercalation after dosing. These
patterns are similar to those exhibited by Dosed_Cu(l)CaMMT, and serve as strong
evidence of phenol being adsorbed between clay layers, as illustrated in Scheme 3.1B. It
can be speculated that the larger interlayer spacing in Dosed PPP-Cu(ll)CaMMT
compared to Dosed_Cu(I)CaMMT allows for an easier oxygen access, and hence, shorter
decay lifetimes of the Cu(ll)-chemisorbed EPFRs in Dosed PPP-Cu(IDCaMMT (~13.5 h

versus ~20h).

While the second mechanism is not fully understood, previous works have
proposed that aromatic ring stacking between the polymer and phenol allows for -1
interactions resulting in the formation of sandwich dimers,?”5” as illustrated in Scheme
3.1B. These dimers would stabilize the formed EPFRs by delocalizing the unpaired
electron over the polymer’s extended conjugated 1 system. This is consistent with the
longer EPFR lifetime associated with the Dosed_PPP-Cu(l)CaMMT. Also, PPP could be
envisioned to assume a “flapping” orientation within the clay matrix, resulting in a 1r-cation
interaction,®’®® thus increasing the chances of the sorption of phenol onto the polymer.
This is equivalent to the interaction that leads to the formation of stable copper-quinone
complexes,®® as may be found in the real soil system, where quinone moieties act as the
main electron shuttling agents.®%-%! With the sorption of phenol onto the PPP chain,

electron shuttling possibilities cannot be disregarded.

In regards to the exact EPFR decay mechanism, a potential pathway would be a pseudo-

first order interaction between the radical with oxygen, as has been previously proposed.®
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Surface reaction models, such as Langmuir-Hinshelwood and Eley—Rideal, have also been
suggested as possible routes by which EPFRs form and decompose to yield dioxins or other

products of radical recombination.862

3.3.8 Detection of Hydroxyl Radicals by EPR-Spin Trapping

EPFRs have been shown to initiate the generation of superoxide and hydroxyl
radicals through the reduction of oxygen. In order to investigate hydroxyl radical (*OH)
generation, EPR spin trapping experiments were carried out using 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO). The concentration of DMPO-OH adduct was estimated from
the double integration of the DMPO-OH characteristic 1:2:2:1 EPR peak signals with
hyperfine splitting of ay = 15.066 G, an = 14.735 G (Figure S1)(Appendix A), which is the
chemical signature of the trapped *OH. In the present study, Cu(l)CaMMT was combined
with molecular oxygen and used as a reference for *OH generation. The results for the
*OH generated by this none EPFR containing system were subtracted from those obtained
for *OH generated by PPP-Cu(ll)CaMMT (no EPFRs), Dosed_ Cu(l)CaMMT, and
Dosed_PPP-Cu(INDCaMMT systems and are presented in Figure 3.7 for incubation times

of 1, 3, 5, and 8 h.

PPP o Dismutation H Cu*-facilitated .
°: R*----Cu* >0, H* ~ 272 TFentonRxn OH
EPFRs

Scheme 3.2 Proposed *OH radical generation routes involving redox-active conjugated polymer
(PPP) and EPFRs in the presence of molecular oxygen.*?

The data presented in Figure 3.7 provide two very clear general trends: (i) the

EPFR-containing particles (dosed systems) yield significantly more *OH radicals than the
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non-EPFR containing systems, and (ii) there is an increase in the trapped *OH radical with

increasing time.
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Figure 3.7 Chart derived from the EPR spectra of spin trapped [OH] for PPP-Cu(I)CaMMT,
Dosed_Cu(ll)CaMMT, and Dosed_PPP-Cu(I)CaMMT. All Samples were incubated in buffer
(PBS pH 7.4) suspension with DMPO.

In addition to the redox cycling route involving the reduction of molecular oxygen
into superoxide radical ion, which generates hydrogen peroxide and hydroxyl radical
through disproportionation and Fenton chemistry (Scheme 3.2), other EPFR decay routes
can also result in the production *OH for the systems under study. For example,
nucleophilic addition of water is often considered as artefactual to *OH generation.'? ¢ To
account for these possibilities, the undosed Cu(l)CaMMT was used. Likewise, the
undosed PPP-(Cu(INCaMMT was used as an additional control to account for the radicals
inherently present in the PPP-Cu(lIl)CaMMT conjugated polymer-based systems. After the
first hour of incubation, due to the presence of EPFRs, Dosed_PPP-Cu(l)CaMMT were
shown to generate 72% more *OH compared to the PPP-Cu(ll)CaMMT. This number
represents 98% of the *OH generated by the Dosed_Cu(ll)CaMMT, after the *OH radicals

generated by the PPP in the system are accounted for. Similar results have been
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previously reported with a 50% increase in the number of *OH radicals generated between
a tarball-associated EPFRs compared to the non-EPFR particle systems.?’” However, as
noted, a fraction of the *OH generated by this system can be attributed to the radicals
within the PPP-Cu(lI1)CaMMT conjugated polymer system being active in *“OH generation.
This implies that conjugated polymer PPP catalyzes the generation of *OH in a similar
fashion to how EPFR-containing systems do, due to the 1r-electron conjugated chain ability
to donate electrons via the formation of cation radical (polaron)*® as seen in Scheme 3.2.
This means that conjugated polymer can facilitate reduction of molecular oxygen to
superoxides. Analogously, *OH can be generated through quinone-quinoid redox cycling,
as demonstrated with quinone moieties inherent in SOM. This may help explain the ability

of natural organic matter (NOM) to induce the formation of ROS in biological entities.®4¢

Also, this is in agreement with the explanation that a range of aromatic
functionalities, such as graphene oxide and biochars, catalyze the formation of *OH
through the activation of molecular O, to produce superoxide radical (*0;7).67¢® The
superoxide radical produced in this process may further act as an oxidant, initiating a

Fenton-type reaction that ultimately results in *OH generation.13:63

3.4 Conclusions

Fundamental: Our results demonstrate that a simple copper-exchanged
montmorillonite clay system (Cu(Il)CaMMT) and an electron shuttling organic polymer-
modified clay system (PPP-Cu(ll)CaMMT) can yield EPFRs when exposed to phenol
under environmentally relevant conditions. This finding illustrates that EPFRs may be
formed on just the Cu-containing clay components of soils and provides evidence that soil
organic matter (SOM) may act as an electron shuttle between mineral/clay redox centres
and pollutants, aiding in the formation of EPFRs as well as stabilizing the formed radicals.

Our results provide insights into the role of soil component in the formation of EPFRs at
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Superfund sites and that even with the minimum quantity of SOM (e.g., 5% polymer) in the
soil, the radical can persist longer due to aromatic stabilization. The type of organic radicals
and the different decay patterns, as those observed for the Dosed PPP-Cu(lIl)CaMMT
system, are akin to those observed in PCP-contaminated soils, biochar, and tarballs, all of
which are identical in composition in terms of the presence of aromatic moieties as well as
metal redox centres. While the complex nature of these materials makes mechanistic
studies into radical formation very difficult, this work demonstrates how such studies can

be facilitated by the use of properly desighed model systems.

Health and Remediation: From a health perspective, the real concern is that, in
windy conditions, EPFR-contaminated soil can turn into airborne dust particulate matter,
especially during periods of low precipitation, and subsequently become inhaled or
ingested by humans. Since EPFRs are known to induce oxidative stress through the
formation of reactive oxygen species, they can lead to cardiopulmonary diseases and
cancer.’®** The results for the Dosed_ PPP-Cu(ll)CaMMT system indicate that soil
remediation methods must be developed, in which the native SOM is penetrated in order

to destroy the EPFRs present.

The approach put forward in this work allows one to systematically study and
understand the underlying mechanisms of EPFR formation in single and bi-component
surrogate soil models. However, when applying the findings from this study to real world
soils, caution must be exercised as the role of a number of other important soil
components, such as biological enzymes (e.g., laccase), and various environmental
conditions have not been accounted for. Nevertheless, the results from this study will

benefit future efforts that take these additional variables into account.
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CHAPTER 4
EFFECTS OF ENVIRONMENTAL FACTORS ON ENVIRONMENTALLY
PERSISTENT FREE RADICALS FORMATION ON CU AND FE -
LOADED MONTMORRILONITE CLAY

4.1 Introduction

Soils serve as natural reservoirs for persistent organic pollutants (POP)*2, and hence, as
determine the fate and transportation, persistency, and degradation of these pollutants through
transformation into either more or less toxic compounds.?” Environmentally persistent free
radicals (EPFRs) have emerged as soil pollutants of concern given their highly reactive nature to
biological entities and ability to initiate the formation of other toxic molecular entities known to
induce further damage to the soil and the environment at large.®*3 For instance, previous studies
have shown the formation of various dioxin products through polymerization and dimerization of
EPFR intermediates, such as phenoxyl and semiquinone radicals in the presence of Cu(ll) and
Fe(Il1).%1213 Since soil plays host to both organic and metal contaminants, soil properties and
conditions are bound to affect the sorption of contaminants and EPFR formation. Soil pH is one
of the most important factors in determining the chemistry that can take place in a soil.}*%° A
number of studies have shown that pH affects the metal and organic contaminant speciation,
dissociation, complexation, and dissolution of both metal oxides with aromatic organic molecules
as catechol, resorcinol and dopamine.?-2* These studies, however, were not focused on soil
chemistry as it relates to EPFRs formation. Soil pH can range from very acidic pH of ~ 2.5 — 4 for
acidic peat soils, up to strongly alkaline pH ~9 —10, for mineral soils in desert regions.® Another
important factor that affects the chemistry of soil pollutants is the relative humidity (RH).
Desorption ranging from 40 to 60% of the organic pollutants content at 66% relative humidity has
been reported in literature 2527; similarly, our previous research on EPFR formation on a Fe(lll)
loaded clay system in the gas phase % showed that EPFR stability and persistence can be

drastically impacted by high relative humidity (78% RH). However, in our previous studies, the
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effect of soil pH was not examined. In perspective, soil pH conditions and ambient humidity
conditions are factored into the present work in such a way as to encompass relevant
environmental conditions. Another important environmental factor that can directly affect the
formation of EPFRs is UV irradiation, such as from sunlight. Numerous studies have shown that
UV irradiation can induce degradation and transformation of organic pollutants through such
pathways as the photo Fenton reaction, especially in the presence of transition metals, such as
Fe, Cu and TiO,, and are strongly influenced by pH.?%-% Even without EPFR intermediates, EPFR
forming processes can still be affected by photolysis-induced photo Fenton reactions®, mainly
with Fe species at acidic pHs. Thus, soil pH can be postulated to be an important factor in EPFR

formation, with or the presence of UV irradiation.

Surrogate models have been employed in the past, employing catechol, phenol,
dichlorophenol, pentachlorophenol, and anthracene as contaminant precursors, while cation (Fe
and Cu) loaded clays and iron and copper oxide nanoparticles have been used to model the soil
mineral component. 2830.37. 3839 However, to our knowledge, to-date no study has been conducted
to investigate the effects of ambient environmental conditions, such as pH, UV irradiation, and
high relative humidity on EPFR formation. In the present work, we have employed a liquid phase
exposure, which more closely mimics the real situation in soils and sediments, than the previously
used gas phase exposure. Also, due to the high concentration of iron and copper in the studied
Superfund soils, coupled with the higher EPFR concentrations detected in contaminated soils
compared to the non-contaminated soils, we have utilized Fe(lll) and Cu(ll)-loaded
montmorillonite clays, labeled as (Fe(lll)CaMMT) and (Cu(I)CaMMT), respectively, as models to
represent the presence of metals in the soil. This course of action was chosen as our previous
studies of the Superfund soils have revealed that the vast majority of the detected EPFRs were
associated with the soils’ clay fractions.*%#? Similarly, catechol was utilized as a model aromatic

contaminant due to its (i) ability to form phenoxyl and semiquinone-type radicals, which are the
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type of EPFRs most commonly detected in Superfund site samples %42, (ii) high water solubility,
and (iii) prominent presence among soil contaminants.*® Catechol also has the ability to exhibit
two dissociation constants (pKa) with values at 9.25 and 13.0 respectively**, making it more
unique as a model contaminant for EPFRs study in liquid phase. EPFR formation was investigated
at various pH conditions, ranging from 3.4 to 9.5 under ambient conditions. In addition, the effect
of solar irradiation on EPFRs formation was studied using a simulated UV irradiation system both
during and post EPFR formation. Finally, EPFR decay was studied at 55% and 78% RH, which
are, respectively, considered to fall within the range of annual mean normal and high humidity

conditions that can easily be attained in the ambient environment.*5-4¢

4.2. Materials and Methods

4.2.1 Materials

Ca-montmorillonite clay was purchased from the Source Clay Repository (Purdue
University, West Lafayette, IN), STx-1b 250 grams/unit. Copper(ll)chloride, anhydrous (99%),
CuCly, and iron(lll)chloride (97%), FeCls, were purchased from Acros Organics and Aldrich,
respectively. UltraPure™ Tris buffer was obtained from ThermoFisher Scientific. Acetic acid,
glacial (= 99.7%), trace metal grade nitric acid, HNO3, and sodium acetate anhydrous (= 99%)
were purchased from Fisher Scientific. MES hydrate (= 99.5%) and 1,2-dihydroxybenzene (=
99%) were purchased purchased from Sigma Aldrich. Spectra/Por® membrane dialysis pre-

treated RC tubing (MWCO: 50KD), was purchased from Spectrum Labs.

4.2.2 Preparation of Cu-and Fe-Exchanged Clays

The loading of clays with Fe(lll) and Cu(ll) cations, following previously developed
procedures 23 is described briefly. About 4 g of pristine clay samples (as purchased) were
placed in a 250 mL beaker, properly dispersed, and hydrated with 25 mL of a 0.0021 M solution
of FeCls or CuCl. for Fe(lll) and Cu(ll) loading, respectively. The clay suspension was then diluted

to 100 mL utilizing the 0.0021 M FeCls or CuCl, solutions and stirred with a magnetic stirrer for
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48 h at room temperature. The treated suspensions, in order to remove chloride ions, were
subsequently subjected to dialysis for approximately 24 h, (replacing the water in 12 h intervals)
until a negative AgNOs chloride test was achieved. Following dialysis, the cation exchanged clays
were filtered out using a suction vacuum filtration set-up and subsequently dried at 60 °C for 48

h. The dried clays were smashed and homogenized into a fine powder using mortar and pestle.

4.2.3. ICP-OES-analysis

The cation-exchanged clays (Fe(ll)CaMMT and Cu(I)CaMMT) were analyzed for metal
content using the same methods as described in chapter 2 and in the previously published
work.?83% Briefly, 5 mL of concentrated nitric acid was used to digest 0.2g of cation exchanged
clay then the filtered digestate solution was diluted with 50 mL 18 MQ cm water and subjected to
metal content analysis with the simultaneous inductively coupled plasma optical emission

spectroscopy (ICP-OES) using a Varian Vista-MPX CCD.

4.2.4 X-ray diffraction (XRD)

The XRD measurements were carried out at room temperature over a PANalytical
Empyrean diffractometer equipped with a quartz monochromator using a Cu Ka radiation of A =

1.5419A within 26 scan range of 5-90°.

4.2.5 Liquid phase catechol dosing

Catechol was exposed to the pristine and cation-exchanged clay samples (CaMMT,
Fe(ll)CaMMT, and Cu(l)CaMMT) following a slight modification of previously developed liquid
phase dosing protocols.®**® Briefly, stock solutions of catechol (85 mM and 170 mM) were
prepared in freshly made 0.01 M acetate, 0.01 M MES, 0.01 M Tris and 0.01 M carbonate buffer
solutions with pH ranging from 3.4 to 9. Subsequently, 10 mL of buffer solution was added to 500
mg of clay samples contained in a 20 mL borosilicate glass scintillation vial with tightly teflon-lined
screw caps for each different pH preparations and the total suspension was left to equilibrate
under mechanical shaking (New Brunswick Scientific Classic Series C24KC) at 150 rpm in a
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refrigerated incubator shaker for 4 days at 25 °C. Each sample was prepared in triplicate. The
suspension was centrifuged at 5000 rpm for 10 min using a Kendro D-37520 Osterode centrifuge
with a heraeus #3334 19Krpm rotor. The supernatants were then used to quantify the amount of
catechol sorbed via HPLC, while the solid clay residues were dried for 4 days at 40 °C and
subjected to radical detection using EPR. All experiments were performed in triplicates under dark

conditions by wrapping the vials with aluminum foil.

4.2.6  HPLC analysis

The samples for HPLC analysis were prepared as followed: 200 pyL of the resulting
supernatant from previously centrifuged catechol dosed CaMMT, Fe(ll)CaM and Cu(ll)CaM
samples was introduced into 8 mL vials containing 5 mL of the corresponding buffer solutions.
After thorough shaking using a vortex mixer (Vortex Genie-2), about 1.5 mL of each solution was
drawn and filtered into a 1.8 mL amber glass Agilent HPLC vial. A 1100 series Agilent HPLC
(Santa Clara, CA) equipped with a reverse phase-C18 analytical column (Zorbax Eclispe XDB, 5
pm x 4.6 mm x 150 mm) and a quaternary pump was used to quantify catechol concentration in
the solution phase throughout the study. The catechol peak was detected at the optimum
absorbance wavelength of 250 nm, as obtained from the UV analysis of 0.001 M catechol solution,
with the in-built HPLC ultraviolet-diode array detector. The optimum conditions used for the
analysis are stated as follows: a mobile phase of 65:35 (%v/v) of water (pH 3.25 adjusted with
0.05% o-phosphoric acid) to acetonitrile, a flow rate of 0.8 mL min=2, and a sample volume of 20
pL. Concentration of catechol adsorbed was calculated by subtracting the catechol in the
supernatant solution from the catechol concentration of the control sample, while the adsorbed
catechol fraction was determined by dividing the concentration of the adsorbed catechol with the
initial catechol concentration. Control experiments were carried out following the same procedure,

however, without the clay samples in the scintillation vial, and standards for calibration curves
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were prepared at five different concentrations: 0.00168 M, 0.0033 M, 0.0065 M, 0.0096 M, and

0.012 M, respectively.

4.2.7 UV irradiation

UV irradiation of solid-clay particles and in-situ clay-catechol aqueous suspension
samples were carried out inside a Model 3940 Series Forma Environmental Chamber, with an
arc lamp light source (Newport, Oriel Instruments, USA) equipped with a 150 W xenon lamp. For
the in-situ clay-catechol irradiation, 10 mL of each of the four 85 mM catechol solutions (at pH
values of 3.4, 5.4, 7.4, and 9.5) was added to 500 mg of clay samples contained in a 20 mL
borosilicate glass scintillation vials, the sample set-up was placed 19 cm away from the light
source and continuously stirred during irradiation using an overhead stirrer for 6 h, the
temperature of the reaction mixture was monitored and observed to fluctuate between 28 °C and
30 °C throughout the experiment. The same experiment was also performed in the dark without
the light source at 30 °C for non-irradiated samples. The suspensions were then centrifuged at
5000 rpm for 10 min and the clay residue was dried at 40 °C and used for the EPR radical

measurements, while the supernatants were used for catechol quantification.

The UV irradiation of dried solid clay samples was carried out by filling 100 mm long, 4
mm thin wall quartz EPR tubes (707-SQ-100M) with 25 mg of catechol-dosed clay samples
(Fe(llCaMMT and Cu(ll)CaMMT) and placed them 34 cm away from the UV light source at

different irradiation time intervals ranging from 30 to 360 min at room temperature.

4.2.8 Lifetime studies under controlled humidity

Controlled lifetime studies and relative humidity studies were performed inside a Model
3940 Series Forma Environmental Chamber with the humidity set at 55% and 78% for 4 h daily
at 25 °C, after which samples were exposed to ambient air with RH variation between 22 and
56%. All experiments were protected (by wrapping them in aluminum foil and kept in a dark room)
from light as much possible in order to minimize photo oxidation. Experiments were performed in
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triplicates and the 1/e lifetimes were calculated with pseudo first-order integrated rate law
mathematical expression (In(R/Ro) = —kt, as previously discussed extensively in Chapters 2 and

3.

4.2.9 EPR measurements

The EPR data were collected under similar conditions to those stated in chapter 2 and in
previous works.?8% Briefly, EPR measurements were performed at room temperature on a dual
cavity Bruker EMX 10/2.7 EPR spectrometer. The parameters used for the experiments were:
microwave frequency of 9.75 GHz, modulation frequency of 100 kHz, modulation amplitude of 4
G, microwave power of 2.03 mW, receiver gain of 1.0 x 10* sweep width of 150 G and 6000 G,
attenuator of 20 dB, sweep time of 41.94 s, time constant of 1.28 ms, conversion time of 20.48
ms, static field of 3460.059 G, center field of 3488.00 G, and a total of 5 scans. EPFR

concentration was determined utilizing a 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard.?8:3°

4.3 Results and Discussions

4.3.1 Metal Analyses

Metal concentrations in CaMMT, FeCaMMT, and Cu(I)CaMMT were analyzed with ICP-
OES, XRD and EPR. As shown in Table 4.1, prior to cation exchange with Fe(lll) and Cu(ll),
CaMMT contained high concentrations of Ca and Mg, which are considered to be the major
interlayer cations in the pristine clay. After cation exchange, for Fe(lll)CaMMT, the concentrations
of Ca (9763.00 mg/kg) and Mg (9284.50 mg/kg) decreased by 14.55% for Ca and 5.86% for Mg
in order to accommodate the Fe(lll) ions. For Cu(ll)CaMMT, the cation exchange resulted in a
14.72% and 7.16% decrease in Ca and Mg concentrations in order to accommodate the

exchanged Cu(ll) cation.
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Table 4.1 Representing the metal concentrations as obtained by the ICP-OES

Sample/Trans Ca(mg/kg) Mg(mg/kg) Fe(mg/kg) Cu(mg/kg)
ition metal

Concentration

CaMMT 9763.00(x145.66) 9284.50(+67.17) 4390.67(x54.07)  ---—------

Fe(llNCaMMT  8342.00(+245.66) 8739.50(+314.66) 6487.00(x141.42)  ---------

Cu(ll)CaMMT  8325.00(+52.33)  8619.50(+218.49) 3885.50(x84.15) 2761.33(x18.
45)

The XRD results (cf Figure 4.1, A) with an interlayer position, originally at 1.54 nm for
CaMMT, being shifted to 1.45 nm and 1.37 nm for Fe(lll)CaMMT and Cu(Il)CaMMT respectively,
which corroborates the ICP-OES results. Similarly, EPR spectra with high and low spin
paramagnetic Fe(lll) ion peaks at g-values of 4.22 and 2.02 for CaMMT, Fe(ll)CaMMT, and
Cu(llnCaMMT further confirm the presence of Fe(lll). A concentration of 4390.67 mg of Fe per 1
kg of CaMMT represent inherent structural and intercalated Fe(lll). For Cu(l1l)CaMMT, the signals
with g-values at g = 2.33 and g+ = 2.08 are typical hyperfine signatures of paramagnetic Cu(ll)

ion. The presence of Fe(lll) and Cu(ll) provided catalytic templates for EPFR formation.
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Figure 4.1 (A) XRD and (B) EPR spectra of Fe(ll)CaMMT, Cu(ll)CaMMT and CaMMT at 6000
G spectra width.

4.3.2 Effect of pH on Catechol Sorption

The sorbed fraction of catechol on CaMMT, Cu(ll)CaMMT, and Fe(ll)CaMMT was

determined using HPLC, with the results presented in Figure 4.2, A. At all the pH values (3.4 —
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9.5) the fraction of catechol adsorbed in CaMMT was lower compared to Cu(ll)CaMMT and
Fe(ll)CaMMT samples, indicating the role of the exchanged cations, both Fe(lll) and Cu(ll), in
the sorption of catechol. Catechol is known to adsorb on silica and alumina surfaces 41, which
could be solely responsible for the detected sorption to CaMMT, in addition to the inherent Fe
species. If one now compares the sorption of catechol to Cu(ll)CaMMT and Fe(lll)CaMMT, it can
be seen that a higher fraction of catechol is sorbed to Cu(ll)CaMMT. This difference in sorption
could be a result of 1) the covalent contribution of the coordinate bond compared the electrostatic
bond between Fe(lll) and Cu(ll) in catechol solution °2, in combination with the possible
disintegration of the tris-catechol iron complex to form mono-catechol complexes at higher iron
concentrations %3, 2) the slightly larger ionic radius of Cu(ll) ion compared to Fe(lll) with
subsequent higher hydration of Fe(lll) ions may pose hindrance to ligation by a catechol molecule,
all of which may contribute to the lower catechol sorption to Fe (lll) compared to Cu(ll) ions. In
addition, catechol sorption is observed to increase as pH increases from 6.5 to 9.5; within this pH
range bis— and tris— catechol-metal coordination complexes predominate through electrostatic,
non-covalent, and covalent bond formation mechanisms*4,°%3 (Scheme 1). Furthermore, the
increasing sorption trend of catechol as the pH increases (especially from near neutral to alkaline
pH) trend can be attributed to the tendency of catechol deprotonation to occur as the pH increases
22,44, 5563 gince the first pKa value of catechol is ~9.3.#* Considering the reaction’s duration (4
days), it is possible that the competition between dissociative sorption and electrostatic
repulsion??8 will limit additional catechol sorption at pH 9.5, resulting in the plateau. Also, it is
envisaged that the sorption between pH 7.4 and pH 9.5 may result in the formation of
mononuclear monodentate and binuclear bidentate complexes??44°5-63 which have been reported

to predominate at high pH conditions and can be associated with higher catechol sorption.57-60:63
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Scheme 4.1. Different types of adsorption modes of catechol on Fe(lll) and Cu(ll) ions at different
pH conditions.

At alow (3.4 - 5.4) pH range, however, the sorption of catechol appears to be clearly lower
for all three clay types. The competition for active metal sorption sites between the catechol
molecules and the excess protons present at acidic pH can be seen as factors contributing to the
lowering of the catechol sorption at these low pH conditions.®”8 In addition, the excess protons
present in acidic conditions can cause the protonation of the hydroxyl groups of the catechol ¢,
and the subsequent elimination of H,O, resulting in less catechol being sorbed.®*% This may
explain the previously reported presence of mono-catecholate iron(lll) complex in this pH

region.%5-64

4.3.3 Effects of pH on EPFR formation

The formation of EPFRs on Fe(ll)CaMMT and Cu(I)CaMMT is significantly affected by
pH, as depicted in Figure 4.2, B and C. The EPR spectra displayed in Figure 4.2, C show a

nearly symmetric organic radical peak, signifying the EPFR formation at pH 7.4, for CaMMT,
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Figure 4.2 (A) Representative EPR spectra of EPFR at pH 7.4, (B) Fraction of catechol
adsorbed on CaMMT, Fe(lI)CaMMT and Cu(l)CaMMT and (C) Concentration of EPFR formed

at pH 3.4 — pH 9.5.

Fe(llH)CaMMT, and Cu(ll)CaMMT with a AH,., peak-to-peak line width of 4.9, 5.7 and 8.2 and g-
values of 2.0034, 2.0038 and 2.0041, respectively. These values are indicative of phenoxyl- and
semiqunone-type radicals.32830:38-3967-69 Ag previously proposed, the EPFR forming mechanism
at play is as follows: the physisorption of catechol to the transition metal, followed by
chemisorption and a concurrent one-electron transfer from catechol to the metal redox center.
28396971 The one-electron transfer from catechol results in the reduction of Fe(lll) and Cu(ll) to
Fe(ll) and Cu(l), respectively, within the clay matrix. The presence of inherent (before any cationic
exchange) Fe in CaMMT, most of which being Fe(lll), could be responsible for the EPFRs formed
in CaMMT. No such EPFRs were formed in CaMMT when the organic pollutant was phenol (ref),
which could be indicative of the higher reactivity of catechol.
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Higher EPFR concentrations were detected for Cu(l)CaMMT in comparison to
Fe(ll)CaMMT, at all pH conditions except at pH 3.4. This could be a result of the much higher
water exchange rate of [Cu (H20)e]** complexes compared to [Fe(H20)e]**, coupled with the fast
self-exchange between Fe(ll)-Fe(lll) in [Fe(H20)e]*" 72’8, which is almost nonexistent between Cu
species. Also, the formation of EPFRs detected in Cu(ll)CaMMT (cf Figure 4.2, B) follows the
sorption trend observed in Figure 4.2, A with an increase in the EPFR concentration being
seemingly proportionate to an increase in sorption as the pH increases from 3.4 to 7.4. The
highest concentration of EPFRs formed in Cu(ll)CaMMT was detected at pH 7.4. The trend,
however, differs markedly for Fe(lll)CaMMT as the highest concentrations of radicals were
detected both under highly acidic (pH 3.4) and basic (pH 7.4 — pH 9.1) conditions. At acidic
conditions, especially at pH 3.4 and 4.3, the high EPFR concentration encountered in
Fe(ll)CaMMT can be envisioned to from via the formation of a mono-coordinated catechol-Fe(lll)
complex formed through outer-sphere complexation involving electrostatic interactions 2044556163
Mono-coordinated metal complexes are known to promote metal redox chemistry, this is due to
less complexation of active Fe(lll) centers by catechol molecules which can inhibit Fe(lll)
participation in electron transfer reaction.??,44,%5-57 |n addition, studies have shown enhanced rates
of dissolution of metal oxides at acidic (pH<5), neutral, and basic pH conditions while in the
presence of catechol?®??44 which may also help explain the high radical concentration
encountered at pH conditions: 3.4 (for Fe only), 7.4, 9.1, and 9.5. Similarly, with prolonged time,
more Fe(ll) and Cu(l) ions are released into the solution as a consequence of the redox reaction
between catechol and active metal ions(Fe(lll) and Cu(ll)). The higher concentration of Fe(ll) and
Cu(l) in the solution could be re-oxidized by the semiquinone radical, resulting in the reintroduction
of more Fe(lll) and Cu(ll) ions, which then can form more EPFRs over time (4-days reaction
period). Typically, Fe(lll) species in aqueous solutions are pH dependent and this may also play
an important role in the EPFR formation since the stability and solubility of EPFRs are also
affected at different pHs. For instance, up to three different Fe(lll) species can exist at acidic pH
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between 2.5 — 5, namely; Fe(OH)?*, and Fe(OH)," and Fe(OH)3.358%-8 Although Fe(OH)?* is the
most dominant species among the three Fe(lll) species, all of the above species exhibit different
solubilities and rapid switches in stability as the pH changes.**%° This means that their interaction
with catechol molecules in solution is bound to be affected. In fact, the low concentration of EPFRs
encountered at pH 5.4 could be associated with the diminished concentration of Fe(OH)?* at pH
5. At pH >5, the precipitation and formation of polynuclear polymeric Fe(lll) species begins to
occur® .8 and, in doing so, may limit the amount of Fe(lll) centers available for reduction, lowering

the amount of EPFRs formed at pH 5.4.

At basic pH, both inner-sphere and outer-sphere complexations are responsible for both
the sorption of catechol and EPFRs formamtion?>23, however, for the EPFR formation, the inner-
sphere complexation seems to be the dominant mechanism at play. This is due to the increasing
catechol metal interaction as the pHs approaches alkalinity, which enables direct electron transfer
through covalent and electrostatic bonds. Once surface saturation is achieved, inhibiting more
inner-sphere interactions between catechol and the metal centers, redox activities is largely
reduced. This explanation is consistent with the high radical concentrations detected from pH 7.4
to 9.1 and may also explain the gradual decrease in EPFR concentrations observed at pHs 9.1
and 9.5 for Fe(lINCaMMT and Cu(l)CaMMT systems respectively. Another plausible explanation
is the saturation of active metal sites due to higher complexation rates as the pH tends towards
catechol’s first pKa value?®22°5, which in turn can induce crowding of sorbed catechol molecules,
easily facilitating radical polymerization to yield other polyphenoils. It is also worthwhile to note
that, in alkaline solutions, catechol is susceptible to auto-oxidation, which has been shown to lead
to the formation of quinones.®® Quinones, which have lower affinity to Cu(ll) and Fe(lll) than

catechol,®® reduce EPFR formation.

Parameters such as the g-value and peak-to-peak line width AHp, were also useful in

understanding the constituents of the EPFRs formed in the both Fe(lll)CaMMT and Cu(ll)CaMMT
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systems at different pH conditions. For instance, the g-values of EPFRs formed in Fe(ll)CaMMT
and Cu(Il)CaMMT increased from 2.0036 to 2.0046 as the pH increased from 3.4 to 9.5. This
implies that phenoxyl radical and/or carbon centered radicals dominate EPFRs detected in at
acidic pHs, where phenoxyl radical formation from catechol has been described to result from the
decomposition of semiquinone radical.8° Conversely, with increasing pH, oxygen centered
semiguninone radicals become more dominant in Fe(lll)CaMMT and Cu(ll)CaMMT as indicated
by the high g-factor. In addition to the g-factor, the peak width values ranged between ~7.0 and
9.0 for Cu(IhCaMMT and from ~5.1 to 6.4 for Fe(ll)CaMMT. Indicating the presence of variable
radical constituents, an effect that can lead to concentration broadening.®® The peaks were
broader at low pHs for Cu(ll)CaMMT compared with Fe(lll)CaMMT. Scheme 1 proposes the
general mechanism for EPFRs formed for both Fe(ll)CaMMT and Cu(ll)CaMMT. This scheme
simply shows that mono-catechol metal complexes may be responsible for the EPFRs formed at
acidic pHs (below 5.4), however, the bi-complex and tris- catechol complexes are likely to be the
parent complexes for EPFRs formed at pH 7.4, 9.1 and 9.5 respectively in relation to the g-factors

and line widths observed.

4.3.4 Effect of Irradiation on EPFR Formation

4.3.4.1 Liquid-Solid Phase Irradiation

To understand the effects of UV irradiation on the EPFR formation in aqueous phase,
Fe(lllCaMMT and Cu(l)CaMMT samples were irradiated for 6 h during EPFR formation in situ
at four different pH values (3.4, 5.4, 7.4 and 9.5). The experiments were repeated by stirring the
samples under a hot plate set at 30 °C for 6 h in the dark. For these experiments, a reduced
concentration of catechol (85 mM) was utilized in order to minimize catechol photo-oxidation. As
illustrated in Figure 4.3, for the Fe(llNCaMMT and Cu(lIl)CaMMT at both acidic pH conditions, the
UV irradiated samples adsorbed less catechol compared to their non-UV irradiated counterparts,

while the reverse was the case at higher pH (7.4 and 9.5). Also, similarly to the result obtained
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with the non-UV catalyzed EPFR system above (cf Figure 4.2, A), catechol adsorption was higher

for the Cu-loaded systems than for the Fe-loaded ones.
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Figure 4.3 A) concentration of adsorbed catechol and B) EPFRs formed on non-UV irradiated
and UV irradiated Fe(ll)CaMMT and Cu(l)CaMMT samples. Reaction period for both UV
Irradiation and non-UV irradiation (in the dark) was 6 h.

The reduced catechol sorption on Cu(l)CaMMT and Fe(llIl)CaMMT at pH 7.4 and pH 9.5
may be viewed as a result of the UV-facilitated oxidation of catechol to hydroquinone and,
subsequently, to benzoquinone, and even more importantly, as a result of the formation of other
polymeric products through radical-radical coupling induced by the EPFRs formed over time.
Similar reaction occurs at low pH, however, due to the unstable nature of catechol-metal complex

at acidic pH conditions, there is a strong probability of regeneration of catechol in the solution,

which may account for the low catechol sorption withessed at pH 3.4 and 5.4.

More importantly, photo-Fenton chemistry is known to reach optimum efficiency at acidic
pH between 3.0 and 3.5 3:81-86.90-91 lhy the generation of excess *OH radical through the photolysis
of Fe(OH)?*. Furthermore, the high concentrations of H* at acidic pH conditions facilitate the

formation of more *OH radicals. °2 With high concentration of *OH radicals, catechol molecules in
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solution are ultimately degraded, leading to the reduced catechol concentration in the solution
and a decrease in the amount of sorbed catechol. As seen in Figure 4.3 for Fe(ll)CaMMT, a
reduced yield in the EPFR concentration was detected at pH values of 3.4 7.4, and 9.5. for the
UV-irradiated systems. The same was encountered for Cu(ll)CaMMT except that UV-irradiation
caused a higher EPFR generation at pH 3.4. Remarkably, at pH 5.4 for the UV-irradiated
Fe(IDCaMMT and Cu(lDCaMMT systems, higher EPFR generation was recorded compared to
the non-UV irradiated. These observations can be explained in number of ways; first, the reduced
EPFR formation in the UV-irradiated systems, as seen at pH 3.4, 7.4, and 9.5 for Fe(lI)CaMMT,
could be a result of the additional *OH radical generation through photo-Fenton reaction which
may 1) degrade the available catechol in solution, therefore limiting catechol’s reaction with the
metal centers and/or 2) readily recombine with formed EPFRs, thus diminishing the EPFR yield.
Photo-Fenton chemistry also results in the release of Fe(ll) ions and other intermediate
products.333681.83 The Fe(ll) species released into the solution promote *OH generation at basic
pH conditions, which are amenable to the formation of catechol-metal complexes that facilitate
Fenton chemistry. An increased EPFR formation encountered at pH 5.4 for Fe(ll)CaMMT and
Cu(IDCaMMT may be attributed to the gradual disappearance of the very photo-Fenton dominant
active Fe(OH)#* and the formation of polymeric Fe(lll) species with lower photo-Fenton activity.
Generally, Fenton chemistry is known to be accelerated by UV irradiation332¢8183 as well as
affected by pH. The generation of Fe(ll) is rapidly enhanced at acidic pHs in the presence of
catechol. Pignatello and co-workers reported the generation *OH radical at acidic pHs3%63,
justifying the lower EPFR concentration at pH 3.4 in the UV-irradiated system. This suggests the
possible quenching of the formed EPFRs in solution over an extended reaction period. In fact,
aside from the *OH radicals generated from the reduction of EPFRs, more *OH radicals can be
generated through UV irradiation of Fe(lll) ions in solution at acidic pH.3326818 Similarly, with

increasing pH, UV irradiation may accelerate the dissociation of catechol, the especially at high
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pH conditions (7.4 and 9.5).7%% This may also account for the reduced amount of EPFRs

encountered at those pHSs.

4.3.4.2 Solid Phase UV Irradiation

The solid phase UV irradiation experiments were performed in an effort to understand the
effect of ambient sunlight on EPFRs after they had been formed on Fe(lll)CaMMT and
Cu(IDCaMMT, in such environmental matrices as surface soils and wind-blown dust.
Fe(lllCaMMT and Cu(I)CaMMT samples were chosen for being representative of the types of
entities typically found in samples of the real Superfund contaminated soils. The effects of UV
irradiation on dried solid clay samples were studied by exposing 25 mg of Fe(ll)CaMMT and
Cu(IDCaMMT containing EPFRs to UV irradiation for 30 to 360 min, the concentration of the
radicals was normalized to the initial radical concentration before irradiation. As indicated in
Figure 4.4, exposure of Fe(lll)CaMMT and Cu(l)CaMMT to UV light caused an initial increase in
radical formation at the studied pH values (3.4, 5.4, 7.4, and 9.5). The highest radical
concentrations after irradiation were observed at pH 9.5 after 180 min for Fe(lll)CaMMT and at
pH 3.5 after 30 min for Cu(ll)CaMMT, with an increase of ~16% and 11% over the non-irradiated

controls, respectively.

Two distinct trends observations were made; first, the radicals formed due to UV irradiation
in Fe(ll)CaMMT and Cu(ll)CaMMT after catechol dosing at both pH 7.4 and pH 9.5 remained
relatively stable throughout the irradiation time after attaining their respective peak
concentrations, whereas the radicals formed in the systems after catechol dosing pH 3.4 and pH
5.4 decreased swiftly with increasing irradiation time longer than 180 min. This observation
suggests that there could be a stabilizing mechanism in place for the EPFRs formed at pH values
of 7.5 and 9.5. This trend has been previously reported to be as a result of the stability afforded
by the transition metal ions®%% in this case Fe(ll) and Cu(l). Secondly, the increase in radical

concentration due to UV irradiation was higher for the Fe(lll)CaMMT systems than for the
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Cu(IDCaMMT systems at pH 7.4 and 9.5. This later trend may suggest the presence of higher
degree of unreacted catechol in Fe(lll)CaMMT systems compared to Cu(lIl)CaMMT systems,
allowing the unreacted catechol and other degraded products to be further photo-oxidized via
interactions with unreacted Fe(lll) and Cu(ll) centers and form additional radical species.®* No
significant changes were observed in the g-factors for Fe(lll)CaMMT after irradiation; however, a
slight change in the g-factor (2.0038 to 2.0040) was observed for the radicals formed as a result
of irradiation of the Cu(ll)CaMMT system at pH 7.4. This may be as a result of the formation of

more semiquinone type radical.
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Figure 4.4 Solid-phase UV irradiated samples of A) Fe(ll)CaMMT, B) and Cu(l)CaMMT
EPFRs. For EPFRs formed at pH conditions of 3.4, 5.4, 7.4, and 9.5 at room temperature

It is also worthwhile to mention that radical decay was observed for Fe(lll)CaMMT and
Cu(IDCaMMT after prolonged UV irradiation, especially beyond 360 min which can be attributed
to the radical recombination.?®3%41 In Fe(lll)CaMMT and Cu(ll)CaMMT, relatively stable radicals
are observed when monitored in the dark over the time period, as seen in Figure 4.4, A and B

(Shown with arrows), and thus these radicals can be classified as EPFRs.

A more detailed look at the results shown in Figure 4.5, shows that the maximum radical

decay is ~4% for Cu(ll)CaMMT system at pH 3.4 after 12 h. After the same amount of time and
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at pH 5.4, the radicals formed in Cu(I)CaMMT and Fe(lI)CaMMT showed a decay amounting to
~1.5% and ~4.0%, respectively. On the other hand, UV irradiation-formed radicals at pH 7.4 and
pH 9.5 in the Fe(ll)CaMMT and Cu(Il)CaMMT systems did not show significant decays. In fact,
slight increases in radical concentrations are observed especially for the Fe(lll)CaMMT systems.
Overall, the results from this study illustrate that UV irradiation can increase the concentration of
radicals in samples which were dosed with catechol at basic pHs and that these radicals are
stable enough to be called EPFRs; however, prolonged (>6 h) UV irradiation induces radical

decay, which is best illustrated by the Cu(I)CaMMT systems with acidic catechol dosing.

I Fe(l)CaMMT
I Cu(ll)CaMMT

% EPFR After 12h

Figure 4.5 Percentage of EPFRs remaining after 12 h in the dark, following previous 6 h long
UV irradiation of the Cu(l)CaMMT and Fe(lI)CaMMT samples at pH values of 3.4, 5.4, 7.4, and

9.5.

4.3.5 EPFR Decay and Effects of Humidity

The stability and persistency of radicals formed in Fe(ll)CaMMT and Cu(ll)CaMMT at four
different pHs (3.4, 5.4, 7.4, and 9.5) at different levels of humidity were studied and the results, in

terms of lifetimes, are presented in Figure 4.6.

For the Cu(ll)CaMMT EPFRs formed at 55 % RH, the following lifetimes were determined

at 85.0, 91.6,143.2 and 128.6 days while at 78% RH the lifetimes were 3.1, 2.6, 4.8, and 6.7 days
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for EPFRs formed at pH 3.4, 5.4, 7.4, and 9.5, respectively. Similarly, the decay rates for EPFRs
at 55% RH at pH 3.4, 5.4, 7.4, and 9.5, were 0.000291 h™*, 0.000324 h™*, 0.000455 h™* and
0.000490 h7, respectively. The corresponding decay rates at 78% RH were 21.3, 26.7, 32.7, and
27.4 times faster compared to those at 55% RH At both humidity conditions, the g-factor during

the EPFR decay increased from ~2.0038 (mostly at acidic pHs) to 2.0044.
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Figure 4.6 EPFR decay study for A) Fe(ll)CaMMT and B) Cu(ll)CaMMT, at 55% and 75 %
Relative humidity (RH) at pH 3.4, 5.4, 7.4, and 9.5.

This observed increase in the g-factor has been previously attributed to the faster decay
of phenoxyl-type radical.?®3° However, as previously reported, EPFRs can decay through the
desorption of organic molecules from metal surfaces aided by water molecules and/or
recombination with molecular oxygen.?83°41 |t may then be reasonable to suggest that the EPFRs
formed in monodentate mononuclear catechol complexes will decay faster than those formed in
monodentate binuclear, bidentate mononuclear and/or bidentate binuclear complexes. This is due

to the ease with which the metal-organic molecule bond is accessed by water molecules. As a
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result, the water accessible EPFR complexes may decay faster, as supported by high g-factors

encountered after elongated exposure of EPFRs to humid conditions and ambient air. Also, at

both humidity conditions, higher EPFR lifetimes and lower decay rates were obtained for EPFRs
formed at basic pHs (7.4 and 9.5) compared to acidic pHs (3.4 and 5.4). In addition to the metal-
catechol complex structure and type, which may, in turn, dictate radical type, the -1 stacking
interactions between aromatic molecules can be responsible for the EPFR stability encountered

at pH 7.4 and pH 9.5, especially at 55% RH.3%4!

For EPFRs formed in Fe(lll)CaMMT, the decay rate and lifetimes showed similar behavior
to those seen for Cu(ll)CaMMT at both humidity conditions. At 55% RH, lifetimes of 162.3, 115.7,
74.3, and 73.8 days were observed for EPFRs formed at pHs 3.4, 5.4, 7.4, and 9.5, respectively,
with the corresponding decay rates of 0.000257 h=*, 0.000360 h, 0.000561 h*, and 0.000565 h-
1, At 78% RH, EPFRs formed at pHs 3.4, 5.4, 7.4, and 9.5 had lifetimes of 6.7, 4.8, 2.8, and 3.1,
respectively, accompanied by decay rates of 0.00622 h, 0.00868 h, 0.0149 h=1, and 0.0134 h-
1, respectively. Thus, as was the case with the Cu(l)CaMMT systems, the decay rates and
lifetimes of EPFRs formed at pHs 7.4 and 9.5 were higher than those formed at acidic pHs. The
lifetimes of the EPFRs formed in Fe(lll)CaMMT at pH 9.5 were higher at both humidity conditions
in comparison to those obtained for EPFRs formed on Cu(l)CaMMT. This suggests that tris-
complexes (scheme 4.1) formed by Fe species at alkaline conditions offers higher stability through
-1 stacking, making them more resistant to oxidation and desorption by molecular oxygen or
water molecules than EPFRs formed on Cu(ll)CaMMT, which forms mostly bis-complexes.?5>%°
The opposite explains the results for EPFRs formed at acidic conditions on both Fe(ll)CaMMT
and Cu(ll)CaMMT, where the lower lifetimes encountered are justified by an increased molecular
oxygen and water molecule accessibility. This due to the mono-catechol metal complexes that

usually form at acidic pHs, hence lower degree of surface complexation.
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4.4  Conclusion

In summary, ambient environmental and soil conditions play an important role in the
formation and persistence of EPFRs. For the Fe(ll)CaMMT systems, acidic (pH 3.4) and alkaline
pHs favors the formation of EPFRs with highest concentration at 9.1, while for the Cu(ll)CaMMT
systems, the highest EPFRs concentration was at pH 7.4. high EPFRs concentrations with acidic
pHs being the least favorable for EPFR formation. Generally, the redox activities of the transition
metals and catechol are promoted through the high degree of metal-catechol complexation that
occurs at neutral and alkaline pHs, which in turn favors EPFR formation.**%® Simulated sunlight
using UV irradiation showed the effect of UV on the EPFRs forming process in Fe(lll)CaMMT and
Cu(IDCaMMT systems. UV irradiation caused EPFRs formation for Fe(lll)CaMMT (except at pH
5.4) and Cu(I)CaMMT (at pHs 7.4 and 9.5) systems. Photo-Fenton chemistry which causes the
degradation of catechol in solutions, especially at acidic pHs, and photolysis of Fe species are
put forward as being responsible for the reduced EPFRs formation under UV irradiation. While
accelerated sorption and photo-oxidation of catechol and catechol-metals complexes at alkaline

pH may likely contribute to the reduced EPFRs formation at pHs 7.4 and 9.5.

Also, irradiated after EPFR formation—increased the EPFRs formation for both
Fe(lllCaMMT and Cu(l)CaMMT systems, with the increase be higher in Fe(lllCaMMT. At
neutral and alkaline pH, the irradtion formed radicals were stable through 360 minutes, and thus
EPFRs, however at acid pHs irradiation formed radicals were not as stable. This can be attributed
to the stability offered by the -1 stacking aromatic backbone abundant with the high metal -
catechol complex at pHs 7.4 and 9.5, which stabilizes the formed EPFRs. Our results also suggest
that direct UV radiation effect the redox behavior of the metal which in turn-resulted in the radical
decay observed after prolonged UV irradiation, especially for radicals formed at pHs 3.4 and 5.4
due to the complexation and adsorption behavior of catechol-metal complexes at those pHSs.

Irradiation of already formed EPFRs under dry conditions results in radical formation over the
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short course but may induce radical decay over the long course, especially in Cu(ll)CaMMT

systems and Fe(ll1)CaMMT system under acidic conditions.

Finally, humidity affects the persistence of EPFRs formed on Fe(lll)CaMMT and
Cu(ll)CaMMT. EPFRs formed at close to neutral and alkaline pHs (7.4 and 9.5) were more stable
and persistent to oxidation than EPFRs formed at acidic pHs (3.4 and 5.4) at both 55 and 78%
RH. This can also be attributed to a high degree of catechol complex on the metals which could
block possible oxidation site by environmental oxygen and also making it difficult for desorption

by water molecules in the case of 78 % RH.

The findings in this research demonstrates that in ambient environment where EPFRs are
known to form in contaminated soil similar to the one previously detected at superfund sites,
factors such as the ones contained in this study (UV, pH and Humidity) are bound to play a huge
role in the fate of the EPFRs formed. Thus, in the contaminated soil, EPFRs are likely to form
more in arid alkaline soils which are usually known with high mineral contents. However, even in
low pH peat soils, with ubiquitous presence of Fe(lll) in the soil high EPFRs level is inevitable.
Also the results of this research shows that at periods of high precipitation, EPFRs formation is
may be enormously reduced. Ultimately, EPFRs contamination arises from wind-blown dust

particles of these contaminated soils which can be ingested or inhaled by humans.
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CHAPTER 5
A 13C NUCLEAR MAGNETIC RESONANCE AND ELECTRON
PARAMAGNETIC SPECTROSCOPIC COMPARISON OF
HYDROPHOBIC ACID, TRANSPHILIC ACID, AND REVERSE OSMOSIS
MAY 2012 ISOLATES OF ORGANIC MATTER FROM THE SUWANNEE
RIVER*

5.1 Introduction

Natural organic matter is ubiquitous throughout the environment.! In aqueous
environments it is known as dissolved organic matter (DOM). DOM plays a number or important
roles, such as influencing the fate and transport, including bioavailability of both organic and
inorganic pollutants, acting as a food source, inducing permeability of biomembranes, and
adsorbing light.*® In addition, DOM plays a major role in the carbon cycle of the planet. 1°2 These,

and a number of other environmentally relevant aspects of DOM, make the study of DOM

essential to our understanding of the biogeochemistry of our planet’s aqueous ecosystems.* 2

The chemical compaosition of DOM is variable depending on source materials as well as
biochemistry, thus DOMs isolated from different sites across the globe are not equivalent. Even
DOM isolated from the same location but at different times may be very different. 34
Consequently, studies based on DOM isolated from different locations are difficult to compare
directly. This means that there is a need for a standard (or reference) material that is available to
the research community so that different studies can be compared. The International Humic
Substance Society (IHSS) has been providing such references for decades. Some of the most

studied, if not the most studied, of the IHSS standards are the Suwannee River humic acid (XAD

*This chapter previously appeared as Ugwumsinachi G. Nwosu, Robert L. Cook “**C Nuclear
Magnetic Resonance and Electron Paramagnetic Spectroscopic Comparison of Hydrophobic
Acid, Transphilic Acid, and Reverse Osmosis May 2012 Isolates of Organic Matter from the
Suwannee River.” Environmental Engineering Science. Jan 2015, 32(1): 14-22.. Reproduced
by permission of Mary Ann Liebert, Inc., publishers.
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isolate), fulvic acid (XAD isolate), and RO (reverse osmosis) isolates. However, because the
IHSS Suwannee River humic and fulvic acid versus RO samples were isolated at different times,

the physicochemical properties of these different samples cannot be directly compared.

The purpose of this work was to compare the XAD (XAD-8; HPOA and XAD-4; TPIA) and
RO isolates of the same source water, in this case the Suwannee River, collected in May 2012.
This study compares the carbon speciation and radical content of the different isolates by solid
state cross polarization magic angle spinning *C nuclear magnetic resonance (CP-MAS *C

NMR) and electron paramagnetic resonance (EPR), respectively.

5.2 Experimental Protocols

The three DOM isolates (May 2012 HPOA, May 2012 TPIA, and May 2012 RO (2R101N))
investigated here were provided, as a gift, in freeze-dried form by Patricia Maurice, Department
of Civil and Environmental Engineering and Earth Sciences, University of Notre Dame. The
samples were collected during an IHSS-sponsored sampling trip to the Suwannee River led by E.
M. Perdue (Ball State University; see Green et al., 2014 and Kuhn et al., 2014 a, b for details of
sampling and isolation).*>® The isolates were extracted by two different protocols, namely using
XAD resins " and reverse osmosis 8. Two isolates were yielded by the protocol utilizing the XAD
resin, namely 1) the hydrophobic acid (May 2012 HPOA) isolate, which was eluted from the XAD-
8 resin with base, and 2) the transphilic acid (May 2012 TPIA) isolate, which was eluted from the
XAD-4 resin with base. The HPOA isolate contains both fulvic and humic acid, as defined by the
IHSS. In terms of carbon recovery and distribution, the products of the XAD isolation yield the
following distribution of isolates: 60% HPOA and 15% TPIA, with hydrophilic acids, hydrophobic
organic neutrals, and transphilic and hydrophilic neutrals accounting for the remaining 25%.°
The reverse osmosis protocol yielded one isolate (May 2012 RO (2R101N)), with an overall 84.2%

recovery of available carbon, designated by IHSS catalog number 2R101N, and referred to
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throughout this manuscript as the RO isolate. A summary of the elemental composition, metal

content, and ash content of these samples is provided in Table 5.1.1

5.2.1 NMR Analysis

Solid state *C NMR spectra were collected using a Bruker Avance 400 MHz spectrometer,
utilizing a ramp amplitude cross polarization pulse sequence along with magic angle spinning.
The following conditions were used: a contact time between the proton and carbon pools was 2
ms, the delay between scans was 1 s to allow for relaxation, and the sample was spun at 14 kHz
in order to reduce possible spinning band effects.’® Approximately 100 mg of each isolate was
packed into a 4 mm rotor. Samples were packed in several 5 to 10 mg portions by applying a
good amount of downward pressure using a specialized tool with an outer diameter of just under
4 mm so as to tightly fit into the rotor. The rotor was filled up to the height that allowed for a tight
fitting of the rotor cap. Care was taken so as not to damage the specialized cap’s blades
(turbines), which are used to spin the rotor at the speed of 14 kHz. In order to monitor the spinning
speed by the sensing device (built into the probe), one half of the rotor's bottom edge was then
clearly marked with a continuous black line with a marker, while the other half was left unmarked,
and hence, remained light (slightly off white—the inherent color of the zirconia rotor material). The
rotor cap blades were then once again confirmed to be both clean and undamaged. The sample
was then lowered into the NMR MAS probe, and spun up in stages (5 kHz, 8 kHz, 10 kHz, 12
kHz, and finally 14 kHz; the rotor was allowed to spin for ~2 minutes at each spinning speed).
This approach allows for better spin speed stability, limiting the possibility of rotor explosion, which
can be highly damaging to the probe and will certainly result in a sample loss. As the sample is
spun up in stages, it continues to improve the packing of the rotor by pressing the sample against
the walls of the rotor, and hence, creating a small empty cylindrical space in the middle of the
rotor. If at any point during sample spin up there is an instability in the spinning (spinning speeds

fluctuating up and down), the rotor should be removed and checked for any cap blade damage
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and to ensure that the continuous black mark is close to half of the bottom edge of the rotor. Cap
replacement or a remarking of the rotor with a black marker are the most typical easy fixes.

Otherwise, the rotor needs to be repacked.

The NMR spectral window was subdivided into the following chemical shift regions: 0-60
ppm alkyl (~20 ppm for methyl groups of alkyl chains; ~30 ppm for methylene; ~45 ppm methine,
and ~54 ppm methoxyl); 60-90 ppm O-alkyl (~72 ppm with 20 ppm spread for C2-C6 carbons of
cellulose, hemi-cellulose, and similar polymeric carbohydrate structures); 90-110 ppm di-O-alkyl
(anomeric carbons in carbohydrates; can also be associated with C2 carbons in guaiacyl and
syringyl lignin structures as well as the C6 carbon in syringyl); 110-160 ppm aromatic (110-137
ppm C-C and C-H; 137-160 ppm C-O and C-N); 160-190 ppm carbonyl/amide; and 190-220 nm

ketonic carbons.?%28 Glycine was used as a reference for the chemical shift.

Table 5.1 Elemental Composition and Metal Content of Isolates Used in This Work (May 2012

Sampling)
Elemental composition (wt% on ash- free basis) Metal content (in nM .mg C ' )
Sample C H O N S Ash (wt%) Fe Al Cu Zn
HPOA 53.05 398 4147 102 049 155 96.3 35.2 0.357 0.7
TPIA 48.02 4.01 4545 1.82 0.79 3.47 68 40.8 26.7 6.81
RO 51.11 400 4181 1.28 1.80 4.01 41.3 455 0.825 1.36

Data from Kuhn et al. (2014a).

5.2.2 EPR Analysis

Samples were analyzed, in the solid state, for the presence of radicals without any prior
modifications. 50 mg of each sample was placed into a 4-mm ID, Suprasil EPR tube. The EPR
data were acquired at room temperature using a Bruker model EMX 10/2.7 spectrometer under
the following instrumental conditions: microwave frequency 9.67 GHz, microwave power of 2 mW,
center field at 3452 G, sweep width of 150 G, resolution of 2048 points, receiver gain of 1 x 10%,
modulation frequency of 100 kHz, time constants of 1.28 ms, and sweep time of 41.94 s. 5 scans

were acquired for each spectrum.
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A fresh 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard was used to calibrate both the field
position and radical concentration. Radical concentrations in terms of spins per gram were
calculated based on the integrated area of the appropriate isolates EPR signal in comparison to

the integrated area of the DPPH standard.

5.3 Results and Discussion
Two different resonance methods utilizing magnetic fields to induce population difference
were used in this study, namely nuclear magnetic resonance, NMR (*3C solid state cross

polarization technique) and EPR.

5.3.1 NMR Analysis

The solid state *C NMR results for the three different Suwannee River organic matter
samples are shown in Figure. 5.1, with the corresponding integration data being presented in
Table 5.2. Table 5.2 also includes data for a number of IHSS isolates.?® In order to reduce
possible confusion, the following labeling will be used: 1) the current samples, i.e., samples new
to this study, will be respectively referred to as May 2012 HPOA, May 2012 TPIA, and May 2012
RO (designated as 2R101N on the IHSS website), 2) the IHSS HA (1S101H) and FA (1S101F)
collected in 1982-1983 and the calculated HPOA will be referred to as HA 1S101H, FA 1S101F,
and HPOA 1S101C, respectively, 3) the IHSS RO (1R101N) collected in 1999 will be referred to
as RO 1R101N, and 4) the IHSS HA (2S101H) and FA (2S101F) collected in 2003 and the
calculated HPOA will be referred to as HA 2S101H, FA 2S101F, and HPOA 2S101C, respectively.
Note that all efforts have been made to make this labeling scheme as consistent with the IHSS

labeling as possible.

The Suwannee River standard fulvic and humic acids reported on the IHSS website for
the both the 1982-1983 and 2003 collections were derived from the HPOA isolate. By combining
the data for the HA and FA isolates reported on the IHSS website (i.e., mathematically weighing
them in terms of a fraction (the percentage they accounted for of the initial HPOA sample) of the
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XAD-8 (HPOA) isolate from which they were derived), it is possible to compare the IHSS XAD-8
data (1S101H and 1S101F as well as 2S101H and 2S101F) with those reported here (May 2012
HPOA). This has been done and the data are reported in Table 5.2, as HPOA 1S101C and HPOA
2S101C. The exact formulae used are reported in the footnotes of Table 5.2. The same approach

was used to calculate an RO sample from the May 2012 HPOA and May 2012 TPIA NMR data,

which will be referred to as May 2012 Calc. RO.

Table 5.2 Summary of Integrated 13C Nuclear Magnetic Resonance Data (Normalized to
100%)

Sample Ketone  Carbonyl Aromatic Di-O-alkyl O-alkyl  Alkyl
(190-120ppm) (190-110ppm) (160-110ppm) (110-90ppm) (90-60ppm) (60-Oppm)

This work
May 2012 HPOA 6 18 18 7 15 36
May 2012 TPIA 5 19 12 9 24 31
May 2012 RO 5 17 15 7 17 39
May 2012 Calc. RO* 6 18 17 7 17 35
Thorn and Cox (2009)
Thorn and Cox TPIA 7 24 15 7 17 30
IHSS Website*
HA 1S101H 8 19 37 9 7 21
FA 1S101F 7 20 24 5 11 33
HPOA 1S101CP 7 20 26 6 10 31
HA 2S101H 6 15 31 7 13 29
FA 2S101F 5 17 22 6 16 35
HPOA 2S101C¢ 5 16 25 6 15 33
RO1R101N 8 20 23 7 15 27

aCalculated as follows: (X-0.80)+(Y-0.20), where X and Y are the appropriate values for the
May 2012 HPOA and TPIA isolates, respectively.

b Calculated as follows: (X-0.87)+(Y-0.13), where X and Y are the appropriate values for the
FA 1S101F and HA 1S101H isolates, respectively.

¢Calculated as follows: (X-0.71)+(Y-0.29), where X and Y are the appropriate values for the
FA 2S101F and HA 2S101H isolates, respectively.

*www.humicsubstances.org/thornnmr.html (in some cases, the percentage sums to 101%),
last accessed September 13, 2014.

Integration data: The integration data reveal that the May 2012 TPIA isolate is higher in
O-alkyl content and lower in aromatic and alkyl content than the May 2012 HPOA isolate. In
terms of carbonyl content, the May 2012 HPOA and May 2012 TPIA isolate are very similar, as

is the case for ketonic and anomeric carbon content. The May 2012 RO isolate is between the

130



May 2012 HPOA and May 2012 TPIA fractions in terms of aromatic and O-alkyl content.
Compared to the May 2012 TPIA and May 2012 HPOA isolates, the May 2012 RO isolate is
higher in alkyl content and essentially equivalent in terms of carbonyl, anomeric carbon and
ketonic content. If the May 2012 HPOA and May 2012 RO isolates were equivalent to the IHSS
commercially available humic acid (HA 1S101H and HA 2S101H) and fulvic acid (FA 1S101F and
FA 2S101F) combined (HPOA 1S101C and HPOA 2S101C) and RO 1R101N Suwannee River
isolates, respectively, then the results presented here could be compared with the available liquid
state 3C NMR data of previous Suwannee River samples. However, due to differences between
the solid and liquid state NMR techniques used, only very rough comparisons are possible. We
will go forward with this comparison but, due to these points, only grosso modo differences will

be discussed.

Carbon-13 NMR results show that the HPOA 1S101C and HPOA 2S101C isolates and
the May 2012 HPOA isolate, from this study, appear to be nearly identical (3 %) in terms of
carbon speciation (Table 5.1), except for the aromatic, O-alkyl and alkyl regions (in fact, the
carbon distribution data for the HPOA 1S101C and HPOA 2S101C isolates and the May 2012
HPOA isolate are within +5%, except for the aromatic region). This closeness of the results
provides some confidence when comparing the liquid 2*C NMR data for the isolates reported on
the IHSS website 2° and in Thorn and Cox, 2009 to the solid state **C NMR data reported here,

especially in the grosso modo fashion, as will be done here.

As the isolates reported on the IHSS website 2°, in Thorn and Cox, 2009, and here were
isolated in essentially the same manner, a direct comparison is possible, especially for the RO
isolates (May 2012 RO and RO 1R101N) and TPIA (May 2012 TPIA and Thorn and Cox
TPIA(from May 1995 sampling)) isolates. In terms of the carbon speciation, it was found that
May 2012 RO isolate reported here is lower in the aromatic but higher in the aliphatic carbon

content than that for the RO 1R101N isolate. Turning to the TPIA isolates, it can be seen once
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Figure 5.1 1*C Ramp-CP-MAS NMR spectra of the May 2012 HPOA, May 2012 TPIA, and May
2012 RO isolates, from bottom to top, obtained with 40,960 scans.

again that the isolate reported in Thorn and Cox, 2009 % and the May 2012 TPIA isolate yielded
similar carbon distributions. However, once again, the aromatic content is lower while the
aliphatic content is higher for the more recently isolated sample (May 2012 TPIA). In addition, it
can be seen that the more recent isolate has a higher O-alkyl content. If one compares the HPOA
1S101C, HPOA 2S101C, and May 2012 HPOA data, the same trends to those discussed above
hold, whereby, with time, there is a decrease in aromatic content and an increase in alkyl content.
The biggest change is seen between the HPOA 1S101C and the May 2012 HPOA data. Also, as
with the TPIA isolates, there is an increase in O-alkyl content with time, as illustrated by HPOA
1S101C and HPOA 2S101C. Finally, HPOA 2S101C and May 2012 HPOA have essentially the

same O-alkyl content.

On aggregate, the NMR data show chemical change, especially in terms of its aliphatic
and aromatic nature, between Suwannee River samples collected at different times. This
intriguing observation may be worthy of a future systematic and rather ambitious investigation
that, ideally, utilizes the same isolation method and identical NMR techniques in order to fully

determine if there is a temporal trend. Changes in inputs, mainly due to changes in flow patterns
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between samplings (breaking of dams and stills) leading to differential aerobic conditions, climate

change and human activities, offer other possible explanations for the observations. 5 30-34

A more realistic approach involves comparison of the data collected on the studied
samples with those obtained for samples isolated and analyzed in the same manner, preferably
in the same laboratory. Accordingly, the data presented here were compared with those reported
by Lattao et al.,, on two HPOA and TPIA isolates isolated from two water bodies in Southern
Louisiana.?” Overall, this comparison reveals that Suwannee River samples have higher aliphatic,
lower carbohydrate, lower aromatic, and almost equivalent carbonyl carbon content. However,
none of these differences are very large (all fit within 10% of each other), which indicates, as does
the discussion below, that Suwannee River RO isolates are good representative samples for

aqguatic riverine NOM.

Spectral Data: Integration of regions on a NMR spectrum can provide useful information,
especially for complex heterogeneous samples, such as NOM isolates. Figure 5.1 consists of the
13C ramp-CP-MAS NMR spectra for the three Suwanee River isolates under consideration in this
work. These spectra are characterized by the six regions reported in Table 5.2. Below, differences
in the spectra are summarized by region, in which the reported ppm shift ranges should all be

viewed only as approximate.

Alkyl (0-60 ppm) region: All three isolates (May 2012 HPOA, May 2012 TPIA, and May
2012 RO consist of a broad peak between 5-55 ppm, with underlying peaks. These underlying
peaks are most apparent in the May 2012 TPIA isolate. Closer inspection reveals four different
peaks centered at approximately 20, 30, 40, and 53 ppm. These locations are only approximate
due to peak overlap; however, based on previous work on HA 1S101H, HA 2S101H, FA 1S101F,
and FA 2S101F 222829 gnd other organic matter isolates?’, the carbon speciation of these peaks
can be assigned to the following carbon types: methyl, methylene, methine, and methoxy (an o-
alkyl originating from lignin parent materials), respectively. The RO isolate’s spectrum has clear
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methyl, methylene, and methine peaks, while the methoxy peak is apparent as a weak shoulder.
The May 2012 HPOA isolate displays weak methyl and methylene peaks and a weak methoxy
shoulder. The spectrum for the May 2012 RO, isolate is a combination of the May 2012 HPOA

and May 2012 TPIA isolates.

O-alkyl (60-90 ppm) region: For all three isolates (May 2012 HPOA, May 2012 TPIA, and
May 2012 RO, this region consists of a well-defined peak centered at 70 ppm with a spread of 20
ppm. This region’s signature is assignable to the C2-C6 carbons of cellulose, hemi-cellulose, and
other carbohydrate structures such as glucose, galactose, mannose, fructose, ribose, and xylose
(as listed on the IHSS web site), as well ether and non-carbohydrate alcohol carbons. The May
2012 TPIA spectrum also has an underlying peak centered at 80 ppm illustrated by a minor
shoulder spanning between 70 and 90 ppm. Once again, the May 2012 RO spectrum appears to

be a hybrid of the May 2012 HPOA and May 2012 TPIA spectra.

Di-O-alkyl (90-110 ppm) region: In the May 2012 HPOA and May 2012 RO spectra in this
region consist of a well-defined peak centered at 102 ppm. In the May 2012 TPIA spectrum, this
feature is a less defined peak at the same location; however, this entire region is more dominant
than in either the May 2012 HPOA or May 2012 RO spectra, which is also consistent with the
larger O-alkyl peak in the May 2012 TPIA spectrum. The strength of the di-O-alkyl feature in the
May 2012 TPIA isolate means that it significantly overlaps with the O-alkyl features, resulting in
the di-O-alkyl peaks being larger but less defined compared to this same feature in either the May

2012 HPOA or the May 2012 RO spectra.

Aromatic (110-160 ppm) region: Once again, the spectra of the May 2012 HPOA and May
2012 RO isolates are closer to each other than either one is to the May 2012 TPIA isolate
spectrum. In the May 2012 HPOA and May 2012 RO spectra it can be seen that this region
consists of two distinct peaks centered at 115 and 130 ppm. These peaks can be assigned to
protonated and non-protonated carbons, respectively. The signal assignable to the non-
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protonated region is more dominant in the May 2012 HPOA isolate. Neither the May 2012 HPOA
nor the May 2012 RO isolate has a distinct signal in the phenolic region (145-160 ppm); however,

the May 2012 TPIA isolate has a shoulder in this spectral region.

Carbonyl/amide (160-190 ppm) and ketonic (190-220 ppm) regions: For all three samples,
the carbonyl/amide peak is rather tall and featureless. There is a hint of a shoulder at a lower
field for both the May 2012 HPOA and May 2012 RO isolates. In regards to the ketonic peak, it is
rather broad and featureless; it is less prominent for the May 2012 TPIA isolate than for the May

2012 HPOA or May 2012 RO isolates.
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Figure 5.2 *C Ramp-CP-MAS NMR spectra of the May 2012 HPOA, May 2012 TPIA, and May
2012 RO isolates, from bottom to top, obtained with 8,192 scans.

The May 2012 HPOA isolate can be viewed as more hydrophobic than the May 2012 TPIA
isolate, as it is the one that is sorbed by the XAD-8 resin, with the May 2012 TPIA isolate remaining
in the aqueous phase. The NMR findings are consistent with the May 2012 HPOA isolate being
more hydrophobic, as evidenced by its higher content of alkyl and aromatic moieties, and with the

May 2012 TPIA isolate being more hydrophilic due to the higher content of O-alkyl moieties.
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The 3C NMR spectra in Figure 5.1 obtained for DOM isolates discussed in this work are
rather broad and featureless compared to the *C NMR spectra one typically obtains for simple
organic compounds. There are simply too many features to resolve, leading to significant overlap
which blurs out the fine details. Multi-dimensional methods, both in the liquid and solid state,
have been shown to resolve this issue with limited success.?’*5-%¢ However, the vast majority of
the times when *C NMR is used to analyze DOM, fine details are not needed to obtain
guantitative or semi-quantitative carbon speciation data. For example, to obtain the data reported
in Table 5.1 on a modern NMR instrumentation using about 100 mg of DOM requires just over
one hour of NMR time. Figure 5.2 shows *C NMR spectra for the same samples as in Figure 5.1,
collected under the same conditions, but with one fifth the number of scans. In terms of time and

NMR instrumental costs, these spectra are five times cheaper, with the signal-to-noise ratio

decreasing by only a factor of \E due to NMR being a signal-averaging technique. The spectra
in Figures 5.1 and 5.2 offer basically the same overall bulk carbon speciation information, which
is: 1) the May 2012 HPOA isolate is more dominated by alkyl and aryl aromatic moieties, 2) the
May 2012 TPIA isolate is more dominated by O-alkyl moieties, 3) the May 2012 RO isolate is a
hybrid of the May 2012 TPIA and May 2012 HPOA isolates, and 4) all isolates have a large
amount of carbonyl carbons. If one is simply collecting a *C NMR spectrum of a NOM isolate to
obtain its carbon speciation data, then it is sufficient to collect only as many scans as are needed
to give a good enough signal-to-noise ratio so that clear differences in spectral features are
present for each type of the major moieties, as outlined above. More scans are needed to allow
for a good enough signal-to-noise ratio to tease out subtle differences, such as a shallow shoulder,
to emerge in a spectrum. Due to the inherent overlapping signals that make up the spectral signal
of DOM samples and their isolates, there is a limit to what extent the signal-to-noise ratio, and

hence, the resolution, can be increased.
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Overall, the above ¥C NMR results, including the determination of the structural
relationship among the different isolates, are consistent with previously reported data on a range
of Suwannee River organic matter isolates 2> 22 as well as those for other riverine DOM isolates.?’
Once again, this re-enforces the point that the Suwannee River RO isolate is a representative

riverine DOM sample.

5.3.2 EPR Analysis

EPR data can be broken into three major types, hamely the g-factor, AH, and spins per
gram; where the g-factor gives information on the chemical make-up of the radical, AH provides
information on how homogeneous the radicals are in terms of chemical make-up and local
environment (the broader, the less homogeneous), and spins per gram is a quantitative measure

of the amount of unpaired electrons (radicals) in a gram of sample.

The g-factor: Due to the chemical make-up of radicals, there is a spread of where unpaired
electron signals appear. For the three May 2012 DOM isolates (May 2012 HPOA, May 2012 TPIA,
May 2012 RO) reported on in Table 5.3, the spread is from 2.0041 (for the May 2012 RO isolate)
to 2.0045 (for the May 2012 HPOA isolate) and are near the upper limit of those reported for other
humic substances in the literature, which generally range from about 2.0030 to 2.0046 7-*° and
higher than those previously reported for Suwannee River HA 1S101H and FA 1S101F, which
have g-factors of 1.9994 and 2.0040, respectively.*° The high values for the Suwannee River
samples reported here are, however, in line with organic radicals rich in oxygen groups */, and
are very close to the g-factor of a semiquinone-benzoquinone complex, H-Q/Q.* All in all, the

three isolate radicals appear to be fairly similar in chemical composition.

AH: Due to their complex heterogeneous nature, natural organic matter samples are
known to give broad EPR spectra. As can be seen from the data presented in Table 5.3, the May
2012 TPIA isolate has the most diverse set of radicals, while the May 2012 RO isolate has the
least diverse set of radicals, with the May 2012 HPOA isolate being in between. This spread of
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radicals can also be seen in the EPR spectra, as presented in Figure 5.3 (note that spins per
gram cannot be read directly from these spectra due to spread of the width of the signal [AH] and

the fact that packing efficiencies for the different isolates were variable).

Spins per gram: The measurement of spins per gram quantifies the amount of radicals
(unpaired electron spins) per gram of sample. Spins per gram values can be viewed as the EPR
equivalent to integration in NMR; however, rather than being internally referenced to the sample,
an external reference is used. This means that spins per gram is an absolute value rather than a
relative value (as is usually the case for NMR integration values, and is the case for the *C NMR

integration values reported here).

Table 5.3 Summary of Electron Paramagnetic Resonance Data

17
Sample g-Factor Spins per gram(10 ) AH
This work
May 2012 HPOA 2.0043 6.38 6.24
May 2012 TPIA 2.0045 3.93 6.86
May 2012 RO 2.0041 3.59 5.26
May 2012 Calc. RO N.D. 5.89 N.D.
Saleh et al, (1994)
HA 1S101H 1.9994 3.93 8
FA 1S101F 2.0040 5.41 9.8

“Calculated as follows: (X *0.80)+(Y * 0.20), where X and Y are the appropriate values
for the May 2012 HPOA and TPIA isolates, respectively.
N.D., not determined.

The spins per gram values in Table 5.3 range from 3.59 x 10!’ (for the May 2012 RO
isolate) to 6.38 x 10*7 (for the May 2012 HPOA isolate), with the May 2012 TPIA isolate having a
slightly higher value of 3.93 x 10'7 value than the May 2012 RO isolate. These finding indicate
that the May 2012 HPOA isolate has the highest radical concentration and the May 2012 RO
isolate the lowest. Generally, NOM samples yield spins per gram on the order of magnitude of 10
17 thus the data for the isolates reported in this work are in line with these values. While spins

per gram is an absolute quantity, there can be variations in the exact number, especially between
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instruments due to geometrical arrangement, cavity couplings, microwave power, and use of
standards. This means that exact comparisons can be often challenging, even more so in case
of an addition of base during the isolation procedures as it may induce radicals * and in the

presence of metal ions in the isolates, which may quench the radicals’ EPR signal .42

The May 2012 HPOA isolate has 1.6 times more radicals than the May 2012 TPIA isolate.
Assuming that the only radicals present are H>Q/Q, then the May 2012 HPOA isolate is more
concentrated in H.Q/Q compared to the May 2012 TPIA isolate. This may indicate that: 1) the
radicals are associated with more hydrophilic moieties, 2) the H,Q/Q radical-forming entities are
more exposed in the May 2012 HPOA isolate, and thus, are more prone to radical formation
during alkaline conditions used in the isolation of the May 2012 HPOA fraction, or 3) a combination
of the first two effects is in play. The concept of exposed radical forming-moieties has been
previously put forward to explain the pH dependence of radical formation and the reason behind
humic and fulvic acids having different radical concentrations.*® From the spins per gram data it
could be hypothesized that the more hydrophobic the isolate, the higher its concentration of

radicals.

Due to the nature of the isolation method, the May 2012 RO isolate contains fewer radicals
than either the May 2012 TPIA or May 2012 HPOA isolates. Since the May 2012 RO isolate is
more hydrophilic than the May 2012 HPOA isolate —as shown by 13C NMR data— the above
hypothesis of isolate’s higher hydrophobicity correlating with the higher concentration of radicals
appears to be supported. However, the spins per gram data reported by Saleh et al., for the
Suwannee River HA 1S101H and FA 1S101F 40 contradict this notion as it is the FA 1S101F
isolate that contains the higher radical concentration although it is more hydrophilic. This leaves

two possible factors: the pH and the metal ion effects.
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Figure 5.3 EPR spectra of the May 2012 HPOA, May 2012 TPIA, and May 2012 RO isolates,
from bottom to top, obtained with 5 scans.

pH effect: Different pH conditions were used in the HPOA and TPIA isolation procedures
compared to that for the RO isolate. This would mean that if the differences seen in the radical
concentrations were due to the pH conditions used during the isolation procedures, namely XAD
versus RO, then one would expect to see the largest difference in radical concentrations between
the XAD isolates and the RO isolate. This, however, is not the case. In fact, the radical
concentration of the May 2012 TPIA and May 2012 RO isolates are very close, when compared
the difference in radical concentration between the May 2012 TPIA and May 2012 HPOA isolates.
The weighted average of the May 2012 HPOA (80%) and May 2012 TPIA (20%) isolates (to
create May 2012 Calc. RO) yields radical concentration of 5.89 x 10" spins per gram. This is a
significantly larger than the concentration of radials actually detected in the May 2012 RO isolate
sample. A possible explanation for this is that, while NaOH is used in the RO isolation procedure
to wash the membrane filters, this is a less severe alkaline condition compared to the one used
during the XAD isolation procedure, and thus, it should produce fewer radicals. The wider AH

values for the XAD isolates compared to the RO isolate support this and suggest, that the alkaline-
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formed radicals being different in nature to the native radicals and with a wider range of g-factors.
In regards to the XAD isolates, it appears that the May 2012 TPIA isolate radical concentration is

chiefly due to the alkaline conditions, resulting in higher g-factor and AH values.

Metal ion effect: It has been shown that some metal ions quench radical signals.**? The
mechanism behind this quenching is thought to be due to antiferromagnetic interactions of the
metal ion’s d-subshell with the unpaired electrons of the H.Q/Q complex. Based on the data
presented in Table 5.1 from Kuhn et al., 2014a, no trend in d" metal content and radical

concentration can be found for the three isolates discussed in this work.

54 Summary

In rough terms (less than 50% in any area of comparison), the methods utilizing XAD
resins and reverse osmosis yield DOM isolates with similar carbon speciation distribution. The
13C NMR data reveal that May 2012 RO (2R101N) isolate is a hybrid of the XAD-isolated May
2012 HPOA and May 2012 TPIA isolates, with the May 2012 HPOA isolate being higher in alkyl
and aromatic moieties, the May 2012 TPIA isolate being more concentrated in O-alkyl moieties,
and the RO isolate being in between in regards to alkyl, O-alkyl, and aromatic moieties. This is
somewhat surprising given the difference in how the two different isolation procedures work and
the basic principles behind them. In very simple terms, the RO method isolates from the water
sample compounds unable to cross a membrane, while the XAD-8 and XAD-4 resins, arranged
in a series, isolate compounds that are “pulled out” of the water sample. The XAD method uses
a large pH swing, from highly acidic (loading step) to highly alkaline (extraction step), while the
RO method is gentler in terms of pH. Thus, while surprising, it is reassuring that the two methods

yield similar products in terms of carbon speciation.

The XAD isolates (May 2012 HPOA and May 2012 TPIA) have higher radical
concentrations than the May 2012 RO isolate, especially the May 2012 HPOA isolate. A possible
hypothesis is the alkaline hydrolysis of certain functionalities, resulting in the release of catechol
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moieties, which, in turn, become converted to semiquinone radicals. The difference between the
May 2012 TPIA and May 2012 HPOA isolates can be postulated to be due to their hydrophobicity

and the exposure of the radical-forming moieties to the alkaline aqueous phase.

The carbon speciation data reveal that the XAD method yields two distinct isolates (HPOA
and TPIA) of the DOM within the original sample. Model experiments may be designed to
understand how differences between these isolates influence the behavior of DOM samples. The
RO isolate, on the other hand, appears to offer a more comprehensive representation of the DOM
than either of the XAD isolates and is preferred when one wants to investigate the behavior of the
DOM as a whole for a site. With different isolation techniques yielding samples useful for different
experimental designs, it is up the experimentalist to determine which isolate best fits the

experiment being carried out.
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK

6.1 Concluding Remarks

The impetus behind this dissertation work was the detection of elevated radical signals in
soils found at Superfund wood treatment sites and, subsequently, other Superfund sites that were
contaminated with PCPs and other PAHs as well as transitions metals. Further investigation of
the radicals at the Superfund sites revealed that they were persistent and had chemical signatures
consistent with previously found environmentally persistent free radicals (EPFRs). This further
investigation also revealed that the Superfund soil EPFRs were mainly associated with the
clay/humin fraction of the soil. However, the complexity of real soils, including the clay/humin
fraction, presents an array of analytical challenges that, collectively, make EPFR formation
mechanistic studies beyond our current analytical capabilities. In order to overcome these
analytical limitations, a “bottom-up” approach utilizing surrogate systems has been undertaken in
this dissertation work to gain mechanistic insights into the EPFR formation at PCP-polluted

Superfund sites.

Chapter 1 provided an overview of the general concept of EPFRs formation based on
previously investigated systems, mainly combustion-generated particulate matter and associated
surrogates, including a thorough review of available EPFR literature. Advances in the research
on the effects of EPFRs on living organisms, such as humans and even plants, were also
highlighted. The key analytical techniques utilized in this dissertation research such as EPR,
XANES, EXAFS, XRD, XPS, FTIR and Raman spectroscopies were briefly introduced in the
opening chapter. Other important aspects of this research, such as the nature of the soil systems,
in particular, their inorganic/mineral, organic (SOM), and biological components as well as organic

pollutant/soil interactions were also properly reviewed as they apply to this dissertation work.
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As the first step to study EPFR formation, a single-component soil system composed from
a Fe(lll)-cation exchanged montmorillonite clay was exposed to a model pollutant precursor, here
phenol. The results were discussed in chapter two and showed that the concentrations of the
formed EPFRs were within the range of the EPFR concentrations detected in the real
contaminated soil. Also, as evidenced by the g-factors in the ~2.0030 to 2.0034 range, the
chemical signature of the radicals formed in the Fe-loaded clay surrogate systems was consistent
with the phenoxyl radical types encountered in EPFRs in the real (Superfund) soils. In addition,
the lifetimes of the EPFRs formed upon exposure to either vacuum (151.8 days), ambient air (12.4
days), or 75% humidity (2.1 days) showed the variation in the stability and persistency of EPFRs
at these different environmental conditions as well as the importance of humidity on EPFR
persistence. Furthermore, for the first time, evidence corroborating the mechanism involved in
EPFR formation in the Fe(lll)-loaded clay, as originally proposed for EPFRs formed in the real
contaminated soil and the PM; s systems, was provided by measuring (i) pollutant sorption by
FTIR, (i) EPFR formation by EPR, (iii) the change in oxidation states of the Fe redox center by
XANES, and (iv) the number of EPFRs formed and Fe centers converted from Fe(lll) to Fe(ll) by
the combination of EPR and XANES. The density of EPFRs was determined to be 1.5 x 1072 spins
per Fe(ll) atom and was used to further justify both the mechanism of EPFRs formation and the

resultant EPFR stability.

Chapter 3 of this dissertation describes the next step in the systematic study of EPFR
formation, namely the role of soil organic components of the soil, specifically that of the conjugated
systems. Copper-loaded montmorillonite clays were prepared to model a single component
mineral soil system, while poly-p-phenylene (PPP) grafted on Cu(ll)-loaded clays, synthesized
using the Kumada catalyst-transfer chain-growth polymerization, were employed to investigate
the EPFRs formed in a bi-component mineral/organic soil system. Phenol was used as the model

contaminant and exposure was carried out in gas phase. The production of PPP graphed on the
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copper-cation exchanged clay was confirmed by (i) the Raman vibrational bands assignhable to
sp? peaks from the aromatic backbone of the polymer and (ii) a g-factor of 2.0024 attributable to
the PPP radicals (identified as polarons). The formation of the conjugated system provided better
stability for the EPFRs formed in the bi-component soil system through -1 stacking, as indicated
by a longer EPFR lifetime compared to that of a single component Cu(ll)-loaded clay system (13.5
h and 56 h vs 20 h, respectively). The inherent radical in the poly-p-phenylene Cu(ll)-clay system
was a very good surrogate for the the quinone-quinoid type radicals found in soil organic matter.
Finally, the EPFRs in the systems exposed to phenol resulted in higher ROS generation when

compared to the non-phenol-exposed systems.

Chapter 4 is focused on the effects of ambient soil conditions on the formation of EPFRs.
Due to the presence of higher Fe and Cu concentrations at the Superfund sites, compared to the
uncontaminated neighboring soils, Fe(lll) and Cu(ll)-loaded montmorillonite clays, namely
Fe(lllCaMMT and Cu(I)CaMMT, were used as single component soil surrogates, catechol was
used as the model organic pollutant precursor, and the exposure was carried out in aqueous
phase. The effects of pH, relative humidity, and UV irradiation were studied. Higher catechol
sorption at near neutral and alkaline conditions (pH > 6.5) was found for both Fe(lll)CaMMT and
Cu(IDCaMMT. Similarly, higher amounts of EPFRs were also consistently found at high pHs**,
with the exception of Fe(lll)CaMMT which showed high concentrations at pH 3.4 as well. UV
irradiation affected EPFR formation and «OH generation. In situ studies of EPFRs formed in
catechol liquid exposed Fe(lI)CaMMT and Cu(l)CaMMT, showed that UV irradiation could result
in OH generation which ultimately dictates the fate of EPFRs eventually formed on clay surfaces.
Catechol sorption was higher at alkaline pH under UV/Vis radiation, especially in the case of
Cu(IDCaMMT). This trend was reversed at acidic pHs. The reduced EPFR formation at acidic pHs
under UV irradiation was attributed to the photolysis of Fe species known to occur between pH 3

and 5. Since *OH radicals can be intrinsically generated from the photolysis of Fe species in this
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pH range, these *OH radicals could quench EPFRs through several reaction routes, including
radical recombination. Also, due to the transformation of Fe species during photolysis, the
availability of Fe(lll) species at acidic pHs could reduce EPFR formation. A reverse trend was
observed for Cu(ll)CaMMT in terms of EPFR generation in acidic media, with higher amounts of
EPFRs being formed under UV irradiation compared to the non-UV-irradiated conditions.
Furthermore, the results from the UV irradiation of EPFRs formed in Fe(ll)CaMMT and
Cu(IDCaMMT under dry and dark conditions showed that, even after the EFPR formation, some
of the sorbed catechol molecules may not have completely reacted to form radicals. This was
observed by the increased radical relative concentration of EPFRs formed in Fe(lll)CaMMT and
Cu(IDCaMMT. More EPFRs formed on Fe(ll)CaMMT at pHs 7.4 and 9.5 when irradiated than at
acidic pHs, while for Cu(I)CaMMT, UV irradiation caused more EPFR formation at acidic pHs
than at alkaline pHs. Generally, EPFRs formed at pH 7.4 and 9.5 were more stable even with
increasing irradiation time compared to the EPFRs formed at acidic pHs. Measuring EPFR
concentrations after 12 h in the dark and then again after 6 h of UV irradiation also revealed that
UV irradiation can cause an additional decay in the EPFR concentration, especially for EPFRs
formed at acidic conditions. However, EPFRs formed at pHs 7.4 and 9.5 did not decay. These
decay effects were more pronounced for EPFRs formed in Cu(Il)CaMMT than in Fe(lll)CaMMT.
As expected, experiments conducted on the effects of humidity on EPFR lifetimes showed that
humidity drastically affected EPFRs persistence and stability, resulting in shorter EPFR lifetimes
in both Fe(ll1)CaMMT and Cu(ll)CaMMT surrogate systems. The humidity-induced EPFR lifetimes
were attributed to the desorption of EPFRs by water molecules. However, EPFRs formed at pHs
7.4 and 9.5 demonstrated the greatest stability when exposed to humid conditions, presumably
due the higher degree of catechol-metal complexes formation at higher pHs, which stabilizes
EPFRs through 11-11 stacking coupled with the desorption of catechol molecules from metal
complexes. This stabilization mechanism is envisioned to be easier in mono-catechol-metal
complexes (prevalent at low pH) compared to the bi- and tris- complexes (dominant at high pH).
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In Chapter 5, two different analytical techniques, namely solid-state cross polarization
magic angle spinning *C nuclear magnetic resonance (CP-MAS *C NMR) and electron
paramagnetic resonance (EPR), were employed to investigate the constituents of NOM (dissolved
organic matter isolates from Suwannee River), as it relates to their carbon speciation and radical
contents. Specifically, the hydrophobic acid (May 2012 HPOA) and transphilic acid (May 2012
TPIA) isolates obtained from XAD-8 and XAD-4 resins, were compared with the RO (May 2012
RO) natural organic matter isolate. The CP-MAS *C NMR result showed that the TPIA and HPOA
fractions were chemically uniqgue and the RO isolate was a combination of the two. The EPR
results revealed that all three isolates contained organic radicals (i.e., the EPFRs). The g-factors
of ~2.004 measured for these radicals were indicative of the presence of a semiquinone-
benzoquinone radical. In addition, the HPOA isolate was found to have the highest, and the RO
isolate the lowest, radical concentration. The difference in radical concentration between the
isolates was attributed to the fact that the hydroquinone-quinone (H2Q/Q) radical forming entities
in May 2012 HPOA, which are associated with hydrophilic groups, may have been exposed in
such a way that the alkaline extraction conditions could have promoted organic radical formation.
This research reveals that EPFRs are omnipresent in the environment and that EPFRs may play
an important role in carbon sequestration and transformation in the environment. Hence, EPFR
formation has a boarder importance than its importance to a number of Superfund polluted sites,

especially in regards to EPFR formation mechanisms in soils.
6.2 Ongoing work/Future works

The research presented in this dissertation opens a number of avenues to further explore
EPFR forming mechanisms in soil using surrogate systems. The first such avenue would be to
explore the bi-component system, the possibility of using a humic acid coated-magnetite FezO,,
nanopatrticle represent a perfect model for the humic acid - metal aggregate obtained in the real

soil will be explored. Furthermore, catechol will be used as a model contaminant for this
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experiment, to accommodate a wide range of behavior expected in a number of pollutants

encountered at the Superfund sites.

The second part would involve investigating the role of the biological component in EPFR
formation. The preliminary results have already shown that, for both Fe(ll)CaMMT and
Cu(IDCaMMT systems, EPFR formation increased up to 1.8 times in the presence of laccase
enzymes at environmentally relevant pH and temperature conditions (see appendix 1). This
means that various EPFR formation mechanism involving laccase may be involved, including: 1)
laccase increasing pollutant sorption and 2) laccase oxidizing phenols and polyphenols,
potentially allowing for a steady availability of catalytic redox metal cites for continuous EPFR
formation in solution. These possibilities are under investigation at the moment utilizing a
combination of techniques presented in this dissertation, such as EPR, XANES, and EXAFS, and

well as nonlinear optical methods, such as the second harmonic generation (SHG).

Also, while the effects of SOM were investigated (chapter three), the scope of that study
was limited to a conjugated aromatic surrogate of SOM. More model system designs are
therefore warranted to further understand the role of SOM in EPFR formation Studies on other bi-
component systems can be envisioned, such as a humic acid-coated-magnetite, FezOa,
nanoparticle (HA-MNP) system, which represents a perfect model for the humic acid-metal
aggregate found in real soils. Furthermore, catechol could be used as a model contaminant for
this avenue of exploration to accommodate a wide range of behaviors expected from a number
of pollutants encountered at the Superfund sites. This is because catechol is soluble in water,
behaves differently at different pHs and can undergo a two-electron oxidation and reduction.
Additionally, expecting a certain degree of success with the above mentioned surrogate systems,
a tri-component system can be envisioned, consisting of an HA-MNP system in the presence of

an immobilized laccase. Syntheses of other engineered soil surrogates could also be explored.
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Finally, a range of different precursor pollutants, such as pesticides and other phenol-
based and polyaromatic hydrocarbon compounds, both natural or anthropogenic, can be
envisioned in order to study the role of EPFRs in pollutant transformation and carbon cycling and
transformation in the environment. We also intend to continue our collaboration with other

research cores of the LSU superfund research core.
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APPENDIX A
CHAPTER 3 SUPPORTING INFORMATION

Al. Clay Modification
Preparation of substrate (Clay): A 200 mg sample of clay was dried in the vacuum oven

at 70 °C overnight, and subsequently transferred to the glove box for further air-free reactions.

. o )
| s | 1) i-PrMgCl, THF, 0 °C, 1 h‘ | s Si(OEt Ni(dppp),, toluene N PhZP\Ni S Si(OEW)
- SR YA - AU
\_/ 2) CI-Si(OEt)3, -78 °C, 24 h \_/ 60°C, 12 h '
1-1 1-2 1-3
i-PrMgCl

THF,0°C,1h
2-2

Scheme SS1-2. Preparation of reagents for surface-confined Kumada catalyst-transfer
polymerization.

Preparation of catalytic initiator 1-3: The catalytic initiator 1-3 for surface-confined polymerization

was prepared following the procedures described in ref. 1.

Preparation of surface-immobilized initiators on the substrate (clay): Dried clay (200 mg) was
immersed into 7 mL of 2.5 mM solution of the polymerization catalytic initiator 1-3 in toluene and
kept at 60 °C for 3 days with stirring. In order to remove non-chemically attached initiator, the
clay samples were centrifuged at 3,000 rpm for 1 min to precipitate clay, followed by gentle rinsing
with anhydrous THF. Due to air sensitive nature of compounds involved, all manipulations were

carried out under a nitrogen gas flow or inside a glove box.

Grignard monomer for polymerization (compound 2-1): A solution of 0.066 g of 1,4-
diiodobenzene (0.2 mmol) in 20 mL of anhydrous THF was stirred at 0 °C under a nitrogen
atmosphere. A solution of isopropylmagnesium chloride (0.25 mL of 2.0 M solution, 0.205 mmol)

was then added dropwise and the solution was stirred for 1 h.
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Surface-confined polymerization of Grignard monomer: The clay modified with surface-attached
catalytic initiator 1-3 was immersed into the Grignard monomer 2-2 solution prepared as
described above with gentle stirring at room temperature for 12 h. The reaction mixture was then
guenched with methanol, and washed successively with chloroform, acetone, methanol, and

water following drying the sample in vacuum oven at 70 °C for 12 h.

A.2  EPR Spectra for DMPO-OH

—— Dosed_Cu(ll)CaMMT
*  Dosed_PPP-Cu(ll)CaMMT
— PPPCu(ll)lCaMMT

3440 3460 3480 3500 3520
Magnetic Field (G)

Figure S1 EPR spectra for DMPO-OH (Asterisks) after 8h incubation for Dosed_Cu(l)CaMMT
(blue), phenol exposed Cu-loaded clay, Dosed _PPP-Cu(l)CaMMT (Red) and PPP-
Cu(IDCaMMT(black). Spectra recorded at 100 G width.

Reference

1. C. A. Chavez, J. Choi and E. E. Nesterov, Macromolecules, 2014, 47, 506-516.
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APPENDIX B
LACCASES CATALYZED FORMATION OF EPFRS ON CU(ll) LOADED
MONTMORILLONITE CLAY

B.1  Preliminary Result
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B CT-Cu(ll)CaMMT (42mM)
B ac-Cu(ll)CaMMT (42mM)
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Figure S2 EPFRs formed in copper loaded montmarillonite clay after liquid phase dosing at pH

3.4, 5.5 and 7.4 No laccase catechol (CT-Cu(ll)CaMMT) and sample incubated with laccase
(Lac-CT-Cu(Il)CaMMT) at catechol concentration of 170 mM, 85 mM and 42 mM respectively,
with laccase concentration of 1.5 mg/mL
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