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ABSTRACT 

 Air pollution, consisting of ambient particulate matter (PM), has been a rising health 

concern to the public. PM contains free radicals and have been known to damage human cells; 

however, their free radical chemistry is not well understood. This study utilized various vacuum 

and/or heat treatments to study free radical behavior in PM2.5 (particulate matter with an 

aerodynamic diameter of 2.5 m or less) and PM surrogates and simulated sunlight effects on 

PM2.5. To mimic PM, iron-silica catalysts (i.e. PM surrogates) were synthesized and real-world 

ambient PM2.5 was selected. The free radicals in PM2.5 have been referred to as environmentally 

persistent free radicals (EPFRs). It has been proposed that EPFR formation happens when phenol 

vapor is exposed to the iron surfaces of PM surrogates yielding a narrow electron paramagnetic 

resonance (EPR) signal with a g-factor of 2. However, adsorption of phenol on PM surrogates at 

room temperature did not form EPFRs, but poly(p-phenylene) material was detected. Free radical 

formation was observed when the phenol-exposed PM surrogates were heated above 300 °C. 

Ferric iron associated with superparamagnetic nanoparticles (less than 4 nm in diameter) as well 

as free radicals were shown to yield a narrow g = 2 EPR signal in PM surrogates and obey the 

Curie-Weiss Law. Distinguishing between the superparamagnetic nanoparticles and free radicals 

was accomplished by the experimental steps used on PM surrogates. Superparamagnetic 

behavior of the nanoparticles was observed by heating PM surrogates to 120 °C under ambient 

conditions yielding an increased intensity of the narrow g = 2 EPR signal while free radicals did 

not respond to this heat treatment. This was the first time the heating treatments were used to 

identify superparamagnetic species in PM2.5. Also, adventitious carbon yielded a small g = 2 

EPR signal and was observed in PM surrogates and the polytetrafluoroethylene filters used to 

collect PM2.5. To further gain an understanding of the changes at the g = 2 EPR signal under 
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environmental conditions, PM2.5 was exposed to simulated sunlight but did not demonstrate any 

changes to the intensity. 
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CHAPTER 1. INTRODUCTION 

1.1. Purpose and hypotheses 

Environmentally persistent free radicals (EPFRs) found in ambient PM2.5 (particulate 

matter with an aerodynamic diameter of 2.5 m or less) have been previously described as 

having an underlying link to health effects. The behaviors of these radicals in ambient PM2.5 

under environmental conditions are not well understood. Therefore, the purpose of this work was 

to: (1) assess radical behavior in ambient PM2.5 by conducting various heating and/or vacuum 

treatment, and at times, combining this with phenol exposures on ambient PM2.5 and PM 

surrogates; (2) understand how environmental conditions such as sunlight affects sustainability 

of the radicals; and (3) correlate changes in behavior of radicals between ambient PM2.5 and PM 

surrogates under the controlled environments. The following hypotheses were assumed: (1) 

ambient PM2.5 and PM surrogates exposed to vapor-phase phenol will produce higher 

concentrations of radicals; (2) exposure of simulated sunlight will generate higher concentrations 

of radicals in ambient PM2.5; and (3) ambient PM2.5 and PM surrogates with higher metal content 

will yield higher concentrations of radicals. 

1.2. Origin, composition, and sizes of atmospheric particulate matter 

Many reactions of atmospheric aerosols and interactions of tiny particle formation take 

place in the atmosphere. Atmospheric particulate matter (PM) can be found in the troposphere, 

the lower atmosphere of the Earth. As PM forms, it takes on different sizes and compositions at 

various stages. The four different steps involved in PM formation starts with the nucleation 

mode. The nucleation mode enables vapor-phase reactions to form particles in sizes of about 1 

nm. Next, the Aitken mode is where these 1 nm particles interact with combustion-generated 

particles and other small man-made matter to either aggregate or react with some other species 
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that may condensate at the particle surface and form 100 nm particles. This leads to a third, 

accumulation, mode where additional condensation and aggregation take place forming larger 

particles of 2.5 m or less in aerodynamic diameter. Finally, the course mode progresses with 

more condensation and aggregation growing leading to particles of 10 m or less in aerodynamic 

diameter (Griffin, 2013). A particle’s aerodynamic diameter is defined as a unit density sphere 

that has the same settling velocity as the particle (Sjoholm et al., 2001). The PM sizes matters 

because the smaller the particles, the longer they remain suspended in the air. Also, PM sizes 

matter from a human health perspective. 

Smaller PM can be inhalable by humans. The first size of inhalable PM is PM10 or 

particulate matter 10 m or less in aerodynamic diameter. PM10 can be inhaled into the upper 

parts of the respiratory system and is commonly classified as course particles. This matter is 

commonly composed of natural matters like sea salt, dust, mold spores, and pollen. The next 

smaller size of inhalable PM is PM2.5, referred to as fine particles that have an aerodynamic 

diameter of 2.5 m or less. PM2.5 consists of man-made combustion-generated particles like, 

metals, sulfates, nitrates, and organic matter. Subsequently, PM0.1 or ultrafine particles, consists 

of a similar composition as PM2.5 and has an aerodynamic diameter of 0.1 m or less. The 

smaller the particles are, the deeper they can infiltrate and deposit more into the respiratory 

system (EPA, 2018). The health effects caused by the inhalation of PM of any size (further 

discussed in Section 1.5. Toxicity of PM2.5), has sparked interest in scientific communities 

leading to further investigations of causal factors in PM’s composition (Hazari et al., 2018; 

Polichetti et al., 2009). Smaller size fractions of PM like PM0.1 are more of a health concern but 

are also difficult to collect. Therefore, PM2.5 is the focus of this study. 
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1.3. Free radicals in combustion-generated particles 

The combustion processes emit toxic air pollutants into the atmosphere, such as nitrogen 

dioxide, sulfur dioxide, lead, carbon monoxide, volatile organic compounds (VOCs), and 

particulate matter. Combustion is a high temperature heating process that takes place in 

atmospheric air resulting in complete and incomplete combustion. Ambient PM2.5 consists of 

combustion-generated particles. Figure 1.1 shows the combustion process starts with zone 1 

where fuel is introduced; zone 2 involves ignition and exothermic reactions; zone 3 concludes 

with the formation of various pollutants. As the combustion process transitions from zone 2 to 

zone 3, a release of organic vapors allows for the nucleation mode to initiate. Metals may  

condense or aggregate on particle surfaces (Aitken and accumulation modes) during zone 3 

(Cormier et al., 2006).  

 

In the end, the combustion process produces metal-organic particulates or soot that 

contains free radicals. These free radicals can form a three-step reaction. Step one is called 

 
Figure 1.1. Zones of the combustion process and their products (Cormier et al., 2006). 

Reproduced with permission from Environmental Health Perspectives. 
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initiation: here heat breaks down a stable molecule into free radicals. Followed by step two, 

propagation, this is where free radicals can then react with other stable molecules to form 

additional free radicals. The final involves termination, where two radicals react to form stable 

molecules (Upadhyay, 2006). Free radicals are very reactive and can live long in the 

environment. Therefore, it is important to investigate the chemical kinetics of free radicals 

because of their persistency in the ambient atmosphere.  

There are different types of free radicals. One type, carbon-centered free radicals, has 

been previously detected in combustion-generated particles (Tian et al., 2009; Valavanidis et al., 

2008). Carbon-centered free radicals have a characteristic g-factor value of about 2.0035 as 

detected by electron paramagnetic resonance (EPR) spectroscopy. The g-factor of an absorption 

signal in the EPR spectrum is important, because it is related to the electronic environment. For 

example, a carbon-centered radical has a lower g-factor value compared to an oxygen-centered 

radical. Values of g-factors between 2.0030–2.0040 suggest a carbon-centered radical with a 

nearby oxygen atom. From previous reports it was found free radicals detected in ambient PM2.5 

yield an EPR signal with a g-factor value between 2.0030–2.0038 (Dellinger et al., 2001; 

Gehling et al., 2013). 

Combustion-generated particles, such as soot, contribute to the free radicals identified in 

ambient PM2.5. It is easier to control and collect soot than to sample for ambient PM2.5. Thus, 

soot has been widely studied, in part as a proxy for PM. Also reports have detected polycyclic 

aromatic hydrocarbons (PAHs) in soot (Guarieiro et al., 2014; Richter et al., 2000). PAHs are a 

group of aromatic organic compounds known for their toxic properties.  

Dr. Herring and his coworkers investigated the lifetime of free radicals in soot and soot-

iron oxide particles. The lifetime is how long it takes for the initial EPR signal intensity to 
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decrease by 1/e.  The soot utilized was generated from a custom-designed dual zone reaction 

combustion system using the PAH 1-methylnapthlene (Herring et al., 2013). Two lifetimes were 

reported on radical species yielding g-factors of about 2.0030. The radical species produced from 

the pyrolysis of 1-methylnapthlene had a lifetime of 1.8 days. The other radical species had a 

higher EPR signal intensity due to the addition of iron and reported a longer lifetime of 2.9 days 

(Herring et al., 2013). This longer lifetime of 2.9 days indicates this species can be long-lived in 

the environment.  

Experiments involving the burning of tobacco in air at room temperature also indicated 

its soot yielded an EPR signal with a g-factor around 2.0030 and revealed more than one radical 

species (Church et al., 1985). It was proposed that the EPR signal with a g-factor at 2.0030 

correlates to a quinone radical species. Quinones are derived from aromatic compounds. The 

results were demonstrated from the addition of aromatic compounds (catechol or 1,4-

naphthoquinone) to the tobacco. This, followed by burning the tobacco under ambient 

atmosphere, caused a significant increase in the intensity of the EPR signal. Furthermore, metal 

ions were added to tobacco for testing. Zinc showed an increase in the EPR signal intensity while 

copper reduced the intensity. Another species yielding an EPR signal with a g-factor of 2.0028 

was also reported; however, it was not identified (Church et al., 1985).  

More recently, oxygen-centered semiquinone-type radicals were identified with a g-factor 

of 2.0053 after the pyrolysis of tobacco containing added catechol or hydroquinone. Species at a 

g-factor of 2.0035 were associated with phenoxyl-type radicals and carbon-centered 

semiquinone-type radicals with an oxygen nearby (Maskos et al., 2005). Different resonance 

structures for semiquinones and phenoxyl radicals are shown in Scheme 1.1. Two slightly 

different free radical species, presented simultaneously, may cause the EPR signals to overlap 
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and may appear as one signal. Shifts in the g-factor value may help to explain which radical 

types are more abundant. 

 

1.4. Proposed mechanism for EPFR formation in combustion systems 

It has been suggested that semiquinones or phenoxyl radicals may be stabilized via their 

interactions with the surfaces of transition metal oxides. The stable free radicals observed at a g-

factor of around 2.0030 have been referred to as Environmentally Persistent Free Radicals 

(EPFRs). A proposed mechanism for EPFR formation is displayed in Scheme 1.2 (Dellinger et 

al., 2000; Lomnicki et al., 2008). 

Formations of EPFRs are thought to occur in the post-flame region (also referred to as 

cool zone, Figure 1.1) combustion process by surface-mediated reactions between phenolic and 

quinone compounds and metal oxides. Metal oxides are known to have a charged surface layer of 

hydrous metal oxides. Due to van der Waals forces, the hydroxide group on the organic 

 
Scheme 1.1. Resonance structures of A. semiquinone radicals and B. phenoxyl radicals. 
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precursor is statically drawn to the hydrous metal oxide. This step is referred to as a 

physisorption (shown by the dotted line in Scheme 1.2). The next step is chemisorption, which 

takes place during thermal treatment and results in loss of water and formation of a chemical 

bond. An electron transfer from the organic precursor to the metal oxide form stable 

semiquinones or phenoxyl radicals. These EPFRs could have a combination of oxygen and 

carbon-centered radicals. Previous research has found the presence of EPFRs in ambient PM2.5 

(Dellinger et al., 2000; Dellinger et al., 2001; Gehling et al., 2013).  

 

1.5. Toxicity of PM2.5 

Research has demonstrated health effects from PM2.5, such as asthma, decreased lung 

function, heart attack, and premature death (Brook Robert et al., 2010; Pope et al., 2011; West et 

al., 2016). Because PM2.5 is commonly emitted and has been correlated with increased health 

risks, it has been listed as a major air pollutant under the Clean Air Act. The enactment of the 

Clean Air Act of 1963 was triggered by a historic air pollution event in Donora, Pennsylvania 

known as the “Donora smog of 1948”. The smog event was caused by two U.S. Steel plants that 

released toxic pollutants into the atmosphere, which killed 20 people and sickened thousands of 

others (Hamill). PM2.5 significantly contributes to smog events by reducing visibility and 

 
Scheme 1.2. Proposed mechanism for the formation of EPFRs. 
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increasing health risks. In 2013, the International Agency for Research on Cancer and World 

Health Organization listed PM as carcinogenic to humans (IARC.). Today, the U.S. 

Environmental Protection Agency is responsible for regulating PM2.5 through the National 

Ambient Air Quality Standards. 

A recent study revealed that free radicals in PM2.5 are the suspected cause for 

cardiovascular health effects. Hazari and coworkers found increased heart rate variability in mice 

when mice were exposed to particulate matter (Hazari et al., 2018). The smaller the size of 

particulate matter, the more likely it can enter the blood stream causing increased heart rates. 

Free radicals are known to generate exogenous reactive oxygen species (ROS) in the 

body that cause oxidative stress (Krötz et al., 2002). Studies have detected microorganisms, such 

as bacteria, fungi, and the common cold virus, found in PM2.5  allows for transportation of 

viruses into the lungs (Du et al., 2018). The combined effects of induced ROS and exposure to 

microorganisms results in lowered immunity, which makes humans more susceptible to illnesses. 

Scheme 1.3 shows a previously proposed mechanism for ROS generation initiated by the 

semiquinone radical obtained from the EPFR mechanism (Dellinger et al., 2000). ROS are 

natural in the human body, but imbalances in ROS can lead to cellular damage. Hydroxyl 

radicals are known to do the most cellular damage and are a byproduct of Fenton reactions 

(Cadet et al., 1999). Fenton reactions occur between a redox-active transition metal and 

hydrogen peroxide to form hydroxyl radicals (Dellinger et al., 2011; Lakey et al., 2016; 

Valavanidis et al., 2005). The presence of redox-active transition metals could be significant in 

understanding health implications caused by ROS imbalances. The presence of transition metals 

in ambient PM2.5, such as iron, copper, and zinc, could be triggering ROS imbalances caused by 

inhalation of ambient PM2.5 (Duan et al., 2013; Lakey et al., 2016; Rogula-Kozłowska et al., 
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2014). Therefore, the role of transition metals in free radical formation and ROS needs further 

investigation.  

 

1.6. Heterogeneous catalyst as PM surrogate 

For experiments, a surrogate for ambient PM2.5 is important for the following reasons:  

(1) ambient PM2.5 is a heterogeneous complex mixture of matter; (2) various metals are 

frequently detected in ambient PM2.5 composition; and (3) unknown formed EPFR species are 

 
Scheme 1.3. Proposed mechanism for ROS formation.  
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already present in ambient PM2.5. Heterogeneous catalysts composed of a metal and silica have 

been previously demonstrated as ideal surrogates for combustion particles and the formation of 

EPFRs and thus may serve as surrogates for ambient PM2.5. Vejerano and coworkers formed 

EPFRs on a heterogeneous catalyst composed of 5% iron-silica particles exposed to vapor-phase 

phenol. The 5% iron-silica particles—synthesized using silica gel—were exposed to vapor-phase 

phenol at temperatures between 150–400 °C and demonstrated EPFR formation with 

characteristic g-factors around 2.0030–2.0040. Experiments carried out with vapor-phase phenol 

at 400 °C demonstrated slightly higher g-factor values. It was reported that these higher g-factors 

were a result of the decomposition of phenoxyl radicals that led to the formation of 

cyclopentadienyl radicals on metal surfaces (Vejerano et al., 2011). Though an iron-silica 

material appears to be an ideal PM surrogate for EPFR formation, other research demonstrated 

iron-silica particles—synthesized using silica gel—produced an EPR signal with a g-factor 

around 2.0030 after heat treatment without any exposure to vapor-phase organics (Beletskii, 

1980). The absence of an exposed organic suggest the EPR signal with a g-factor around 2.0030 

signal may not correlate to EPFR presence. Accordingly, experimental procedures should be 

carefully examined when conducting vapor-phase exposure studies with the PM surrogate.   

Other researchers have also demonstrated EPFR formation with different metal oxides-

silica materials; however, iron and silica were chosen for the PM surrogate in this study because 

of its abundance in nature and frequent detection in ambient PM2.5 (Ault et al., 2012; Cheung et 

al., 2012; Gehling et al., 2014; Kiruri et al., 2014; Patterson et al., 2017; Patterson et al., 2013; 

Vejerano et al., 2012). Kiruri and coworkers demonstrated EPFR formation with different vapor-

phase organics on copper oxide-silica surrogates having various copper oxide concentrations 

from 0.25% through 5%. The EPFRs formed, using 2-monochlorophenol and phenol as the 
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organic precursors, on the 1% copper oxide-silica surrogates exhibited a longer lifetime than 

surrogates with higher copper oxide concentrations (Kiruri et al., 2014). Metal content in the 

metal-silica PM surrogates appears to affect the lifetime and persistency of EPFRs, and there is a 

lack of literature on examining heterogeneous iron-silica particles with metal concentrations less 

than 1% by EPR. 

Preferably, a surrogate for ambient PM2.5 needs to have a low concentration of metal, 

because there are low concentrations of ambient PM2.5 in the atmosphere. In the United States, 

the daily National Ambient Air Quality Standard for PM2.5 is 35 g/m3 of air (EPA, 2020). The 

less PM there is to collect the lower the metal concentration will be and exposure to humans. 

However, a low metal concentration can be challenging to detect within instrumental detection 

limits. Because previous studies have demonstrated significant differences in EPFR formation by 

EPR with other metal concentrations less than 1%, the PM surrogate used in this study also used 

concentrations less than 1%.  

1.7. Adsorption of phenol on iron surfaces 

For EPFR formation phenol was chosen as the organic precursor for two reasons. One, 

methyl groups on benzene were shown to sterically hinder chemisorption to goethite, an iron 

oxyhydroxide mineral, surfaces (McBride et al., 1991). Because phenol’s structure is simple with 

only a hydroxyl group attached to the benzene, it has a low steric hindrance in comparison with 

other aromatic compounds. Additionally, oxygenated-PAHs have been detected in ambient PM 

(Koenig et al., 1983). Second, it has been shown that phenol-exposed iron-silica materials yield 

EPFRs with a significantly longer lifetime than copper-silica materials so it seems best to utilize 

phenol to further investigate EPFR formation (Vejerano et al., 2012).  
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Vapor-phase exposure experiments with phenol have been previously shown to adsorb on 

surfaces of amorphous iron oxide and goethite. A proposed mechanism for chemisorption of 

phenol on surfaces of hematite (α-Fe2O3) and goethite (FeO(OH)) is shown in Scheme 1.4 

(McBride et al., 1991). Interestingly, the mechanism does not indicate formation of free radical 

species, but it is very similar to the proposed EPFR mechanism. Now adsorption of phenol on 

iron surfaces in aqueous solution is not desirable nor does it account for condensation, which is 

an important contribution to PM2.5 formation (Griffin, 2013). Most surface sites of an iron-silica 

material would be taken up by water molecules. Thus, vapor-phase exposure experiments are 

best to simulate the condensation process. 

 

1.8. Synthesis of catalysts on silica supports 

The synthesis of heterogeneous catalysts is crucial for reproducibility of the catalytic 

activity and thus can affect free radical/EPFR formation. Factors that could change a catalyst’s 

activity include particle size, pH, temperature, grinding, vacuum, concentrations, and wetting 

time. A catalyst can be prepared two ways: by bulk or support. Supported catalysts would be best 

to mimic ambient PM2.5, because lower metal concentrations can be achieved. Therefore, 

impregnation techniques are utilized to synthesize supported metal catalysts. There are two 

impregnation techniques that could be used: (1) wet impregnation; (2) incipient wetness 

 
Scheme 1.4. Chemisorption of phenol on iron protonated hydroxyl groups. 
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impregnation. Wet impregnation is prepared with an excess solution, whereas incipient wetness 

impregnation is when the volume of the solution is less than or equal to the volume of the 

support’s pores. Wet impregnation is a slower diffusional process, but incipient wetness 

impregnation is ideal because it is faster by allowing capillary action to occur to quickly draw 

solution within the support’s pores (Marceau, 2009). 

Some previous EPFR formation studies previously discussed have used silica gel as the 

support to prepare metal oxide particles instead of fumed silica (Vejerano et al., 2011). However, 

in this work, the support used in the incipient wetness impregnation technique to model ambient 

PM2.5 was fumed silica. Fumed silica was chosen over silica gel because fumed silica has a 

higher specific surface area. Materials higher in specific surface area have smaller particle sizes. 

Fumed silica and silica gel are amorphous so they are less irritating to the respiratory tract 

compared to silica materials that are crystalline (Merget et al., 2002). Thus, amorphous silica 

makes it a better choice to use if one were to reproduce this work to conduct health exposure 

studies.  

In addition to determining a suitable support, solvents used to prepare the catalysts should 

also be considered. Previous investigations of nickel(II) oxide (NiO) on silica support particles 

created using the incipient wetness impregnation technique demonstrated changes in NiO 

particles sizes based on different solvent used to dissolve the solute (Liyanage, 2014). Particles 

prepared with methanol had an average diameter of 3.6 nm compared to 49.1 nm for preparation 

in water. It is known that the catalyst support, silica, is hydrolyzed when water is added limiting 

ligand substitution between metal ions and silica, unlike methanol which allows for the 

formation of nickel silicates (Liyanage, 2014). Additionally, the samples prepared with methanol 

had a low size dispersity of the NiO particles compared to the samples prepared in water 
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(Liyanage, 2014). Therefore, preparation of catalysts using water is more realistic to use in the 

preparation of the PM surrogate than methanol, because water vapor is commonly found in the 

environment and ambient PM2.5 heterogeneous composition would have higher size dispersity.  

1.9. Effects of experimental treatment on catalytic activity 

Vacuum pressure is another important factor to consider when examining chemical 

changes. Many previous studies on EPFR formation between vapor-phase organic precursors and 

metal oxides took place under thermal and vacuum treatment. Simultaneous thermal and vacuum 

treatment of cobalt oxide particles on a silica support demonstrated smaller, more uniform, and 

less aggregated particles compared to cobalt-silica particles just thermally exposed to air. 

Therefore, the particles treated under vacuum and heat had a higher catalytic activity (Zhou et 

al., 2011). Aggregation is a common behavior for particles formed from combustion systems and 

could affect the activity of free radical/EPFR formation. Other literature also has suggested that 

vacuum and heat treatments leads to changes in the coordination environment of ferric ions 

(Fe3+) on a silica support (Bordiga et al., 1996).  

1.10. Metal coordination environments in silicate materials 

Previous studies related to this work have identified that framework and extra-framework 

iron species play a critical role in the occurrence of a broad EPR signal with a g-factor of 2 in 

analogous PM surrogates which is nearby the suspected EPFR EPR signal. It was also identified 

that the EPR signal with a g-factor of 4.3 is of importance for ferric ions and this was not 

investigated in previous EPFR formation studies on iron-silica materials. Previous reports on 

iron-silica materials have correlated EPR signals with a g-factor at 2 (broad) and 4.3 to changes 

in the ferric ions coordination environment (Berlier et al., 2002; Bordiga et al., 1996; Goldfarb et 

al., 1994; Lin et al., 1989). Thus, it is important when using the PM surrogates to examine EPR 



15 

 

signals with g-factors at 2 (broad) and 4.3. EPR can help identify changes in a metal’s 

coordination environment by undergoing zero field splitting. It was previously investigated by 

Bordiga and coworkers that an iron silicate framework with an undistorted tetrahedral 

coordination environment yields an EPR signal with a g-factor of 2 (broad) when exposed to 

ammonia (NH3). This is because the positive ion on protonated ammonia (NH+4) allows for a 

charge balance in the iron silicate framework (Bordiga et al., 1996; Tuel et al., 1998). 

Accordingly, a distorted tetrahedral coordination environment yielding an EPR signal 

with a g-factor of 4.3 is feasible when NH3 is removed by heat and vacuum treatment as 

displayed in Scheme 1.5. Based on these results, it is suggested that Brønsted acid sites, where a 

proton (H+) is donated, causes ferric ions to be in distorted tetrahedral coordination environments 

in an iron silicate framework. Similarly, this can relate to adsorbed water as shown in Scheme 

1.6. In addition to the undistorted tetrahedral coordination, octahedral coordination environments 

for isolated ferric ions in extra-framework sites or iron oxide nanoparticles (experiencing 

superparamagnetism) could also be present (Bhaumik et al., 2005; Bordiga et al., 1996; 

Geinguenaud et al., 2015; Lassoued et al., 2017; Tuel et al., 1998). 

 

 
Scheme 1.5. Removal of adsorbed NH3 (NH4

+) on iron-silica material by heat and vacuum 

treatment. 
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Furthermore, a water dehydration and rehydration effect was observed in zeolites 

(aluminosilicate minerals) with iron, analogous to the PM surrogates. Lin and coworkers 

reported three kinds of ferric ion sites from EPR spectroscopy, but only detected two from 

Mössbauer spectroscopy data. The first identified ferric ion site exhibited a distorted tetrahedral 

coordination environment caused by Brønsted acid sites and yielded an EPR signal with a g-

factor of 4.3. It was suggested that the other ferric ion sites yield EPR signals with g-factors of 

2.3 and 2.0 (broad) and correspond to undistorted tetrahedral coordination environments for 

different charges on silica and iron. As noted earlier, the Mössbauer spectroscopy data only 

found two iron sites, one of tetrahedral coordination and the other distorted tetrahedral 

coordination, so the two EPR signals with g-factors at 2.3 and 2.0 (broad) both appear to exhibit 

tetrahedral coordination (Lin et al., 1989). The dehydration and rehydration effect is further 

supported by other literature and describes the process as reversible (Tuel et al., 1998). Overall, 

it is important to investigate the dehydration and rehydration effect in the PM surrogate (iron-

silica) because it has similar components to the materials used in previous studies and may help 

to explain changes in observed EPR signals. 

 
Scheme 1.6. Removal of adsorbed H2O (H3O

+) on iron-silica material by heat and vacuum 

treatment. 
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On the other hand, others reported that the g-factor signal at 2.3 could correlate to “iron 

aggregates” as a result of excess iron precursor in materials with higher iron concentrations 

(Berlier et al., 2002; Goldfarb et al., 1994). The iron sites yielding an EPR signal with a g-factor 

of 2.3 were not found when iron content was lowered to 1% (Berlier et al., 2002). A combination 

of low iron content and heating temperatures on an already synthesized iron-silica material 

increases bond breaking of ferric ion sites leading to the formation of small iron oxide 

nanoparticles or isolated ferric ions in extra-frameworks both of which exhibit octahedral 

coordination and may be attributed to a narrow EPR signal with a g-factor around 2.0 (Berlier et 

al., 2002). A conflicting study reported higher iron content yielded less tetrahedral coordination 

and more octahedral coordination environments (Amama et al., 2005). Some of the PM 

surrogates will be using iron concentrations less than 1% in this study. Therefore, it is important 

to note any EPR signals with a g-factor at 2.3 or 2.0 and their changes.  

In a different case, the decomposition of methane on a 2% iron-silica material identified 

two EPR signals with g-factors at about 2.0030. It was suggested that narrow one of the EPR 

signals corresponded to carbon radicals that followed the Curie-Weiss law (where ferromagnetic 

properties transition to a paramagnetic state), while the other (broad EPR signal), associated with 

the Brønsted acid sites, did not (Weckhuysen et al., 1997). This reveals the literature views for 

the identification of the EPR signals with g-factors at 2.3 and 2.0 slightly differ. 

In addition, effects of solvent treatment on the extra-framework iron species/iron oxide 

particles have also been previously investigated. Samples prepared prior to calcination treatment, 

without using solvent extraction to remove amine groups exhibited a brown color consisting of 

the iron species in an octahedral coordination. Thus, solvent extraction could avoid formation of 

isolated ferric ions in extra-framework sites/iron oxide particles (Tuel et al., 1998). However, as 
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discussed earlier, using solvents is not ideal for simulating ambient PM2.5 formation and so, for 

the purpose of this work, it should be avoided. Also, isolated ferric ions in extra-framework 

sites/iron oxide particles could be present in the ambient PM2.5 and have not yet been 

investigated. 

Interestingly, iron-silica materials were not the only metal-silica materials with observed 

changes in the coordination environments. Studies on copper oxide-silica materials exhibited 

changes in coordination environments yielding an EPR signal with a g-factor of 2.0030 

(Gervasini et al., 2006; Loktev et al., 1976; Sagar, 2015). Both square planar and octahedral 

coordination were reported for the copper sites (Sagar, 2015).  

Overall, the isolated ferric ions in extra-framework sites or iron oxide nanoparticles (i.e., 

ferric ions associated with superparamagnetic nanoparticles) yielding a narrow EPR signal with a 

g-factor around 2.0 can led to an observation of radical EPR signals that appear like the 

EPFR/organic radicals. Depending on preparation conditions and what one is trying to learn 

about radical stability and presence, it may be very hard to determine radical concentrations 

using the narrow EPR signal with a g-factor at ~2.003. Thus, examining how simulated sunlight 

may affect the narrow EPR signal with a g-factor at ~2.003 may be unfeasible. To identify EPR 

signals attributed to free radicals and ferric ions associated with superparamagnetic nanoparticles 

examining EPR signals with g-factors at 4.3, 2.0 (broad and narrow), and 2.3 and their changes 

under experimental treatments can be used.   



19 

 

CHAPTER 2. MATERIALS AND METHODS 

2.1. Collection of ambient PM2.5 

2.1.1. PQ200 ambient air particulate air sampler 

The PQ200 particulate air sampler equipped with a very sharp cut cyclone from BGI 

Instruments by Mesa Labs was used for collecting ambient PM2.5 (Kenny et al., 2000). The 

PQ200 is an approved federal reference method by the U.S. Environmental Protection Agency 

with approved procedures defined in the Code of Federal Regulations Title 40 Part 50. Approved 

federal reference methods are preferred over non-federal reference methods because the 

approved methods have been tested to ensure the accuracy and dependability of the pollutant 

(PM2.5) collected. It is important to note that the median particle size range is not used for this 

type of sampling collection because it would introduce bias. However, it is possible that particles 

(> 2.5 m) could get on the filter, before or after collecting ambient PM2.5, because the filter is 

exposed to the ambient atmosphere. Furthermore, using federal reference methods provides 

consistency with sampling in other locations. The ambient PM2.5 was collected on top of a 

building located in Baton Rouge, Louisiana at the Recreation and Park Commission for the 

Parish of East Baton Rouge (BREC) Memorial Sports Complex. Ambient PM2.5 was collected 

for 23 hrs/day on a 46.2-mm diameter polytetrafluoroethylene (PTFE) Whatman filter with a 

pore size of 2 m (product number 7592-104). Collection periods that are longer can affect the 

flow rate, thereby causing variation in particle sizes. The flow rate of the PQ200 was set to 16.7 

L/min and was calibrated using a deltaCal air flow calibrator from BGI Instruments by Mesa 

Labs. Verifications of the flow were conducted weekly in accordance with manual operation 

procedures (Labs). 
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After collection, sampled filters were stored and sealed in a labelled antistatic plastic bag 

and kept at 0 °C until use. Sample weights were < 0.8 mg. No extraction techniques were 

performed to remove ambient PM2.5 from the filters. Before experiments were conducted on 

ambient PM2.5, the sampled filters were handled carefully with PTFE tweezers and were cut to 

remove the support ring on the filter using PTFE-coated razors so that the sampled filters could 

be easily placed in small EPR tubes. Experiments conducted on ambient PM2.5 were used from 

this sampling method unless specified. 

2.1.2. Tisch environmental high-volume air sampler 

A high-volume ambient air sampler from Tisch Environmental (TE-6070V-2.5) was also 

used for the collection of ambient PM2.5. However, the TE-6070V-2.5 ambient air sampler is a 

non-federal reference method. The shim plate in the high-volume ambient air sampler was coated 

with Molykote 316 silicon release spray. The silicon-greased shim plate removes the larger 

particles greater than 2.5 m in diameter. The silicon-greased shim plate was cleaned once a 

week. Ambient PM2.5 was collected on an 8 by 10-inch binder-free Whatman glass microfiber 

filters (grade GF/A) for three to four weeks at a raised platform located on Aster Street across 

from the West Campus apartments on Louisiana State University’s campus in Baton Rouge, 

Louisiana. The TE-6070V-2.5 ambient air sampler flow rates were maintained at 1,100 L/min 

and calibrated weekly using a TE-5028 variable flow calibration kit. After collection, sampled 

filters were stored in a labelled bag and kept at 0 °C until extraction experiments. The ambient 

PM2.5 on the filter was extracted in 50 mL of 18 M cm water and then shaken and sonicated for 

20 min in a beaker. Large filter pieces were removed, and the remaining solution was transferred 

to glass tubes and centrifuged. The top portion of the solution was transferred to ceramic 
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crucibles and dried at 102 °C in an oven for 5 h (Gehling, 2013). The dried ambient PM2.5 was 

then transferred to sealed glass vials and kept at 0 °C under ambient atmosphere until analysis.  

2.2. Total organic carbon analysis 

 A Costech 1040 CHNOS (carbon, hydrogen, nitrogen, oxygen, and sulfur) elemental 

combustion system was used to measure total weight % of nitrogen and carbon in samples. 

2.3. X-ray diffraction 

 A PANalytical Empyrean x-ray diffractometer was used to analyze samples. X-ray 

diffraction (XRD) parameters were set to the following: copper for anode material, scan range 5–

90 degrees, continuous scan type, scan step size of 0.026 degree/step, time per step of 46.665 

sec/step, and 3,237 number of points. 

2.4. X-ray photoelectron spectroscopy 

 A Kratos/AXIS 165 XPS/AES using a monochromatic-aluminum X-ray beam was used 

to analyze samples. The PM surrogate samples were pressed into a 1 mm pellet and placed on 

carbon tape. X-ray photoelectron spectroscopy (XPS) parameters were set to the following: 700–

742 eV scan range, 0.1 eV step, 157.5 ms dwell time, 2 scans, and pass energy of 40 eV. 

2.5. X-ray fluorescence spectroscopy 

 X-ray fluorescence (XRF) spectroscopy was used to analyze samples. XRF was 

conducted at the Center for Advanced Microstructures and Devices (CAMD) in Baton Rouge, 

Louisiana.  XRF parameters were set to the following: 9 keV gain, 300 s integration time, 14,353 

eV excitation energy, 15 cm distance, and 1.5 cm2 active area. 
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2.6. Transmission electron microscopy 

The samples were imaged using a JEM-1011 high-resolution transmission electron 

microscope. All samples were placed on a 400-mesh holey-carbon-coated copper grid from SPI 

Supplies. The ImageJ software program was used to measure any observed lattice spacings.  

2.7. Diffuse reflectance ultraviolet-visible/near-infrared spectroscopy 

A Cary 5000 ultraviolet-visible/near-infrared (UV-Vis/NIR) spectrophotometer with an 

internal diffuse reflectance accessory (Internal DRA 900) was utilized to take measurements of 

the samples. A small powder cell kit from Agilent (catalog number 9910111400) was used for 

sample loading. The advantage to using the DRA is that it allows solid samples like the PM 

surrogates to be analyzed. The DRA measures the light reflected from the surface of particles. 

UV-Vis/NIR is useful when color changes are observed because the color of the material affects 

the spectral reflectance. UV-Vis/NIR parameters were set to the following: double beam mode 

double, reduced slit height, 1 s average time, 2 nm data interval, 120 nm/min scan rate, 2 nm slit 

band width, 800 nm grating change wavelength, and 900 nm for the detector change wavelength. 

2.8. Thermogravimetric analysis 

 A thermogravimetric analyzer (TA Instruments, Q500 V6.7) was utilized to measure the 

weight loss of sample at high temperatures. The temperature range started at room temperature 

going up to 600 °C at 10 °C/min. 

2.9. Scanning electron microscopy 

The samples were imaged using a JSM-6610 LV scanning electron microscopy (SEM) at 

room temperature in the secondary electron imaging mode. All samples were placed on 

conductive adhesive Kapton tape. Energy dispersive spectroscopy (SEM-EDS) was attempted on 

ambient PM2.5 but was unsuccessful due to the PTFE filter burning in analytical mode. 
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2.10. Electron paramagnetic resonance spectroscopy 

A Bruker EMX–10/2.7 electron paramagnetic resonance (EPR) spectrometer was used to 

measure samples at room temperature. All samples were placed into a 10 mm Suprasil EPR tube 

purchased from Wilmad (product number 733-3PQ-7). EPR spectrometer settings were set to the 

following: 9.76 GHz microwave frequency, 100 kHz modulation, 2.05 mW attenuation power, 

4.0 G modulation amplitude, 100-G or 5000-G scan range, 40.96 ms time constant, 163.84 ms 

conversion time, 167.77 s sweep time, 3.56 x 104 receiver gain, and 1 scan at a resolution of 

1024 points. Empty cavity measurements were taken to ensure the cavity was clean from any 

contamination. In addition, a solid 2,2-diphenyl-1-picrylhydrazyl (DPPH) standard sealed under 

vacuum was measured daily prior to sample measurements. The DPPH standard was used to 

detect deviations in the measured g-factor values (Eaton GR, 2010). 

The g-factor values were reported because it provides information about the chemical 

properties of an electron interaction with the electronic structure. For an unpaired electron there 

are two possible spin states and when applied in a magnetic field a difference in energy can be 

measured (absorption of energy) by the following equation: ΔE = gBB0. The g represents the g-

factor value, B is a physical constant for the electron magnetic moment referred to as the Bohr 

magneton, and B0 is the applied external magnetic field strength. These absorption spectra were 

then plotted as the first derivative. In continuous-wave EPR, spectra are reported in the first 

derivative because of the phase-sensitive detector. The phase-sensitive detector measures the 

amplitude that is dependent on the slope of the absorption signal (Eaton GR, 2010).  

Any changes in a sample’s EPR signal intensity was examined. It is important to note that 

EPR signal intensities can increase or decrease depending on the partial pressure of oxygen 
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because oxygen is a paramagnetic gas (Tian et al., 2009). Therefore, it is essential to report the 

conditions the sample is placed under, such as vacuum, during the EPR measurement. 

2.11. Fourier-transform infrared spectroscopy 

 A Bruker Alpha Fourier-transform infrared (FT-IR) spectrometer equipped with a PT-

diamond analyzer was used to measure samples. The sample holder (Pike Miracle attenuated 

total reflection [ATR]) was cleaned with acetone and dried before placing the powdered sample 

on the holder. FT-IR spectrometer settings were set to the following: scan range of 400–4000  

cm-1, averaging 3 scans, and a resolution of 4 cm-1.  

2.12. Thermal treatment on ambient PM2.5 

Ambient PM2.5 collected on PTFE filters (using the collection method from Section 2.1.1) 

was placed in 10 mm Suprasil EPR tubes from Wilmad (product No. 733-3PQ-7) and heated to 

120 °C in a ceramic cylinder heater purchased from OMEGA Engineering (product number 

CRFC-756/60A) under ambient atmosphere. Samples were then cooled down to room 

temperature under ambient atmosphere. EPR measurements were taken before and after thermal 

treatment under ambient atmosphere. 

2.13. Synthesis of PM surrogates  

2.13.1. Synthesis of 0.5% and 3% iron oxide-silica PM surrogates 

Iron(III) nitrate nonahydrate (Fe(NO3)3 • 9H2O) had a 99%+ purity and was purchased 

from Acros Organics. The certificate of analysis for iron(III) nitrate nonahydrate detected the 

following elements: chloride (Cl), sulfate (SO4
2-

), copper (Cu), zinc (Zn), manganese (Mn), lead 

(Pb), calcium (Ca), sodium (Na), potassium (K), and arsenic (As). Fumed silica (SiO2), or also 

referred to as CAB-O-SIL EH5, had a 99.9%+ purity and was donated from Cabot Corporation, 

Boston, Massachusetts. 0.5% and 3% iron-silica particles (i.e., PM surrogates) were prepared 
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using the incipient wetness impregnation method. Approximately 0.013 g (0.5%) or 0.078 g 

(3%) of iron(III) nitrate nonahydrate (Acros Organics, 99%+) was dissolved in 5 mL of 18 M 

cm water in a beaker. The 18 MΩ cm water was obtained from a Barnstead NANOpure Diamond 

water purification system. Approximately 1 g of CAB-O-SIL EH-5 was added to the solution. 

The amount of grams of the iron(III) nitrate nonahydrate was calculated using the molecular 

weight and number of moles of Fe2O3. The beaker was covered with parafilm and placed in a 

hood for 24 h at ambient conditions. The sample was then transferred to a quartz combustion 

boat and placed in a tube furnace (Thermo Scientific, Lindberg/Blue M). The sample was heated 

to 120 °C for 12 h and calcined at 450 °C for 5 h under ambient atmosphere. The calcined 

material was then grinded using an agate mortar and pestle. After grinding, particles were then 

sieved to 63 m using a stainless-steel fine test sieve from Sigma-Aldrich (catalogue number 

Z400165). Particles were also prepared without the iron(III) nitrate nonahydrate, hereinafter 

referred to as silica. An assessment of the bulk 0.5% iron-silica PM surrogates was carried out by 

an inductively coupled plasma optical emission spectrophotometer Varian-MPX. Samples were 

digested in nitric acid at 110 °C for 16 h. The measured amount was 1,745 ± 14 mg/kg of Fe 

(0.498 weight %). Also, the measured amount for Cu was 13.4 ± 0.3 mg/kg (0.00017 weight %) 

and for Al was 848 ± 31 mg/kg (0.000832 weight %).  

2.13.2. Synthesis of soot and iron-soot PM surrogates 

Soot and 0.5% iron-soot were generated using a dual zone reactor (Herring et al., 2013). 

A 2 mM solution of generation 4 polyproylenimine tetra-hexacontaamine dendrimer, methanol 

and iron(III) nitrate nonahydrate (Fe(NO3)3 • 9H2O) was used to prepare iron oxide-soot PM 

surrogates. Iron (III) nitrate nonahydrate (Fe(NO3)3 • 9H2O) had a 99%+ purity and was 

purchased from Acros Organics. The generation 4 polypropylenimine tetra-hexacontaamine 
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dendrimer was purchased from Sigma Aldrich. As shown in Figure 2.1, the 2 mM solution was 

injected into Zone 1 to generate iron oxide nanoparticles and then exposed to 1-

methylnaphthalene at Zone 2. The 1-methylnaphthalene had ≥99.5% purity and was purchased 

from Sigma Aldrich. Samples were collected on fumed silica. The fumed silica (SiO2), or also 

referred to as CAB-O-SIL EH5, had a 99.9%+ purity and was donated from Cabot Corporation.  

 

2.14. Thermal and vacuum treatment on PM surrogates 

As-prepared PM surrogates were placed in a 10 mm Suprasil EPR tube from Wilmad 

(product No. 733-3PQ-7) and heated under vacuum at 450 °C for 1 h while maintaining a 

pressure of 0.1–0.01 Torr. As shown in Figure 2.2, a custom designed apparatus was used to 

conduct experiments and is similar to what was used in previous EPFR formation studies 

(Vejerano, 2011). The as-prepared PM surrogates were then cooled to room temperature while 

maintaining a pressure of 0.1–0.01 Torr. EPR measurements were taken before experimental 

treatment under ambient atmosphere and after thermal/vacuum treatment under vacuum (P = 

 
Figure 2.1. Dual zone reactor system showing TEM images of iron-soot particles (Herring, 

2013). Reprinted from Proceedings of the Combustion Institute, 34, Fe2O3 nanoparticle mediated 

molecular growth and soot inception from the oxidative pyrolysis of 1-methylnaphthalene, 1749-

1757. Copyright (2013), with permission from Elsevier. 
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0.1–0.01 Torr) and then under ambient atmosphere. Furthermore, some thermal/vacuum treated 

PM surrogates were then heated to 120 °C for 1 h using a ceramic cylinder heater purchased 

from OMEGA Engineering (product number CRFC-756/60A) under ambient atmosphere.  

2.15. Exposure of phenol to PM surrogates and ambient PM2.5 

The following steps were conducted using the custom-designed apparatus (Figure 2.2): 

as-prepared PM surrogates were placed in a 10 mm Suprasil EPR tube purchased from Wilmad 

(product number 733-3PQ-7), heated to 450 °C for 1 h while maintaining a pressure of 0.1–0.01 

Torr, and cooled to room temperature while maintaining the pressure of 0.1–0.01 Torr. The valve 

to the phenol was then opened and the valve to the vacuum was closed. The PM surrogates were 

exposed to vapor-phase phenol while maintaining the pressure of 0.1–0.01 Torr for ~5 min at 

room temperature. After exposure, the valve to the vacuum was opened and the valve to the 

phenol was closed. The PM surrogates were maintained at a pressure of 0.1–.01 Torr for 1 h at 

room temperature to remove excess phenol. EPR measurements were taken before 

experimentation under ambient atmosphere, after thermal and vacuum treatment under vacuum 

(P = 0.1–0.01 Torr) at room temperature, and then after exposure to phenol under vacuum and 

ambient atmosphere. Some dosed-phenol PM surrogates were then followed up with additional 

thermal treatment under ambient atmosphere. Exposure of vapor-phase phenol to ambient PM2.5 

(using the collection method from Section 2.1.1) was conducted the same as the PM surrogates, 

but without the 450 °C treatment. The melting point of PTFE is 326.8 °C so the 450 °C would 

have melted the PTFE filter. 
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2.16. Simulated sunlight exposures 

Ambient PM2.5 (Section 2.1.1 and 2.1.2) was transferred to a 10 mm Suprasil EPR tube 

from Wilmad (product No. 733-3PQ-7) and placed in a Forma environmental chamber (Thermo 

Fisher Scientific Model 3940) shown in Figure 2.3 to study sunlight effects. The chamber was 

kept at a temperature of 25 °C and humidity between 70–80 %. Samples were exposed to 

simulated sunlight from a universal xenon arc lamp from Newport with wavelength range of 

185–2000 nm. The light produced from the xenon lamp was filtered using an air mass (AM) 1.5 

filter from Campbell Scientific, which corresponds to a zenith angle of 48.2°. A LP02 

pyranometer from Campbell Scientific was utilized to measure solar radiation from the filtered 

light. Simulated sunlight experiments were conducted with a solar radiation of 950 W/m2 that 

represents Baton Rouge’s average during midday. Temperature measurements taken during 

 
Figure 2.2. Custom designed apparatus used for conducting thermal/vacuum treatments and 

phenol exposure experiments. 
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exposure of simulated sunlight for 1 h showed the samples could reach between temperatures 

between 50–80 °C. EPR measurements were taken at 30 minutes and 60 minutes exposure 

periods followed by decay measurements. 

 

 

  

 
Figure 2.3. Design of simulated sunlight exposure experiments conducted in an environmental 

chamber to control temperature and humidity. 
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CHAPTER 3. CHARACTERIZATION OF PM SURROGATES AND 

AMBIENT PM2.5 

 Various forms of iron oxides and hydroxides/oxyhydroxides such as hematite, magnetite, 

goethite, lepidocrocite, and ferrihydrite can exist in iron-containing materials like ambient PM2.5 

and PM surrogates. Iron hydroxides/oxyhydroxides are known to be present around temperatures 

below 200 °C and can transform into different forms of iron oxides during heating (Balek et al., 

1995; Bernal, 1959; Dixon et al., 1989; Goss, 1987; Schwertmann et al., 1983). To help examine 

the forms of iron and particles sizes, XPS, XRD, XRF, TEM, and SEM characterization 

techniques were utilized. Ambient PM2.5 discussed in this chapter used samples collected using 

the method described in Section 2.1.1.  

3.1. Characterization of PM surrogates  

3.1.1 Total organic carbon studies of PM surrogates 

 A total organic carbon (TOC) analyzer was used to determine the amount of carbon in the 

silica and 3% iron-silica PM surrogate. The total organic carbon present was 0.069 wt% and 

0.256 wt% for the silica and 3% iron-silica PM surrogate, respectively. The addition of the 

iron(III) nitrate nonahydrate increased the carbon content in the PM surrogates.  

3.1.2. X-ray diffraction studies of PM surrogates 

XRD was conducted on the 0.5% and 3% iron-silica PM surrogates to determine the 

phase of iron and silica. The XRD data on 0.5% iron-silica PM surrogate presented in Figure 3.1 

indicated an XRD pattern for amorphous silica, but not for iron (Alcalá et al., 2006). The absence 

of sharp Bragg peaks in the XRD pattern of the 0.5% iron-silica PM surrogate indicates 

amorphous iron particles or the low metal concentrations were below the detection limits of the 

XRD instrument (Machala et al., 2007).  
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As for the 3% iron-silica PM surrogate, the XRD pattern for amorphous silica was also 

observed, as shown in Figure 3.2. In addition, two low intense Bragg peaks in the XRD pattern, 

that indicate low crystallinity in the PM surrogate, around 33.0° and 35.6° were detected (Figure 

3.2). The Bragg peaks at 33.0° and 35.6° in the XRD pattern are characteristic of hematite (α-

Fe2O3) (Alcalá et al., 2006; Bourlinos et al., 2001; Li et al., 2016; Palomares-Sánchez et al., 

2002; Yi et al., 2019). Calculated by the Scherrer equation, the particle diameter of hematite was 

~0.014 m. It was previously described that hematite forms at calcination temperatures of 400 

°C, which is reasonably close to the 450 °C calcination temperature used to synthesize the iron-

silica PM surrogates (Alcalá et al., 2006; Bourlinos et al., 2001). Furthermore, hematite is 

colored red, which agrees with the color observed in the 0.5% and 3% iron-silica PM surrogates 

(Hosseini-Zori et al., 2008).  

 

 
Figure 3.1. XRD spectrum 0.5% iron-silica PM surrogate. 
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3.1.3. X-ray photoelectron spectroscopy studies of PM surrogates 

XPS was conducted on the 0.5% iron-silica PM surrogates to identify any electron 

configurations of the elements silicon and iron. The XPS is a surface selective technique. It is 

important to examine particle surfaces by XPS because EPFRs were proposed to form stable 

radicals on iron surfaces (Dellinger et al., 2000; Lomnicki et al., 2008). As presented in Figure 

3.3, a peak at ~102.2 eV was observed and corresponds to the 2p subshell for silicon (Bywalez et 

al., 2012). 

 
Figure 3.2. XRD spectrum of 3% iron-silica PM surrogate. 
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Figure 3.4 shows two low intense peaks detected at ~708.5 and ~724.6 eV, which 

correlate to iron’s 2p3/2 and 2p1/2 subshells, respectively (Wang et al., 2016). Due to the absence 

of satellite features from iron’s 2p subshells, the iron oxidation state(s) could not be determined. 

Because silicon was observed in the X-ray photoelectron spectrum, surfaced silica could also 

affect the EPFR formation on the iron-silica PM surrogates. Also, the spectral interpretation of 

the reported peaks in the XPS data could correspond to other elements. An internal binding 

energy reference is not available to accurately calibrate the XPS (Greczynski et al., 2020).  

 
Figure 3.3. X-ray photoelectron spectrum of the silicon region in the 0.5% iron-silica PM 

surrogate. 
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3.1.4. X-ray fluorescence spectroscopy studies of PM surrogates 

 XRF was conducted on the 3% iron-silica PM surrogates and silica to demonstrate the 

presence of higher iron concentrations in the PM surrogates. As shown in Figure 3.5, the counts 

per second (cps) for iron’s K-alpha emission at about 6.5 keV in the 3% iron-silica PM surrogate 

was higher than the silica. The other elemental signals in Figure 3.5 are from the instrument’s 

support used to hold the sample during the analysis. The signal intensities from the instrument’s 

support were consistently below 150 cps. Therefore, any signals observed above 150 cps were 

considered present in the material (i.e., only iron). 

 
Figure 3.4. X-ray photoelectron spectrum of the iron region in the 0.5% iron-silica PM surrogate. 
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3.1.5. Transmission electron microscopy studies of PM surrogates  

To examine the presence of electron diffraction patterns, TEM was utilized on the 0.5% 

and 3% iron-silica PM surrogates. As displayed in Image 3.1, silica (Panels A–B) and 0.5% iron-

silica PM surrogates (Panels C–D) did not reveal any electron diffraction patterns. However, the 

3% iron-silica PM surrogates shown in Image 3.2 did reveal electron diffraction patterns. It is 

important to note that the electron diffraction patterns reported for the 3% iron-silica PM 

surrogates was challenging to find by TEM. Not all areas of the 3% iron-silica PM surrogates 

exhibited electron diffraction patterns. The d-spacing of the electron diffraction patterns (Image 

3.2) were measured to 0.225 nm (2.25 Å), which correlates to the d-spacing of ferrihydrites, also 

referred to as hydrous ferric oxyhydroxides (Jones, 1986). Also, the presence of ferrihydrites is 

further supported by the observed colors. Ferrihydrites are generally not as red as hematite and 

the iron-silica PM surrogates exhibited a reddish-tan color (Schwertmann et al., 1983). To 

conclude, small amounts of ferrihydrites could exist in the iron-silica PM surrogates. Since it was 

 
Figure 3.5. XRF spectra of silica and 3% iron-silica PM surrogate. 
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not possible to obtain a chemical analysis of the detected electron diffraction pattern, it is 

possible the measured d-spacing could correspond to other materials. 

 

 
Image 3.1. TEM images of silica (A–B) and 0.5% iron-silica PM surrogate (C–D). 
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Image 3.2. TEM image of 3% iron-silica PM surrogate with measured lattice spacing. 

3.1.6. Diffuse reflectance ultraviolet-visible/near-infrared spectroscopy studies of PM 

surrogates 

Diffuse reflectance UV-vis/NIR spectroscopy was conducted on the 0.5% iron-silica 

surrogates to investigate the coordination environments of the material. Ferric (iron(III)) ions can 

exhibit different coordination environments depending on experimental conditions. The as-

prepared 0.5% iron-silica surrogates were measured prior to any vacuum and thermal treatments. 

As displayed in Figure 3.6, UV-vis/NIR on the 0.5% iron-silica surrogates detected a strong 

absorption band around 260 nm. The absorption band around 260 nm is characteristic of a charge 

transfer from the ferric ions to the silicate framework in tetrahedral coordination environments. 

The silica, which was prepared the same way as the iron-silica PM surrogates, did not exhibit 

any significant absorption bands. 
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Other studies consistently reported bands around 220, 245, 260, and 200–333 nm 

(Bordiga et al., 1996; Lin et al., 1989; Tuel et al., 1998; Xin et al., 2008). Therefore, 0.5% iron-

silica surrogates compose mostly of ferric ions covalently bonded to the silicate framework in 

tetrahedral coordination environments. The weakly intense and broad absorption band from 320–

600 nm corresponds to isolated ferric ions in extra-framework sites or iron oxide nanoparticles 

(less than 4 nm in diameter) both exhibiting octahedral coordination environments (Amama et 

al., 2005; Bhaumik et al., 2005; Geinguenaud et al., 2015; Goldfarb et al., 1994; Lassoued et al., 

2017). 

 

  

 
Figure 3.6. Diffuse reflectance UV-vis/NIR spectra on the silica (red curve) and 0.5% iron-silica 

PM surrogate (blue curve) measured under ambient conditions. 
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3.1.7 Thermogravimetric studies of PM surrogates 

 TGA was carried out on the 3% and 0.5% iron-silica PM surrogates to examine mass loss 

that could be caused by dehydration, decomposition, or oxidation. As shown in Figure 3.7, the 

loss of water occurred between the temperatures of 27 °C and 120 °C in all PM surrogates and 

silica. The mass loss was about 3% of the total weight.  

 

3.2. Characterization of ambient PM2.5 

 

3.2.1. Scanning electron microscopy studies of ambient PM2.5 

 SEM was conducted on ambient PM2.5 to reveal the particle sizes. As shown in Image 

3.3, the web-like material is from the PTFE filter and center of the images are small aggregated 

particles of ambient PM2.5, measuring less than 2 m in diameter, can be seen. In the PM 

surrogates aggregation was also observed (Image 3.1). An average particle size was found to be 

~ .309 m out of twelve measurements. However, it was difficult to take measurements of the 

particle sizes due to irregular shapes, aggregation behavior, and charging effects on the quality of 

the image.  

 
Figure 3.7. Thermogravimetric analysis of silica (green curve), 3% (red curve) and 0.5% (blue 

curve) iron-silica PM surrogates. 
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3.2.2 X-ray diffraction studies of ambient PM2.5 

 XRD was conducted on ambient PM2.5 to determine the phase of iron present. As shown 

in Figure 3.8, the detected Bragg peaks at about 33°, 36°, 49°, 53°, 57°, and 66° are characteristic 

of the XRD pattern for hematite (Alcalá et al., 2006; Bourlinos et al., 2001; Li et al., 2016; 

Palomares-Sánchez et al., 2002; Yi et al., 2019).  

 

Using the Scherrer equation the calculated particle diameter of hematite was 0.379 m, 

which is less than 2.5 m for PM2.5. The crystallinity (identified by the sharp and more intense 

peaks) in ambient PM2.5 is higher in comparison with the PM surrogate (see Section 3.1.2). 

 
Image 3.3. SEM images of ambient PM2.5 collected on a PTFE filter (Sample ID P2920556). 

 
Figure 3.8. XRD spectrum of ambient PM2.5 collected on PTFE filter (Sample ID P2916126). 
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However, both ambient PM2.5 and the PM surrogates are heterogeneous so crystallinity will vary 

in each sample.  

3.2.3 X-ray photoelectron spectroscopy studies of ambient PM2.5 

XPS was conducted to detect the presence of iron on the particle surfaces of ambient  

PM2.5. A XPS survey spectrum shown in Figure 3.9 did not discover any metals in significant 

amounts. 

 

The iron and silicon 2p shells were determined to have a mass concentration of 9.42% 

and 0.65%, respectively. A high resolution XPS scan spectrum on the iron region detected two 

peaks (Figure 3.10) at 711.0 and 719.8 eV, which correlate to iron’s 2p3/2 and 2p1/2 subshells, 

respectively (Wang et al., 2016). Also, the spectral interpretation of the reported peaks in the 

XPS data could correspond to other elements. As it was discussed in Section 3.1.3, an internal 

binding energy reference is not available to accurately calibrate the XPS (Greczynski et al., 

2020). 

 
Figure 3.9. X-ray photoelectron spectrum (survey scan) of ambient PM2.5 collected on PTFE 

filter (Sample ID P2920556). 
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3.2.4 X-ray fluorescence spectroscopy studies of ambient PM2.5 

 XRF was conducted to examine if iron and other metals were present in ambient PM2.5. 

The filter number (i.e. P number) was used to label the various samples measured by XRF 

(Figure 3.11). As displayed in Figure 3.11A, the XPS spectra of the clean PTFE filters identified 

elemental signal intensities below 150 cps. These signals come from the instrument’s support 

used to hold the sample during the analysis. Any elemental signal intensities above 150 cps were 

considered present in the material. In Figure 3.11B, elemental signal intensities above 150 cps 

were detected in ambient PM2.5 collected on PTFE filters. Various elemental signal intensities 

were observed among the different samples. For example, zinc’s K-alpha emission at about 8.6 

keV for sample P2919718 (yellow curve in Figure 3.11B) was significantly above 150 cps, but 

then low in all other samples. However, the intensity of iron’s K-alpha emission at about 6.5 keV 

was above 150 cps in all ambient PM2.5 samples. To conclude, iron was consistently detected in 

ambient PM2.5 and so the best metal to use in the PM surrogates. 

 
Figure 3.10. X-ray photoelectron spectrum of the iron region for ambient PM2.5 collected on 

PTFE filter (Sample ID P2920556). 
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Figure 3.11. XRF spectra; (A, top) clean PTFE filters exposed to ambient conditions and (B, 

bottom) ambient PM2.5 collected on different PTFE filters. 
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CHAPTER 4. IRON COORDINATION IN PM SURROGATES AND 

AMBIENT PM2.5 

 Using EPR spectroscopy, previous studies have demonstrated that iron-silica materials 

yield EPR signals with g-factor values of 4.270 and 2.141 (broad) that correspond to ferric ions 

in distorted and undistorted tetrahedral coordination environments (or isolated ferric ions in 

extra-frameworks or iron oxide nanoparticles in octahedral environments), respectively. No 

previous studies on EPFR formation in iron-silica materials made reference to these coordination 

environments (Vejerano et al., 2011). The purpose of this chapter was to examine the effects of 

thermal and vacuum treatment on the EPR signals in PM surrogates and compare their behavior 

with EPR signals detected in ambient PM2.5.  

4.1. Iron coordination in PM surrogates 

Heat (T = 450 °C) and vacuum (P = 0.1–0.01 Torr) treatment is conducted prior to 

exposing the PM surrogate to a precursor organic compound. This is a consistent procedural step 

described in the EPFR formation experiments (Kiruri et al., 2014; Vejerano et al., 2011). The 

heat (T = 450 °C) and vacuum (P = 0.1–0.01 Torr) treatment on the iron-silica PM surrogates 

helps remove water and expose the particle surfaces that are needed for EPFR formation. As 

shown by thermogravimetric analysis (Figure 3.7) loss of water occurs between the temperatures 

of 27 °C and 120 °C. By EPR, Lin and coworkers identified that after applying a heat treatment 

the intensity of the broad g = 2.141 EPR signal decreased and the intensity of the g = 4.270 EPR 

signal increased (Lin et al., 1989). As depicted in Figure 4.1A, those same observations were 

seen when heat (T = 450 °C) and vacuum (P = 0.1–0.01 Torr) treatment was applied for 1 h to 

the 0.5% iron-silica PM surrogate. The detected g = 4.270 ± 0.030 and broad g = 2.141 ± 0.100 

EPR signals have peak to peak (ΔHp-p = differences between maximum points of peaks with x- 

axis in Gauss) values of 98 ± 38-G and 1251 ± 80-G, respectively. These experiments were 
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reproducible six times. The silica control experiments (silica prepared without the iron(III) 

nitrate nonahydrate) did not yield any EPR signals as demonstrated in Figure 4.1B. Therefore, 

confirming the observed g = 4.270 and broad g = 2.141 EPR signals are attributed to the addition 

of the iron. However, a small intense EPR signal at g = 2.003 was observed in the PM surrogates 

and silica control samples, as indicated in Figure 4.2. Though it is unclear what exactly the signal 

is, it is suggested to be adventitious carbon (see Section 5.4 for more supporting information) 

(Castle, 2008; deVries et al., 1994; Piao et al., 2002). As it was revealed earlier by the TOC 

analysis (see Section 3.1.1) carbon was present in both silica and PM surrogates. The iron-

containing PM surrogates (Figure 4.2A) exhibited a higher EPR signal intensity at g = 2.003 than 

silica (Figure 4.2B) because carbon was more abundant in iron-containing PM surrogates. Other 

possible explanations for the small intense EPR signal at g = 2.003 could be a result of 

contamination, superparamagnetic nanoparticles, water, or humidity effects. 
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Figure 4.1. 5000-G scans derivative-of-absorption EPR spectra before (red curve) and after heat 

and vacuum treatment (blue curve) measured under vacuum; (A, top) 0.5% iron-silica PM 

surrogate and (B, bottom) silica. 
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4.1.1. Brønsted acid sites within framework in PM surrogates 

Next, the thermally/vacuum treated 0.5% iron-silica surrogate was then exposed to 

ambient atmosphere causing atmospheric water to saturate the surrogate and decrease the g = 

4.270 EPR signal intensity, as shown in Figure 4.3A. The intensity changes observed at g = 

4.270 EPR signal indicate the presence of Brønsted acid sites because the g = 4.270 signal 

 

 
Figure 4.2. 100-G scans derivative-of-absorption EPR spectra before (red curve) and after heat 

and vacuum treatment (blue curve) measured under vacuum; (A, top) 0.5% iron-silica PM 

surrogate and (B, bottom) silica. 
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increased after being thermally/vacuum treated and then decreased upon exposure to ambient 

atmosphere for the 0.5% iron-silica surrogate (Bordiga et al., 1996). These Brønsted acid sites 

appear when water is removed because the hydronium ions (H3O
+) in water donate protons to 

oxygen atoms associated with the iron atoms. Thus, causing ferric ions in octahedral or 

undistorted tetrahedral coordination environments to shift to distorted tetrahedral coordination 

environments (see Scheme 1.6) (Bordiga et al., 1996; Tuel et al., 1998). Therefore, the g = 4.270 

EPR signal corresponds to ferric ions in distorted tetrahedral coordination environments from 

protonated bridged oxygen atoms (Brønsted acid sites) either between the silicon atoms of the 

silica and iron atoms or between different iron atoms (Berlier et al., 2002; Bordiga et al., 1996; 

Tuel et al., 1998). The broad, g = 2.141 EPR signal (Figure 4.3A) corresponds to ferric ions in 

undistorted tetrahedral coordination environments from ferric ions covalently bounded by either 

oxygen atoms of the silica framework or oxygen atoms between other iron atoms. It could also 

correspond to isolated ferric ions in extra-framework sites (octahedral coordination) or iron oxide 

nanoparticles less than 4 nm in diameter (octahedral coordination) (Berlier et al., 2002; Bordiga 

et al., 1996; Cannas et al., 1998; Geinguenaud et al., 2015; Lassoued et al., 2017; Tuel et al., 

1998). The presence of Brønsted acid sites is further supported by previous ammonia 

experiments. Ammonia also consists of positive charges (NH4
+) like water (H3O

+). According to 

the literature, adsorption of ammonia to similar iron-silica materials also demonstrated 

undistorted/octahedral and distorted tetrahedral coordination environments and their reversibility 

through other techniques, such as UV-Vis/NIR and Mössbauer spectroscopy (Bordiga et al., 

1996; Tuel et al., 1998). 
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 Evaluation of the 0.5% iron-silica PM surrogates by FT-IR could provide evidence for 

the existence of Brønsted acid sites. Usually, Brønsted acid sites and hydrogen-bonded silanols 

(R-Si-OH) yield a 3620 cm−1 band and 3414 cm−1 band, respectively (Bordiga et al., 1996; 

Goldfarb et al., 1994). Figure 4.4 (red curve) revealed the signal-to-noise ratio was not sufficient 

to observe the 3620 cm−1 band for Brønsted acid sites. However, it should be noted the 3414 

 

 
Figure 4.3. Derivative-of-absorption EPR spectra of 0.5% iron-silica PM surrogate before (red 

curve), after heat and vacuum treatment (blue curve) measured under vacuum, and then 

measured in air (green curve); (A, top) 5000-G scans and (B, bottom) 100-G scans. 
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cm−1 band was detected (Figure 4.4, red curve) and decreased (Figure 4.4, blue curve) upon heat 

(T = 450 °C) and vacuum (P = 0.1–0.01 Torr) treatment for 1 h. Thus, demonstrating the 

hydrogen-bonded silanols (R-Si-OH) were dehydroxylated to siloxanes (R-Si-O-Si-R) after 

treatment.  

 

Additionally, when the broad g = 2.141 EPR signals of the 0.5% and 3% iron-silica PM 

surrogates were compared at ambient conditions, the signal intensity for 3% was higher than 

0.5% as shown in Figure 4.5. This suggests the higher iron concentrations increased the number 

of ferric ions in undistorted tetrahedral or octahedral coordination environments. These findings 

are consistent with previous studies (Amama et al., 2005; Goldfarb et al., 1994). As for the 

intensity of the g = 4.270 EPR signal, it appears unaffected (Figure 4.5) by the higher iron 

concentrations at ambient conditions. Amana and coworkers reported a decrease in intensity for 

the g = 4.270 EPR signal with higher iron concentrations (Amama et al., 2005). The differences 

are likely due to the timing of when the measurement was taken after preparing the iron-silica 

materials, preparation techniques, or measuring conditions. Furthermore, the ferric ions in 

 
Figure 4.4. FT-IR spectra of 0.5% iron-silica PM surrogate before (red curve) and after heat and 

vacuum treatment (blue curve) measured at ambient conditions. 
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distorted tetrahedral coordination environments yielding the g = 4.270 EPR signal will decrease 

depending on the amount of time it takes for atmospheric water to adsorbed on the iron-silica PM 

surrogate as it was shown in Figure 4.3A. 

 

 4.2. Iron coordination in ambient PM2.5 

 The observed changes of the EPR signals in the 0.5% iron-silica PM surrogates were 

compared to ambient PM2.5. Unfortunately, the heat treatment at 450 °C needed to observe  

intensity changes of the g = 4.270 and broad g = 2.141 EPR signals for the 0.5% iron oxide-silica 

PM surrogates could not be accomplished with the ambient PM2.5 supported on 

poly(tetrafluoroethylene) (PTFE) filters. This is because the melting point of the PTFE is 327 °C, 

it would have melted if heated to 450 °C. Nonetheless, a broad EPR signal as presented in Figure 

4.6 was consistently observed at g = 2.128 ± 0.100 (ΔHp-p = 70 ± 10-G) in all ambient PM2.5  

collected on different PTFE filters. 

 
Figure 4.5. 5000-G scans derivative-of-absorption EPR spectra of 0.5% (red curve) and 3% (blue 

curve) iron-silica PM surrogates measured at ambient conditions. 
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To ensure that these signals were not from the filters, a clean PTFE filter was measured 

and showed no signals, as demonstrated in Figure 4.7.  

 

The g = 2.128 EPR signal observed in ambient PM2.5 does not appear to correspond to 

ferric ions in undistorted tetrahedral or octahedral coordination environments that were observed 

in PM surrogates at broad g = 2.141 for two reasons. First, the g = 4.270 EPR signal (distorted 

 
Figure 4.6. 5000-G scans derivative-of-absorption EPR spectra of PM2.5 collected on different 

PTFE filters. 

 
Figure 4.7. 5000-G scan derivative-of-absorption EPR spectrum of a PTFE filter. This scan is 

consistent with the background of the empty EPR cavity. 



53 

 

tetrahedral coordination) was not observed. Second, the intensity of the g = 2.128 EPR signal of 

the ambient PM2.5 samples increased upon heat treatment to 120 °C for 1 h, unlike the broad g = 

2.141 EPR signal behavior in PM surrogates, as shown in Figure 4.8 for both PM2.5 samples. 

Thus, with support from literature, it is proposed that particle aggregation between iron and other 

paramagnetic species yield the g = 2.128 EPR signal (Herring, 2013; Ledoux et al., 2002; 

Ledoux et al., 2004). SEM images (Image 3.3) of ambient PM2.5 collected on PTFE filter 

demonstrated particle aggregation. The increased intensity in the g = 2.128 EPR signal is due to 

the removal of adsorbed water.  
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Figure 4.8. 5000-G scans derivative-of-absorption EPR spectra of ambient PM2.5 before (red 

curve) and after 120 °C treatment for 1 h in ambient atmosphere (blue curve) measured at 

ambient conditions; (A, top) ambient PM2.5 collected on PTFE filter (Sample ID P2923773) and 

(B, bottom) ambient PM2.5 collected on PTFE filter (Sample ID P2920557). 
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CHAPTER 5. ISOLATED FERRIC IONS IN PM SURROGATES AND 

AMBIENT PM2.5 

In addition to the previously identified EPR signals in PM surrogates, other observed 

EPR signals with g-factor values of 2.300 and 2.003 (narrow EPR signal shapes) were examined. 

The objective of this chapter was to rationalize a possible explanation for the nature of the 

narrow g = 2.003 EPR signal in the PM surrogates. Heat/vacuum cycled treatment on the PM 

surrogate can yield a narrow g = 2.003 EPR signal. The data strongly supports ferric iron 

associated with superparamagnetic nanoparticles yielded a narrow g = 2.003 EPR signal. 

However, the occurrence of the narrow g = 2.003 EPR signal could be a result of contamination, 

adventitious carbon, water, or humidity effects. Results were compared to EPR signals found in 

ambient PM2.5. 

5.1. Iron aggregates in PM surrogates 

As noted in Section 3.1.6, diffuse reflectance UV-Vis/NIR (Figure 3.6) detected isolated 

ferric ions in extra-framework sites or iron oxide nanoparticles less than 4 nm in diameter both 

exhibiting ferric ions in octahedral coordination environments in the 0.5% iron-silica PM 

surrogates (Amama et al., 2005; Bhaumik et al., 2005; Geinguenaud et al., 2015; Goldfarb et al., 

1994; Lassoued et al., 2017). A previous study’s diffuse reflectance UV-Vis/NIR data on 2% and 

3% iron-silica materials agreed with the 0.5% iron-silica PM surrogates diffuse reflectance UV-

Vis/NIR data (Amama et al., 2005). However, the previous study reported ferric ions in 

octahedral coordination environments in 2 and 3% iron concentrations but not in the 1% iron 

concentration materials. One must carefully consider differences in sample preparation and 

treatment. One notable difference in sample preparation from Amama and coworkers was an 

anti-foaming agent used to prepare the catalyst which was not used in this work to prepare the 

0.5% iron-silica PM surrogates (Amama et al., 2005).  
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Investigations on the 3% iron-silica PM surrogates were conducted in addition to the 

0.5% iron-silica PM surrogates. It was found higher concentrations of iron can cause a saturation 

of the surface coordination sites of the silica; therefore, reducing the formation of isolated ferric 

ions in extra-framework sites or small iron oxide nanoparticles. The presence of excess iron 

causes iron particles to coalesce which can create larger aggregated particles greater than 4 nm in 

diameter (Berlier et al., 2002; Bordiga et al., 1996; Goldfarb et al., 1994). A previous study 

demonstrated 1% or more of iron concentrations in the material, after being calcined at 550 °C, 

consist of “iron aggregates” that exhibit a unique EPR signal at g = 2.3 (Berlier et al., 2002). The 

3% iron-silica PM surrogates, depicted in Figure 5.1, yielded a g = 2.300 ± 0.100 EPR signal 

with a ΔHp-p of 357 ± 20-G, whereas the 0.5% iron-silica surrogates did not. Thus, the absence  

of the g = 2.300 signal in 0.5% iron-silica PM surrogates supports the presence of small iron 

oxide nanoparticles. Furthermore, after heat (T = 450 °C) and vacuum (P = 0.1–0.01 Torr) 

treatment for 1 h the g = 2.300 EPR signal decreased and the g = 4.270 EPR signal increased. 

This confirms there was a decrease in particle aggregation and more migration of ferric ions. 
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5.2. Iron aggregates in ambient PM2.5 

Previous reports identified that iron aggregates yielded a broad g = 2.100 EPR signal in 

ambient PM2.5 and particulate aerosols (Gehling et al., 2013; Ledoux et al., 2002; Ledoux et al., 

2004). However, the 3% iron-silica PM surrogate demonstrated iron aggregates yield an EPR 

signal at g = 2.300, which is slightly different than the ambient PM2.5 samples that yielded a 

signal at g = 2.141 (Figure 4.6). It is proposed the g = 2.141 EPR signal in ambient PM2.5 consist 

of iron aggregates interacting with other paramagnetic species (see Section 4.2). Ambient PM2.5 

will vary in composition so the amount of other paramagnetic species present will cause it to 

have slightly different g-factor values. Thus, iron aggregates can yield the g = 2.300 EPR signal 

observed in the 3% iron-silica PM surrogates and the g = 2.141 EPR signal in ambient PM2.5. 

5.3. Ferric ions associated with superparamagnetic nanoparticles in PM surrogates 

Formation of the iron aggregates in the 3% iron-silica PM surrogates interferes with the 

formation of isolated ferric ions within extra-framework sites and iron oxide nanoparticles less 

than 4 nm in diameter but it may not in lower iron concentrations like 0.5%. After the 0.5% iron-

 
Figure 5.1. 5000-G scan derivative-of-absorption EPR spectrum of 3% iron-silica PM surrogate 

before (red curve) and after heat and vacuum treatment (blue curve) measured under vacuum. 
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silica PM surrogate was cycled with heat (T = 450 °C) and vacuum (P = 0.1–0.01 Torr) treatment 

for 1 h, a narrow g = 2.003 EPR signal with a ΔHp-p of 9.8 ± 0.1-G appeared including the as-

expected increased intensity at the g = 4.270 EPR signal, as shown in Figure 5.2. The 

thermally/vacuum cycled treated silica (control) did not detect a narrow g = 2.003 EPR signal 

(Figure 4.2) indicating the signal was generated due to the added iron(III) nitrate nonahydrate. 

These heterogeneous PM surrogates do not uniformly disperse the metal on the silica surface and 

therefore the number of repeated heat/vacuum treatments may vary. 
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Further experimentation on the PM surrogates revealed other important changes. The 

thermally/vacuum cycled treated 0.5% iron-silica PM surrogate (in Figure 5.2) was then exposed 

to ambient atmosphere for seven days and then heated to 120 °C for 1 h under ambient 

atmosphere. An increased intensity in the narrow g = 2.003 EPR signal was observed and is 

presented in Figure 5.3. Water loss was observed in the TGA samples (Figure 3.7) at around 50–

 

 
Figure 5.2. Derivative-of-absorption EPR spectra of 0.5% iron-silica PM surrogate before (red 

curve) and after heat and vacuum treatment (blue curve) measured under vacuum; (A, top) 5000-

G scans and (B, bottom) 100-G scans. 
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110 °C and iron hydroxides/oxyhydroxides are known to lose physisorbed water and experience 

phase transitions in this region (Balek et al., 1995; Bernal, 1959; Dixon et al., 1989; Goss, 1987). 

The 120 °C temperature was selected to remove water. Also, exposure of ambient PM2.5 samples 

to simulated sunlight for 1 h can heat samples to 50–80 °C. This increased intensity in the 

narrow g = 2.003 EPR signal (Figure 5.3) and no changes in the intensity at the g = 4.270 and g 

= 2.141 signals confirms the narrow g = 2.003 EPR signal is independent of the coordination 

environments of ferric ions. The data strongly suggests magnetism changes from nanoparticles 

yielded an increased intensity of the narrow g = 2.003 EPR signal that follows the Curie-Weiss 

Law (Berger et al., 2001; Ferretti et al., 2002). The Curie-Weiss Law describes ferromagnetic 

properties, like what was found in the PM surrogates, become paramagnetic. This is measurable 

by EPR. Paramagnets with a greater magnetic susceptibility are considered superparamagnetic. 

Ferromagnetic iron oxide nanoparticles are known to exhibit superparamagnetic behavior when 

heated above its “blocking temperature” (Berger et al., 2001). The smaller the particles are the 

lower the blocking temperature will be. Therefore, the 120 °C treatment is proposed to trigger 

the ferromagnetic nanoparticles to transition to the superparamagnetic state.  
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Previous reports had different evidence about the chemistry that yielded the narrow g = 

2.003 EPR signal (Dyrek, 1973; Goldfarb et al., 1994). In one case, superparamagnetic oxygen 

species was found to yield a narrow g = 2.003 EPR signal, but this is not the case here (Dyrek, 

1973). Dyrek explained that adsorption of oxygen leads to an increase in the narrow g = 2.003 

 

 
Figure 5.3. Derivative-of-absorption EPR spectra of thermally/vacuum treated 0.5% iron-silica 

PM surrogate and then exposed to ambient conditions for seven days (red curve) and after 120 

°C treatment for 1 h in air (blue curve) measured at ambient conditions; (A, top) 5000-G scans 

and (B, bottom) 100-G scans. 
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EPR signal by oxidation of Fe(II) to Fe(III), which should cause an increased intensity at the g = 

4.270 EPR signal upon exposure to ambient conditions. However, this study observed a 

decreased intensity at g = 4.270 EPR signal upon exposure to ambient conditions.  

Changes to the EPR data during treatments were not the only changes observed. A color 

change in the 0.5% iron-silica PM surrogates was also observed during heat (T = 450 °C) and 

vacuum (P = 0.1–0.01 Torr) treatment for 1 h. Initially, the 0.5% iron-silica surrogates were a 

reddish-tan color and then changed to a pale gray. Upon cooling to room temperature under 

vacuum, the color reverted back to reddish-tan. Because no chemical characterization analyses 

such as diffuse reflectance UV-vis/NIR could be taken during heat (T = 450 °C) and vacuum (P 

= 0.1–0.01 Torr) treatment at the time, it is difficult to prove any chemical transformation. It is 

postulated that a phase transition from γ-Fe2O3 (reddish-tan color) to α-Fe2O3 (pale gray color) to 

γ-Fe2O3 (reddish-tan color) occurred (Iraj et al., 2014). During heating and cooling, phase 

transitions of the iron material to hydroxides like goethite, lepidocrocite, and ferrihydrite could 

occur as they have been observed in weathered minerals and low temperature environments. The 

presence of water is key to the transformation of iron oxides like hematite to hydroxides and 

have been observed in other studies (Campbell et al., 1984; Schwertmann, 1971). It is also 

possible the color changed due to migration of ferric ions to other sites (Amama et al., 2005; 

Bordiga et al., 1996).  

To summarize, the combination of the low iron concentration in the 0.5% iron-silica PM 

surrogates and vacuum/heat cycled treatment can yield a narrow g = 2.003 EPR signal. It is 

suggested that under these conditions ferric ions associated with superparamagnetic 

nanoparticles less than 4 nm in diameter are produced. 
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5.4. Superparamagnetic nanoparticles in ambient PM2.5 

If present, ferric ions associated with superparamagnetic nanoparticles less than 4 nm in 

diameter that yield the narrow g = 2.003 EPR signal should be observable in complex real-world 

samples like ambient PM2.5. Figure 5.4 shows a narrow g = 2.003 EPR signal with a ΔHp-p of 9.8 

± 0.3-G was detected after ambient PM2.5, supported on a PTFE filter, was heated to 120 °C for 1 

h. Some ambient PM2.5 samples were also heated to 50 °C for 1 h under ambient atmosphere and 

experienced a slight increased intensity in the narrow g = 2.003 EPR signal. Because the ambient 

PM2.5 samples vary in composition, concentration, and its sources, some ambient PM2.5 samples 

did not consistently observe the narrow g = 2.003 EPR signal. However, these results not only 

demonstrate how sensitive the narrow g = 2.003 EPR signal is to temperature, but how easy it is 

to observe it in samples with low sample weights (weight of ambient PM2.5 for all samples were 

< 0.8 mg). EPR is a valuable instrument to use for future studies on ambient PM2.5. Ambient 

PM2.5 can consist of ferric ions associated with superparamagnetic nanoparticles that yield a 

narrow g = 2.003 EPR signal. When a clean PTFE filter was heated to 120 °C for 1 h under 

ambient atmosphere a small EPR signal at g = 2.003 was observed as shown in Figure 5.5. 

Because the silica (control) also exhibited a small signal at g = 2.003 (see Section 4.1) after heat 

and vacuum treatment, it is suspected the PTFE filter was also contaminated by adventitious 

carbon (Castle, 2008; deVries et al., 1994; Piao et al., 2002). 
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Figure 5.4. Derivative-of-absorption EPR spectra of ambient PM2.5 before (red curve) and after 

120 °C treatment for 1 h in air (blue curve) measured at ambient conditions. Ambient PM2.5 

collected on PTFE filter (Sample ID P2919720); (A, top) 5000-G scans (B, bottom) 100-G 

scans. 
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Figure 5.5. Derivative-of-absorption EPR spectra of PTFE filter before (red curve) and after 120 

°C treatment for 1 h in air (blue curve) measured at ambient conditions; (A, top) 5000-G scans 

(B, bottom) 100-G scans. 
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CHAPTER 6. FREE RADICAL BEHAVIOR IN PM SURROGATES AND 

AMBIENT PM2.5 

A previous study shown that phenol-exposed iron-silica materials yield EPFRs with a 

significantly longer lifetime than copper-silica materials (Vejerano et al., 2012). In order to 

examine EPFR formation, the 0.5% iron-silica PM surrogates were exposed to vapor-phase 

phenol. After heat (T = 450 °C) and vacuum (P = 0.1–0.01 Torr) treatment for 1 h is applied (this 

experimental step was assessed in Chapters 4 and 5), the next step was to expose the PM 

surrogate to an organic precursor (phenol) under vacuum to form EPFRs that yield a g = 2.003 

EPR signal. Most of the previous EPFR formation studies used heat during the exposure step 

(Kiruri et al., 2014; Vejerano et al., 2011; Vejerano et al., 2012). In this work, the exposure step 

was carried out at room temperature to mimic atmospheric conditions.  

6.1. Phenol-exposed PM surrogates 

 The 0.5% iron-silica PM surrogate was treated with heat (T = 450 °C) and vacuum (P = 

0.1–0.01 Torr) for 1 h, cooled to room temperature under vacuum (P = 0.1–0.01 Torr), and then 

exposed to phenol vapor under vacuum (P = 0.1–0.01 Torr) for 5 min at room temperature. As 

displayed in Figure 6.1, no changes were observed in the intensity of existing EPR signals after 

being exposed to phenol. It was hypothesized that PM surrogates exposed to vapor-phase phenol 

will produce higher concentrations of radicals, but no radicals/EPFR formed at g = 2.003. 

Additionally, formations of EPFRs were proposed to result in a decrease in irons oxidation state 

from ferric ions to ferrous ions. No changes in the intensity of the g = 4.270 EPR signal confirms 

there were no changes in the oxidation state of iron. Silica (control) treated the same as above 

also had no intensity changes in the g = 2.003 EPR signal as shown in Figure 6.2. The observed 

g = 2.003 EPR signal with low intensity in Figures 6.1 and 6.2 was discussed in Section 4.1 and 

not associated with phenol. 
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Figure 6.1. Derivative-of-absorption EPR spectra of 0.5% iron-silica PM surrogate before (red 

curve) and after heat and vacuum treatment (blue curve) and then exposed to phenol vapor at 

room temperature (green curve) measured under vacuum; (A, top) 5000-G scans and (B, bottom) 

100-G scans. 
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To confirm the adsorption of phenol occurred, diffuse reflectance UV-Vis/NIR was 

conducted. As displayed in Figure 6.3, phenol adsorbed to the thermal/vacuum treated silica. The 

two bands at 219 and 268 nm are characteristic of n → σ* (phenol) and π → π* (aromatic) 

electron transitions, respectively (Fan et al., 2018). Prior to thermal/vacuum treatment and 

phenol exposure the 0.5% iron-silica PM surrogates yielded a maximum adsorption peak at 274 

nm (green curve, Figure 6.3). After thermal/vacuum treatment followed by phenol exposure, 

there was a shift in the maximum adsorption peak to 283 nm and broadening of the band greater 

than 300 nm (yellow curve, Figure 6.3). In short, both the silica and 0.5% iron-silica PM 

surrogates can indeed adsorb vapor-phase phenol at room temperature. 

 

 
Figure 6.2. 100-G scans derivative-of-absorption EPR spectra of silica before (red curve) and 

after heat and vacuum treatment and then exposed to phenol vapor at room temperature (blue 

curve) measured under vacuum. 
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 The broad adsorption band greater than 300 nm indicates polymeric behavior because 

conjugated polymers are known to adsorb in the 400–800 nm region (Su, 2013). These 

observations agree with Church and coworkers who reported quinone and hydroquinone 

polymers in cigarette smoke (Church et al., 1985). Generation of ROS was shown to be triggered 

by EPFRs (Scheme 1.3), whereas others reported quinone/hydroquinone polymers generated 

ROS (Church et al., 1985).  

Because the characterization of the iron formed could not be determined it is unclear 

exactly the reason(s) for phenol’s adsorption on the 0.5% iron-silica PM surrogate. However, a 

previous report did indicate phenol’s adsorption on a hematite material (McBride et al., 1991). 

Heating hematite at temperatures between 340–950 °C releases chemisorbed water (Breeuwsma, 

1973). The 0.5% iron-silica PM surrogate was treated with heat (T = 450 °C) and vacuum (P = 

0.1–0.01 Torr) for 1 h prior to phenol exposure. It is suggested that the heat/vacuum treatment 

removed amounts of chemisorbed water (hydroxides at Brønsted acid sites) and by maintaining 

the 0.5% iron-silica PM surrogate under vacuum (P = 0.1–0.01 Torr) at room temperature, 

 
Figure 6.3. Diffuse reflectance UV-Vis/NIR spectra of silica unexposed (red curve) and exposed 

to phenol vapor (blue curve) and 0.5% iron-silica PM surrogate unexposed (green curve) and 

exposed to phenol vapor (orange curve). 
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prevented amounts of water molecules to re-adsorb. As shown in Scheme 6.1, these sites allowed 

vapor-phase phenol to chemisorb. For silica the UV-Vis/NIR data (Figure 6.3) demonstrated 

phenol adsorbed through hydrogen bonding between the hydroxyl groups of the silica and phenol 

(Djebbar et al., 2012; Naono et al., 1980).  

 

It is also important to note the color change. Initially, the as-prepared 0.5% iron-silica 

PM surrogates exhibited a reddish-tan color. After, the  0.5% iron-silica PM surrogates were 

treated with heat (T = 450 °C) and vacuum (P = 0.1–0.01 Torr) for 1 h, cooled to room 

temperature under vacuum, and then exposed to vapor-phase phenol under vacuum, a stable gray 

color was observed. The gray color was stable at ambient conditions. Scheme 6.2 reports the 

colors observed during the different experimental steps for the 0.5% iron-silica PM surrogates. 

These reported color changes further confirm the adsorption of phenol on 0.5% iron- silica PM 

surrogates at room temperature.  

 
Scheme 6.1. Chemisorption of vapor-phase phenol on iron (Fe(III)) particle surface. 
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6.2. Heated phenol-exposed PM surrogates 

 The phenol-exposed 0.5% iron-silica PM surrogate used in Section 6.1 was then heated to 

450 °C for 1 h under ambient conditions. This yielded an increased intensity in the g = 4.270 

(distorted tetrahedral ferric sites) and narrow g = 2.003 ± 0.002 (ΔHp-p = 9.8 ± 0.1-G) EPR 

signals, as shown in Figure 6.4. Organic radical formation is known to occur at temperatures 

above 300 °C (Church et al., 1985; Loktev et al., 1976; Sawhney et al., 1984; Weckhuysen et al., 

1997). The increased response in the g = 2.003 EPR signal corresponds to the formation of 

organic radicals that follow the Curie-Weiss Law (Weckhuysen et al., 1997). Both the organic 

radicals and ferric ions associated with superparamagnetic nanoparticles (isolated ferric ions 

within extra-frameworks sites or iron oxide nanoparticles) obey the Curie-Weiss Law. However, 

when the phenol-exposed 0.5% iron-silica PM surrogate heated to 450 °C for 1 h under ambient 

conditions was exposed to ambient conditions for seven days and then heated at 120 °C  for 1 h 

under ambient conditions, no intensity changes at the g = 2.003 EPR signal were observed as 

shown in Figure 6.5. This supports that the 120 °C temperature treatment can be used to indicate 

the presence of ferric ions associated with superparamagnetic nanoparticles in ambient PM2.5. 

 
Scheme 6.2. Observed color changes for iron-silica PM surrogate during different experimental 

steps. 
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The ferric ions associated with superparamagnetic nanoparticles (Figure 5.3) yielding the g = 

2.003 EPR signal increased after being heated at 120 °C for 1 h under ambient conditions.  

 

 

 
Figure 6.4. Derivative-of-absorption EPR spectra of 0.5% iron-silica PM surrogate after heat and 

vacuum treatment and exposed to phenol at room temperature (red curve) measured at ambient 

conditions, and then after being heated to 450 °C for 1 h in ambient atmosphere (blue curve); (A, 

top) 5000-G scans and (B, bottom) 100-G scans. 
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To gain more chemical information on the phenol-exposed 0.5% iron-silica PM 

surrogates, thermogravimetric analysis was conducted. Figure 6.6 reveals there was a 1–2% 

weight loss at about 130 °C and 160 °C for both the phenol-exposed silica and 0.5% iron-silica 

PM surrogate, respectively. This indicates the loss of phenol because it has a boiling point of 

about 181 °C. Additionally, a 1% weight loss for the phenol-exposed 0.5% iron-silica PM 

surrogate was shown between the temperatures of 321–430 °C that is similar to the TGA results 

reported for poly(p-phenylene) in phenol-exposed clay systems (Nwosu et al., 2016). Polymer-

type materials have been suspected to be present in PM surrogates before, but lacked adequate 

evidence (Li et al., 2016; Yi et al., 2019). Importantly, this study now provides that evidence by 

using diffuse reflectance UV-Vis/NIR. It is suggested that phenol adsorbs to the oxygen atoms 

associated with ferric ions in distorted tetrahedral sites (due to the g = 4.270 EPR signal increase 

in Figure 6.4) and polymerize to a poly(p-phenylene) material. At elevated temperatures, the 

poly(p-phenylene) material would oxidize and yield radicals stabilized by delocalization shown 

 
Figure 6.5. 100-G scans derivative-of-absorption EPR spectra of thermally treated phenol-

exposed 0.5% iron-silica PM surrogate (red curve) and then exposed to ambient conditions for 

seven days (blue curve) and after 120 °C treatment for 1 h in ambient atmosphere (green curve) 

measured at ambient conditions. 
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in Scheme 6.3. These findings are further supported by Sawhney and coworkers who 

characterized the polymerization of 2,6-dimethylphenol in smectite materials and Yi and 

coworkers who identified dimer-type radicals by catechol degradation on hematite (Sawhney et 

al., 1984; Yi et al., 2019). 

 

 

 
Figure 6.6. Thermogravimetric analysis plots of unexposed and phenol-exposed silica and 0.5% 

iron-silica PM surrogates. 

 
Scheme 6.3. Proposed reaction showing stable radicals formed from the oxidation of adsorbed 

poly(p-phenylene) material on PM surrogates. 
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To further support the presence of having both organic radicals and ferric iron associated 

with superparamagnetic nanoparticles, soot and soot-iron PM surrogates were generated from the 

dual zone reaction system (Herring, 2013). As shown in Figure 6.7, the oxidation of 1-

methylnapthelene yielded a narrow g = 2.003 EPR signal (ΔHp-p = 100-G). The oxidation of 1-

methylnapathelene with iron also yielded a narrow g = 2.003 EPR signal (ΔHp-p = 47-G) as 

displayed in Figure 6.8. Interestingly, when the soot and soot-iron PM surrogates were placed 

under vacuum the ΔHp-p of soot decreased to 13-G while the soot-iron PM surrogate remained 

unaffected. The observed ΔHp-p of 13-G reported for soot is closer in value to the ΔHp-p of 9.8-G 

reported in the 0.5% iron-silica PM surrogates at the g = 2.003 EPR signal. The soot-iron PM 

surrogate ΔHp-p was not affected by the vacuum treatment (P = 0.1–0.01 Torr) due to overlapping 

~g = 2.003 EPR signals from the presence of organic radicals and iron oxide nanoparticles. The 

soot PM surrogate experienced a narrowing of the EPR signal when placed under vacuum that is 

possibly due to the removal of adsorbed organics (Ross et al., 1982). Previous studies on other 

materials with various iron concentrations also reported broadening effects around g = 2 during 

vacuum/heat treatments (Amama et al., 2005; Goldfarb et al., 1994; Tuel et al., 1998). Goldfarb 

and coworkers reported materials with 0.07% iron concentrations experienced broadening effects 

at g = 2 EPR signal due to the overlap of a narrow and broad EPR signal (Goldfarb et al., 1994). 

Also, particle size and number of iron oxide nanoparticles may influence the intensity and shape 

of the EPR signal at g = 2.003 but was not studied in this work. 
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6.3. Phenol-exposed ambient PM2.5 

 The phenol-exposure experimental steps conducted on the 0.5% iron-silica surrogates 

could not be used on the ambient PM2.5 supported on the PTFE filters. The melting point of the 

PTFE is 327 °C which is below the temperature used during heat treatment (T = 450 °C). So, the 

 
Figure 6.7. 100-G scans derivative-of-absorption EPR spectrum of soot PM surrogate before (red 

curve) and after heat and vacuum treatment (blue curve) measured under vacuum. 

 
Figure 6.8. 100-G scans derivative-of-absorption EPR spectrum of soot-iron PM surrogate 

before (red curve) and after heat and vacuum treatment (blue curve) measured under vacuum. 



77 

 

ambient PM2.5 supported on the PTFE filters were placed under vacuum treatment (P = 0.1–0.01 

Torr) for 1 h at room temperature and then exposed to vapor-phase phenol while maintaining 

vacuum (P = 0.1–0.01 Torr) for 5 min. As depicted in Figure 6.9, an increase in intensity of the g 

= 2.003 EPR signal (ΔHp-p = 9.8-G) was observed after vacuum treatment and a very small 

increase was observed after the samples were exposed to phenol. Like the soot PM surrogate 

(discussed in Section 6.2), the vacuum may have removed adsorbed organics that would yield an 

increased intensity in the g = 2.003 EPR signal.  
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6.4. Simulated sunlight effects on ambient PM2.5 

 It was previously reported that simulated sunlight treatment on ambient PM2.5 yields an 

increased intensity at the g = 2.003 EPR signal (Gehling, 2013). First experimental treatment 

should be addressed. Gehling used an extraction technique to remove ambient PM2.5 from a 

 

 
Figure 6.9. 100-G scans derivative-of-absorption EPR spectra of ambient PM2.5 collected on 

PFTE filter before (red curve), after vacuum treatment (blue curve) measured under vacuum, and 

exposed to phenol (green curve) measured under vacuum; (A, top) Sample ID P2916124 and (B, 

bottom) Sample ID P2916127. 
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microglass fiber filter (Gehling, 2013). The extracted ambient PM2.5 was heated to 120 °C for 5 

hours (referred to as treated PM2.5) prior to conducting simulated sunlight experiments. As 

discussed earlier, ambient PM2.5 collected on the PTFE filter (untreated PM2.5) heated to 120 °C 

can have an increased intensity at the g = 2.003 EPR signal (Figure 5.4). Thus, heating extracted 

ambient PM2.5 to 120 °C for 5 hours may not be the best approach. 

 When the treated ambient PM2.5 was exposed to simulated sunlight, an increased intensity 

at g = 2.003 EPR signal was observed as shown in Figure 6.10. However, when the treated 

ambient PM2.5 was stored at 0 °C for four weeks and then exposed to simulated sunlight there 

were no intensity changes at the g = 2.003 EPR signal as displayed in Figure 6.11. This suggests 

that the extraction procedures or storing method needs further investigation. 

 

 

 
Figure 6.10. 100-G scans derivative-of-absorption EPR spectrum of treated ambient PM2.5 before 

(red curve) and after exposure to simulated sunlight for 60 minutes (blue curve). 



80 

 

 

It was hypothesized that exposure of simulated sunlight will generate higher 

concentrations of radicals in ambient PM2.5. This was not the case for ambient PM2.5 collected on 

PTFE filters. Simulated sunlight treatment did not affect the intensity of the g = 2.003 EPR 

signal as show in Figure 6.12. Control experiments where ambient PM2.5 was not exposed to 

simulated sunlight also showed no intensity differences at the g = 2.003 EPR signal, as depicted 

 

 
Figure 6.11. 100-G scans derivative-of-absorption EPR spectrum of four week old treated 

ambient PM2.5 before (red curve) and after exposure to simulated sunlight (blue curve) for 60 

minutes; (A, top) sample one and (B, bottom) sample two. 
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in Figure 6.13. Furthermore, clean PTFE filters did not yield a g = 2.003 EPR signal during the 

experimental treatment, as shown in Figure 6.14. In conclusion, ambient PM2.5 collected on 

PTFE filter was not affected by simulated sunlight for an exposure period of 60 minutes at the g 

= 2.003 EPR signal.  

 

 
Figure 6.12. 100-G scans derivative-of-absorption EPR spectrum of different ambient PM2.5 

collected on PTFE filters before (red curve) and after exposure to simulated sunlight for 30 

minutes (blue curve), and 60 minutes (green curve). 
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Figure 6.13. 100-G scans derivative-of-absorption EPR spectrum of different ambient PM2.5 

collected on PTFE filters before (red curve) and after 30 minutes (blue curve), and 60 minutes 

(green curve) in the environmental chamber. 

 
Figure 6.14. 100-G scans derivative-of-absorption EPR spectrum of different PTFE filters before 

(red curve) and after exposure to simulated sunlight for 30 minutes (blue curve), and 60 minutes 

(green curve). 
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Through imaging, differences in particle behavior were observed between the ambient 

PM2.5 samples. As shown in Image 6.1, the treated ambient PM2.5 did not exhibit aggregation 

behavior unlike the ambient PM2.5 collected on the PTFE filter (see Image 3.3). When there is 

less aggregation more particle surface areas are exposed to the simulated sunlight. The increased 

intensity at the g = 2.003 EPR signal (Figure 6.10) after exposure to simulated sunlight for the 

treated ambient PM2.5 could be due to an increase in the exposed particle surfaces. Also, the 

treated ambient PM2.5 particles appear to have a shell thickness of ~0.8 m from 

polydimethylsiloxane contamination (Image 6.1). Polydimethylsiloxane was used in the method 

discussed in Section 2.1.2. Also, the shell thickness is a concern because it may interfere with the 

free radical formation that occurs on surfaces of metal oxides.  

 

 

 
Image 6.1. TEM image of treated ambient PM2.5 (see Section 2.1.2 for method). 
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CHAPTER 7. CONCLUSIONS 

7.1. Summary and conclusions 

Free radicals have been previously revealed to yield a narrow g = 2 EPR signal in 

ambient PM2.5 and PM surrogates. To help understand the free radical behavior in ambient PM2.5, 

samples were compared to synthetically prepared PM surrogates. Various vacuum and heating 

experiments were conducted to examine the EPR signals at g-factor values of 4.3, 2.3, 2.1, and 2 

(narrow and broad EPR signal shapes).  

The g = 4.270 and broad g = 2.141 EPR signals detected in the iron-silica PM surrogates 

are associated with ferric ions in distorted coordination environments and either undistorted 

tetrahedral or octahedral coordination environments, respectively. Hydration and dehydration of 

the Brønsted acid sites led to changes in the intensity of these two signals. In PM2.5, the g = 4.270 

and broad g = 2.414 EPR signals were not observed because of PM2.5’s complex composition. 

However, heat treatment on ambient PM2.5 did yield an increased intensity in the narrow g = 

2.003 EPR signal. This behavior was identical to observations reported for the 0.5% iron-silica 

PM surrogates. In the phenol-exposed 0.5% iron-silica surrogates, heating to 450 °C led to the 

formation of free radicals that yielded a narrow g = 2.003 EPR signal. The free radicals were 

stabilized by delocalization of an oxidized poly(p-phenylene) material. In unexposed 0.5% iron-

silica PM surrogates ferric ions associated with superparamagnetic nanoparticles (isolated ferric 

ions in extra-frameworks or iron oxide nanoparticles less than 4 nm in diameter) also yielded a 

narrow g = 2.003 EPR signal. When the nanoparticles were heated to 120 °C in ambient 

atmosphere, the intensity of the g = 2.003 EPR signal increased, whereas no intensity changes 

were observed for the free radicals. This increase was due to ferromagnetic nanoparticles 

transitioning to a superparamagnetic state. Heating ambient PM2.5 to 120 °C also yielded an 
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increased intensity of the narrow g = 2.003 EPR signal demonstrating the presence of 

superparamagnetic nanoparticles. 

Additionally, the 3% iron-silica PM surrogates yielded a g = 2.300 EPR signal and 

ambient PM2.5 yielded a g = 2.128 EPR signal. Both EPR signals correspond to the presence of 

iron aggregates. Finally, the PM surrogates, silica, and clean PTFE filters yielded a small narrow 

g = 2.003 EPR signal that indicates contamination from adventitious carbon. 

The following hypotheses were assumed: (1) ambient PM2.5 and PM surrogates with 

higher metal content will have higher concentrations of radicals; (2) ambient PM2.5 and PM 

surrogates exposed to vapor-phase phenol will produce higher concentrations of radicals; and (3) 

exposure of simulated sunlight will generate higher concentrations of radicals in ambient PM2.5. 

All these hypotheses were disproven. Exposure of vapor-phase phenol at room temperature to 

PM surrogates did not lead to the formation of free radicals/EPFRs even when metal content was 

increased. However, oxidation of the phenol-exposed PM surrogates led to the formation of free 

radicals. Evacuation of ambient PM2.5 samples increased the narrow g = 2.003 EPR signal and 

another increase was observed upon exposure to vapor-phase phenol. However, it is unclear if 

the increase after exposure to vapor-phase phenol was due to free radical formation or removal 

of water/organics. Exposure of simulated sunlight did not increase the free radicals EPR signal at 

g = 2.003 for ambient PM2.5 supported on PTFE filters.  

The following conclusions were made as a result of the findings from the present study: 

(1) presence of adventitious carbon can yield a small narrow g = 2 EPR signal; (2) oxidized 

poly(p-phenylene) material led to free radical formation that yields a narrow g = 2 EPR signal; 

(3) phenol can adsorb at room temperature to the iron-silica PM surrogates, but absence from 

EPFR formation; (4) ferric ions associated with superparamagnetic nanoparticles also yield a 
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narrow g = 2 EPR signal and were detected in ambient PM2.5 and 0.5% iron-silica PM 

surrogates; and (5) simulated sunlight had no effect on the narrow g = 2 EPR signal detected in 

ambient PM2.5 supported on PTFE filters.  

It should be noted that some of these conclusions were rationalized. Working with low 

metal concentrations and real-world particulate matter poses many challenges. Regardless, the 

present study has gained more insight in understanding these difficulties.    

7.2. Future work 

 Future analyses should consider using another characterization technique like Mössbauer 

spectroscopy. Using both Mössbauer and diffuse reflectance UV-Vis/NIR spectroscopy would 

resolve some of the uncertainty if they were designed for in situ spectroscopic experiments. 

Diffuse reflectance UV-Vis/NIR spectroscopy can determine changes in coordination 

environments and Mössbauer spectroscopy can determine the oxidation state of iron in the PM 

surrogates. Determining whether iron is oxidizing or reducing at each of the experimental steps 

will explain or further support the chemical reaction(s) occurring on the particle surfaces. This 

present study was not able to confirm the PM surrogates chemical changes during heat (T = 450 

°C) and vacuum (P = 0.1–0.01 Torr) treatment for 1 h. Only the color change of the PM 

surrogate from a reddish-orange color to an unstable pale gray color was observed. Diffuse 

reflectance UV-Vis/NIR spectroscopy could indicate if the color change was a result of ferric 

ions migrating during heat/vacuum treatment. Also, Mössbauer spectroscopy data could further 

confirm if the adsorption of phenol on the PM surrogates did not change the oxidation state of 

iron. 

 Measuring samples by EPR spectroscopy using low temperatures may also provide 

valuable information in the changes of the oxidation states (Herring et al., 2015). Splitting of the 
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energy levels increase at lower temperatures which helps to ensure the highest EPR signal 

intensities are achieved (Rouault, 2017). Freezing the sample also decreases the dielectric loss 

which will improve the sensitivity of the instrument (Rouault, 2017). 

 Another future work idea is to prepare PM surrogates with different iron concentrations 

and conduct TEM during in situ experiments. This might allow one to examine aggregation 

behavior of iron particles. However, the present study was not able to distinguish between the 

amorphous iron and silica particles by TEM. A homogeneous catalyst could be considered 

because the amorphous iron particles are less likely to aggregate, making it easier to identify 

their sizes by TEM. Also, a homogeneous catalyst would allow control on the particle sizes of 

iron. Thus, it could be demonstrated by creating particles less than 4 nm in diameter yields a 

narrow g = 2.003 EPR signal and particles greater than 4 nm in diameter does not. Furthermore, 

after heat (T = 450 °C) and vacuum (P = 0.1–0.01 Torr) treatment for 1 h on a homogeneous 

catalyst, TEM could confirm if this treatment led to smaller particle sizes of iron without needing 

to do in situ experiments. A previous study observed less aggregation and smaller particle sizes 

of cobalt after heat and vacuum treatment on a cobalt-silica catalyst (Zhou et al., 2011). After 

heat/vacuum experiments, the different particle sizes of the homogeneous catalysts could be 

exposed to the vapor-phase phenol and oxidized to observe if the smaller metal particle sizes 

generate more free radicals.  

 Further investigation conducting heat/vacuum treatments on other metals such as zinc-

silica and copper-silica PM surrogates can help understand if the other metal ions associated with 

superparamagnetic nanoparticles can yield a narrow g = 2.003 EPR signal. If other types of 

metals can yield the narrow g = 2.003 EPR signal, then the observed narrow g = 2.003 EPR 
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signal after 120 °C treatment in ambient PM2.5 may be influenced by the presence of those other 

metals.  

Future work should also assess if the small narrow g = 2.003 EPR signal is due to 

contamination, water/humidity effects, or adventitious carbon. It would be best to maintain the 

silica, PM surrogates, and PTFE filters in a cleanroom to keep it away from any exposure of 

particulates from the laboratory. If contamination is not the reasons for the EPR signal then EPR 

measurements of the silica, PM surrogates, and PTFE filters should be conducted under nitrogen 

and the EPR instrument should be in a room with low levels of humidity. This will help to 

determine if the g = 2.003 EPR signal is an artifact of water/humidity. If the nature of the EPR 

signal is still unclear, then grinding techniques used to prepare the silica and PM surrogates 

should be examined. It has been shown that grinding silica produces radicals on the particle 

surface (Vallyathan et al., 1988). Increasing the amount of time of grinding may show increases 

in the intensity of the small narrow g = 2.003 EPR signal. Also, it could be possible that the 

grinding is charging particle surfaces that could attract charged particulates from the atmosphere 

(i.e., adventitious carbon). Preparing the PM surrogates without grinding may demonstrate if 

there is a correlation or not between grinding and the narrow g = 2.003 EPR signal. 
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