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 ABSTRACT 

The details of the work presented in this dissertation focus on simulated reactions 

in the atmosphere and water systems between persistent aromatic compounds and varying 

species of metals with an emphasis on iron. Bulk water suspensions of a standard soil and 

polycyclic aromatic hydrocarbons (PAH) were analyzed for soluble iron by inductively-

coupled plasma mass spectroscopy (ICP-MS) following a 16 hour reaction period using 

simulated sunlight. Significant increases in soluble iron were only seen with 2-3 ring 

linear PAH and carboxylic acids.  

A two-stage study was conducted to investigate the potential for and possible 

mechanisms involving the photo-oxidation of PAH into humic-like substances (HULIS). 

Aqueous suspensions of PAH and oxidized PAH products are illuminated by a bench 

solar simulator and resulting samples are analyzed by high-pressure liquid 

chromatography (HPLC), UV-Vis, attenuated total reflectance Fourier transformer 

infrared spectroscopy (ATR-FTIR), solid-phase extraction (SPE), and electrospray 

ionization/atmospheric pressure chemical ionization mass spectroscopy (ESI/APCI-MS). 

HULIS production is based on comparison to SRFA and is observed in short chain PAH 

following a surface dependent path through naphthalene derivative intermediate 

structures. These results help explain brown carbon and health effects observed in areas 

affected by urban emissions.   
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CHAPTER ONE: INTRODUCTION 

 1.1 Persistent Pollutants 

Anthropogenic pollutants such as polycyclic aromatic hydrocarbons (Kim et al. 

2013) (PAH) are considered persistent due to their consistent tendency to remain in the 

environment for extended periods of time. They are often observed to remain stable in the 

environment up to several days. They are consistently difficult to capture and remove, 

therefore they are labeled as persistent organic pollutants (POP) (Joss et al. 2005; 

Andreae and Gelencser 2006). These POP are introduced to the environment directly 

through many methods, but primarily via combustion of carbon-based fuels. Despite their 

inherent stability in the environment, POP poses a toxic threat to biological systems (Kim 

and Aga 2007; Corcoran et al. 2010). The association with oxy-radical generation of 

atmospheric PAH implicates them with respiratory illness and some are considered 

highly carcinogenic (Graber and Rudich 2006; Kim et al. 2013). POPs in wastewater are 

historically difficult to remove from urban water supplies (Joss et al. 2005). Presentations 

of these in water systems are known to cause mutations in aquatic life (Corcoran et al. 

2010) and are potentially linked with altered or accelerated biological processes in 

humans (Kim and Aga 2007). PAH released into the atmosphere can be difficult to 

remove and traditional filtration systems in wastewater renewal processes are not able to 

capture other POP. Therefore these waste products can only be removed or transformed 

via chemical oxidation processes (Joss et al. 2005; Graber and Rudich 2006). 
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1.2 HULIS and Humic Character 

Humic material is defined as groups of organic compounds which are highly 

oxidized hydrocarbons with strongly aromatic olefin systems (Andreae and Gelencser 

2006; Graber and Rudich 2006). Humic-like substances (HULIS), fulvic, and humic acids 

all share structure, functionality, and behavior despite their difference in mass range. 

These differences are seen as being due to their respective environments of development, 

i.e. atmospheric, aqueous, and terrestrial-borne. Humic and fulvic acids are known to 

form from aliphatic hydrocarbons by oxidative pathways mediated via bacterial 

processing (Graber and Rudich 2006). The exact formation pathways for HULIS in the 

atmosphere are unknown. Shared functional groups include significant aromatic regions 

connected by and to oxidized groups, such as ether, ester, carboxylic acid and hydroxyl 

groups (Graber and Rudich 2006). All humic samples collected in the field will contain 

some remaining aliphatic regions from the organic material from which they were 

produced. This wide array of functionality allows humic species to be both water and 

methanol soluble, lending to their ability to facilitate a diverse number of aqueous and 

organic phase processes. Behaviorally, dissolved humic substances demonstrate a 

characteristic light absorption gradient (Andreae and Gelencser 2006) from high 

absorption in the UV wavelength region to lower absorption in higher wavelengths 

throughout the visible region, allowing them to be considered a principle component of 

brown carbon (Andreae and Gelencser 2006). The combination of regions of aromaticity 

and oxidation allows them to be implicated in interactions involving the reaction with and 

production of highly oxidizing compounds as well as acting as nutrient mobilizers in 
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biological systems (Canellas et al. 2015). The effect of electron shuttling to reduce ferric 

oxides on biological processes has led some to connect humic substances with the 

development of abiogenesis (Piepenbrock et al. 2014).  

1.3 Environmentally Relevant Iron Species 

Humic substances have a known relationship with environmental metals, 

including iron. In atmospheric and aqueous systems humics have been connected with 

aiding in bringing insoluble metals into a soluble and bioavailable state (Piepenbrock et 

al. 2014). Metals in the environment pose a significant risk to biological systems 

(Valavanidis et al. 2008). Most redox active metals in their soluble state are potentially 

bioavailable and can act as catalysts (Anipsitakis and Dionysiou 2004) to disrupt 

naturally occurring energy cycles or can act as metal poisoning by direct toxic pathways 

inherent in their character. The solubility of iron can be affected by several factors; 

however the two main features include reduction of ferric iron in the environment into a 

soluble ferrous state (Levar et al. 2017) and complexation of water soluble organic 

ligands (Willey et al. 2015), similar to siderophore-like behavior. Ferrous iron is very 

soluble and easily participates in Fenton behavior (Anipsitakis and Dionysiou 2004) with 

available oxygen in producing highly reactive radicals (Valavanidis et al. 2008). Other 

metals known for their redox activity in the environment may also readily participate in 

these electron-transfer reactions and are therefore considered similarly harmful. Along 

with metals, PAH are also heavily correlated with the production of reactive oxygen 

species (ROS) (Valavanidis et al. 2008). 
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1.4 Reactive Oxygen Species 

ROS compounds are generally defined as oxygen-centered radicals, such as 

hydroxyl radical (OH) and superoxide radical (O2
-
) (Valavanidis et al. 2008), but can also 

include other high-energy state oxygen reagents, including singlet oxygen (
1
O2), 

hydroperoxyl (HO2), and ozone (O3). OH is considered to be the strongest oxidizer 

among ROS, and typically operates by homolytically cleaving acidic hydrogens (Wols 

and Hofman-Caris 2012) to form water and thus creating an unstable hydrocarbon 

radical. Further reactions between these radicals can casue a radical cascade (Wols and 

Hofman-Caris 2012) and lead to atmospheric light absorbing compounds, affecting the 

Earth’s energy balance (Andreae and Gelencser 2006; Wols and Hofman-Caris 2012). 

Superoxide is also a strong oxidizing radical. It may produce peroxide bridge 

intermediate structures within hydrocarbon chains and peroxy acids on oxidized end 

groups. These can easily breakdown to form other oxygen-centered radicals, including 

OH. Singlet and hydroperoxyl species are comparatively milder as oxidizers, but are 

known to react with dienes and alkenes (Wols and Hofman-Caris 2012; Zhu et al. 2013) 

to form hydroperoxides and alkylperoxide radicals, respectively. ROS can evolve from a 

variety of sources and generally result from oxygen supplied to high energy 

environments, as is discussed next. 

1.5 Radical Generating Environments 

The production of ROS is not entirely known but is typically seen as evolving 

from redox processes (Wols and Hofman-Caris 2012) due to the presence of locally 

increased electron density, such as aromatic species and transition metals or from known 
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oxidizing organic acids. These conditions may be more efficient with this production 

with exposures to UV or high temperatures and pressures producing high energy 

environments. OH is produced mainly from redox-active metals and PAH using 

surrounding oxygen sources, such as dissolved oxygen and water (Valavanidis et al. 

2008), to create hydrogen peroxide intermediates. Ferrous iron is a highly prominent 

source for OH, however ferric iron can also be used by becoming reduced in a more 

complex chain of oxidation reactions (Anipsitakis and Dionysiou 2004). This process is 

understandably slower. Dissolved oxygen and peroxides exposed to UV can create 

superoxide and hydroxyl radicals, respectively. This exposure can also promote elemental 

oxygen electrons to an excited-state to create singlet oxygen (Wols and Hofman-Caris 

2012).. The addition of oxygen to this system allows for robust radical generation and 

therefore may enhance oxidation of these compounds. 

1.6 Analytical Techniques 

Metal content of samples are analyzed by inductively-coupled plasma mass 

spectroscopy (ICP-MS) following acid-assisted microwave digestion. Acidity of bulk 

samples are tested unfiltered and unacidified by pH-meter measured by a microprobe. 

Light absorbance character for these samples is tested by UV-vis spectroscopy from 

wavelengths of 220 to 700 nm. Quantity and overall product character of organic 

materials are evaluated by high-performance liquid chromatography (HPLC) using 

reversed-phase columns packed with C18-coated silica beads containing 80 Å pore size. 

Identification of organic functional groups are performed by attenuated total reflectance 

Fourier-transformer infrared spectroscopy (ATR-FTIR) using an evaporative application 
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process on a diamond crystal for sample analysis. Separation of HULIS-specific products 

is accomplished by solid-phase extraction (SPE) using multifunctional retention groups 

on silica beads. Overall mass of organic products is analyzed by electrospray-ionization 

and atmospheric pressure chemical ionization mass spectroscopy (ESI/APCI-MS) using 

both positive and negative modes. The largely varying compounds that make up HULIS 

material does not allow for a standard reference material (Graber and Rudich 2006) for a 

comparison. Therefore this project will use the most common humic material used by 

other bench and field studies, Suwannee River Fulvic Acid (SRFA) (Graber and Rudich 

2006). Despite the fulvic acid nature, this material is known to display similar character 

to observed HULIS. This study represents the culmination of bench studies and 

observations of these techniques in the conversion of metal species during the oxidation 

and transformation of organic material. These experiments are meant to represent 

naturally occurring reactions, with a focus on the transition of persistent organic 

pollutants from atmospheric aqueous environments which may be mediated by reactive 

oxygen species. 
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CHAPTER TWO: ROLE OF POLYCYCLIC AROMATIC HYDROCARBONS 

ON THE PHOTO-CATALYZED SOLUBILIZATION OF ATMOSPHERIC IRON 

2.1 Abstract 

Deposition of soluble atmospheric iron plays an essential role in the carbon, 

sulfur, and other biogeochemical cycles, affecting the Earth’s energy balance and human 

health. Anthropogenic iron emissions are observed to be much more soluble than within 

collected dust samples. Global production of soluble iron may be due, in part, to 

atmospheric processing of soil and polycyclic aromatic hydrocarbons (PAH) emitted as 

anthropogenic and biomass burning products. The production of soluble iron is monitored 

by illuminating an aqueous suspension of a soil within various PAH bulk water matrices. 

Significant increases in soluble iron from soil are observed with oxidized and short-chain 

PAH, including phthalic acid, naphthalene, and anthracene. In terms of soluble Fe 

formation, the most photo-sensitive PAH observed is anthracene as these samples in the 

dark demonstrate little-to-no produced soluble iron. Results of these reactions show some 

correlation, but no dependence upon, system acidity or dissolved organics. Also 

comparisons of reactions between PAH demonstrate patterns of stability related to the 

individual aromatic structures of the organic reagents. The data presented in this study 

suggest that the solubilization of atmospheric iron is likely due to surface-interaction 

catalysis on PM containing PAH. To our knowledge, this is the first bench study 
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investigating the specific impact of PAH on the photo-catalyzed production of soluble 

elements from a soil source. 

2.2 Introduction 

Every year, 50-60 Tg of iron (Fe) enters the atmosphere, with 90-95% coming 

from wind-swept sand and soil (Jickells et al. 2005; Mahowald et al. 2005; Mahowald et 

al. 2009), collectively called dust. The presence of iron in ecosystems has major 

implications on carbon and sulfur cycles (VanCappellen and Wang 1996), redox 

environments (Lecuyer and Ricard 1999), and nutrient availability (Jickells et al. 2005). 

There are very few studies which have investigated how Fe solubility is affected by 

specific organic components of PM in atmospheric conditions (Chuang et al. 2005). Iron 

deposition in water systems is implicated with the viability of ocean biota (Takeda 1998), 

as a limiting nutrient for phytoplankton production in about half the world’s oceans 

(Martin and Fitzwater 1988; Boyd et al. 2000; Moore et al. 2013). In both environmental 

and biological fluids, soluble metals, including iron, contribute to the production of 

reactive oxygen species, such as superoxide and hydroxyl radical (Shafer et al. 2010; 

Verma et al. 2010), which contribute to oxidative damage in lung tissue (Meneghini 

1997; Fenoglio et al. 2001; Knaapen et al. 2002).  The presence of iron in radical 

producing environments, such as sunlight, may catalyze the cleavage of water molecules 

and possibly excite pi-system electrons in aromatic organic compounds, ultimately 

producing solubilized iron and the previously mentioned radicals (Babu et al. 2001). An 

overall reaction involving electron transfer processes between radicals and iron-

containing particles, analogous to a Fenton reaction, would contribute to soluble iron and 
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oxidized organic species (Chacon et al. 2006; Baba et al. 2015). For the atmosphere, there 

are only very limited studies which have monitored how the production of these 

oxygenated species affect other PM components (Akhtar et al. 2010).  

There are several environmental pathways that convert insoluble iron to a soluble 

form.  The major mechanisms involve reduction from the insoluble ferric to the more 

soluble ferrous iron through an electron donor (Diaz-Quintana et al. 1998; Levar et al. 

2017).  Ligand complexation of ferrous and ferric iron with soluble organic compounds 

can bring otherwise insoluble iron into a soluble state (Bridge and Johnson 1998; Willey 

et al. 2015). The production of soluble iron can also be inherent in the emissions of 

combustion reactions (Sedwick et al. 2007; Sholkovitz et al. 2009).  Electron donor 

reduction processes typically involve oxygen radicals such as the superoxide radical 

(Valavanidis et al. 2000; Garg et al. 2007) or electron-rich aromatics such as 

anthraquinone (Vile et al. 1987; Faiola et al. 2011).  Complexation reactions of iron use 

water soluble organic species with oxygen-containing groups, carboxylic acids for 

example, to chelate the typically insoluble ferric iron and bring the iron into a soluble 

state (Paris et al. 2011; Baba et al. 2015). Combustion sources are considered as direct 

contributors of atmospheric soluble iron (Luo et al. 2008). Formation of soluble iron on 

aged particles have been  monitored by the ratio of ferrous and ferric iron composition 

based on XANES studies (Majestic et al. 2007; Schroth et al. 2009; Oakes et al. 2012) 

while other direct emission sources, such as from vehicle exhaust, are less well known. 

Globally, major contributions of soluble iron have been attributed to biofuel 

burning (Oakes et al. 2012) and combustion processes, including biomass burning (Guieu 
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et al. 2005; Sholkovitz et al. 2009). However, the higher observed total iron deposition, 

uncertainty, and temporal variability of soluble iron from these regions are not accounted 

for by solely these emissions (Fung et al. 2000; Hand et al. 2004; Jickells et al. 2005; Luo 

et al. 2005; Johnson et al. 2010; Luo and Gao 2010) and therefore are likely due to the 

addition of soluble iron from external sources such as atmospheric processing of 

insoluble iron in transported dust (Mahowald et al. 2009; Longo et al. 2016; Rizzolo et al. 

2017).  

Polycyclic aromatic hydrocarbons (PAH) are ubiquitous in PM sourced from 

combustion reactions, particularly biomass burning (BB) emission (Ravindra et al. 2008; 

Zhang and Tao 2009; Balachandran et al. 2013), with PAH concentrations at about 500 

ppm by mass (Balachandran et al. 2013). PAH produced in these reactions range from 

two to five ring centers, with a majority containing 2-3 rings (Zhang and Tao 2009). Due 

to the stability of the aromatic ring, PAH parent chains and their oxidized byproducts can 

sustain extended lifetimes and remain in the atmosphere from hours to weeks (Bamforth 

and Singleton 2005; Reisen and Arey 2005; Zhang and Tao 2009). In oxidizing 

environments naphthalene can be rapidly converted to naphthol and other oxidized 

derivatives (Cerniglia et al. 1983; Pei et al. 2013; Kim et al. 2016) and anthracene is 

readily oxidized to anthraquinone (Faiola et al. 2011). As persistent pollutants, 

atmospheric PAH experience longer exposures to sunlight, entrainment into clouds, and 

therefore potentially undergo many oxidizing reactions (Bamforth and Singleton 2005; 

Lundstedt et al. 2007; Tsapakis and Stephanou 2007). In these conditions PAH can 

further oxidize to form an array of more complex oxidized PAH (oxPAH). These 
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additional functional groups may include one or combinations of multiple carboxylic acid 

groups, carbonyl and hydroxide groups, ring-openings and linkage via condensation 

reactions (Perraudin et al. 2007; Ringuet et al. 2012; Paris and Desboeufs 2013; Baba et 

al. 2015).  

Naphthalene, for example, has been shown to convert to phthalic acid (a 

dicarboxylic acid) with a silica catalyst under 300 nm irradiation (Barbas et al. 1993). 

Previous studies have demonstrated a significant decrease in iron oxidation in the 

presence of phthalic acid (Santana-Casiano et al. 2004), suggesting an affinity to soluble 

iron and perhaps increased complexation relative to the unoxidized PAH. This further 

suggests that phthalic acid and other dissolved organic matter may stabilize the more 

soluble ferrous ion (Willey et al. 2008) and possibly enhance the solubilization of iron in 

reductive conditions. 

This project is among the first to test how components of primary organic 

emissions, specifically PAH, affect Fe solubility in atmospheric cloud water processes, 

particularly in the presence of sunlight (i.e., photochemistry). Specifically, this study 

aims to determine the impact that sunlight may provide to the interaction between 

insoluble iron and aqueous PAH suspensions. Saturated PAH suspensions, ranging from 

2-5 aromatic centers, are combined with a soil suspension as an iron source and 

illuminated with sunlight provided by a solar simulator. Any production of soluble iron 

due to oxPAH would be expected to increase over longer exposure times and decrease for 

shorter times. In an effort to evaluate an overall effect based solely between different 

organic matrices, each assay is treated under identical conditions using a set exposure 
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time. Our preliminary experiments showed that soluble iron tended to peak around 12 hrs 

into the light.  Therefore, we apply a total illumination time of 16 hours; this also 

represents expected sunlight on the longest day of the year. Soluble iron from these 

assays focus on the comparison of pre and post reaction soluble iron between lighted 

samples and control samples kept in the dark. 

2.3 Experimental 

2.3.1 Materials 

All experiments and sample preparation were performed under a laminar-flow 

hood using HEPA-filtered air. Plastic tubes, bottles, and syringes were cleaned and 

prepared using a series of overnight acid baths. The first of these was a reagent grade 

10% nitric acid (Fisher Scientific, Waltham, MA) bath, followed by reagent grade 10% 

hydrochloric acid (Fisher Scientific, Waltham, MA), and a final resting bath of trace-

metal grade 3% nitric acid (EMD, Gibbstown, NJ). Between each bath, these materials 

were put through a rigorous triplicate rinse using ultrapure water with a resistance of 18.2 

MΩ (ThermoScientific Nanopure, Waltham, MA). 

To reduce the potential for reagent residue contamination of the reaction vessel, a 

revised version of the plastic cleaning method was developed. This cleaning method was 

used to remove residual iron and organic material from the reaction liner walls, resulting 

in a decrease in blank iron data to below detection limits. Teflon beaker liners were 

cleaned through a succession of solvent treatments. This process starts with an acetone 

rinse followed by an overnight bath of 100% HPLC-grade acetonitrile, then a final 
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overnight bath in 5% trace-metal grade nitric acid including a pre and post-bath triplicate 

rinse with 18.2 MΩ purified water.  

0.20 micron syringe filters (Whatman, Marlborough, MA) were prepared by 

flushing a series of 5 mL aliquots of dilute acid and clean water. An initial rinse of 10% 

trace-metal grade hydrochloric acid is followed by a rinse with 18.2 MΩ purified water, 

then a 5% nitric acid rinse is followed by five flushes of 18.2 MΩ purified water. 

2.3.2 Reagents 

The iron source for this study was the NIST standard San Joaquin soil (NIST 

SRM 2709a), certified 3.3% iron by mass. 99% naphthalene, 99% anthracene, 97% 

phenanthrene, 98% pyrene, and 98% benzo(e)pyrene (Sigma, Fisher), in addition to 

concentrated formic acid (Sigma) and 99.5% phthalic acid (Sigma) were the organic 

components for these reactions. All of these reagents were used as received without 

further purification. Simulated sunlight was provided by an Oriel Sol 1A solar simulator 

using an Air Mass, AM 1.5 Global Filter (Newport). This simulator is calibrated to 

partition light into 5.4% UV, 54.7% visible, and 39.9% IR spectra at an overall flux of 

1550 Wm
-2

 (Newport), considered to be equivalent to one sun at sea level at its zenith. 

All samples are illuminated for 16 hours to reflect the total exposure of sunlight during 

summer solstice. 

2.3.3 Methods 

An appropriate amount of NIST soil was added to purified water to produce a 

stock suspension containing 25 ppm total iron. Aqueous solvents of PAH were created by 

adding 100 mg of organic crystals to 200 mL of purified water to obtain a total 
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concentration of 500 ppm, with benzo(e)pyrene tested at 100 ppm. Note that organic 

buffers were not used in these solvents in order to avoid potential interferences and 

preserve the specific reactivity of the target PAH compounds (Spokes et al. 1994). 

Similar to previous studies (Pehkonen et al. 1993), the soluble organic acids formic and 

phthalic acid were individually tested at a concentration of 6mM correlating to 276 and 

996 ppm, respectively. These mixtures are then capped, inverted ten times, and stored at 

room temperature in the dark. Preliminary experiments showed extremely high variability 

when the organic fraction was not allowed to equilibrate prior to adding the iron source. 

Thus, each organic reagent suspension is held in the dark for 24 hours to allow the very 

slightly soluble solids to reach equilibrium with the ultrapure water.  

The reaction vessels are comprised of 100 mL Teflon liners inside jacketed glass 

beakers which are temperature controlled at 25° Celcius by water flow from a chiller 

pump. Each sample solution is prepared by spiking 100 mL of aqueous organic solvent 

with 1 mL of soil stock. Soil suspensions are homogenized by rigorous agitation using a 

Teflon stir bar. To avoid significant sedimentation, soil aliquots are drawn within 10 

seconds of agitation. Illuminated samples were held at 25 degrees Celsius with stirring 

open to the atmosphere for 16 hours under a controlled light using the calibrated solar 

simulator lamp. Control samples were conducted under identical conditions, except were 

kept in the dark. Simultaneous reactions of dark samples were conducted by covering an 

additional reaction vessel with a commercially available aluminum foil. Sample loss by 

evaporation was reduced by temperature control and tracked gravimetrically. Loss from 
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dark samples was insignificant and light sample losses were found to be less than 10% 

which were included in the analysis calculations. 

Sample aliquots of 2 mL were removed at the beginning and end of the reaction 

period. Samples are prepared for analysis of soluble iron by adding directly into a syringe 

and filtered at 0.2 μm into a 15 mL polypropylene centrifuge tube. These samples were 

acidified to 5% nitric acid and analyzed by inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7700) using indium as an internal standard. Values of 

each assay represent triplicate data collected using identical methodologies as described 

above. 

Total iron values in these samples are consistent with listed SRM values and were 

confirmed by preparing an unfiltered aliquot of sample using acid-assisted microwave 

digestion and analyzed by ICP-MS. This digestion process uses concentrated trace-metal 

grade acids followed by ultrapure water addition to 2% nitric, resulting in a 5:1 total 

dilution for recovery analysis. Iron concentrations in samples were determined via 

inductively-coupled plasma mass spectroscopy (ICP-MS) with active calibration to 50 

ppb, other metal concentrations were similarly analyzed with calibrations to 5 ppb. 

Overall reaction systems are analyzed for pre- and post-reaction conditions with a focus 

on quantitative changes in various dissolved metals, although the focus here is iron. 

Acidic content of post-reaction samples are determined using raw unfiltered sample 

aliquots and evaluated by pH meter model Orion Star A111 (Thermo Scientific) with an 

ultra slim probe. 
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The metal source for this project was a standard reference material (SRM) soil 

2709a, supplied by the National Institiute of Standards and Technology (NIST). The total 

metal concentrations of this soil are determined and certified by NIST and must be taken 

into account during each iteration of sample preparation for use in our reaction assays. 

An appropriate amount of dry soil is suspended in ultrapure water to create a standard 

soil stock suspension. An aliquot of this suspension is introduced to a suspension of PAH 

and ultrapure water. This total suspension represents the reaction system subjected to the 

solar simulator. Aliquots of this total suspension are removed, acidified with concentrated 

trace-metal grade nitric and hydrochloric acid, digested via microwave digestion, and 

diluted further with ultrapure water to produce a prepared sample for ICP-MS analysis of 

total metal concentration. 

Table 2.1 shows the total concentrations of major metals present in these soil 

reactions and the analysis parameters used for this study. These metals represent a sample 

of the major component of potentially redox-active metals in the soil (Warner et al. 1996; 

Voelker et al. 1997; McLennan 2001; Belous et al. 2008; Murakami et al. 2008). The 

magnitudes of these metals were based on target iron concentrations consistent with 

expected entrainment of atmospheric dust into clouds found in the troposphere (Duce et 

al. 1980; Prospero et al. 1996). Other known environmentally relevant metals in the soil, 

such as copper and lead, are an order of magnitude lower in concentration; therefore 

soluble fractions of these would fall below detection. Total recoveries of all analyzed 

elements were found to be 96.5 ± 5.4% over 44 trials. 
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Table 2.1: Certified total major metal composition of standard soil, 

suspensions, and instrument calibration parameters. 
a 
total metal 

concentration of dry soil supplied by NIST, SRM 2709a. 
b
 total metal 

concentration of soil stock suspension at 7.4 mg/10 mL. 
c
 total metal 

concentration of reaction sample using 1 mL soil stock in 99 mL aqueous 

reagent. 
d
 total metal concentration of digested sample which incorporates 

a 5:1 dilution. Total recovery was 96.5 ± 5.4%, n = 44. 

Element 

a
 Total 

metal 

in dry 

soil, 

% 

b
 Total 

metal 

in soil 

stock, 

ppm 

c
 Total 

metal 

during 

reaction, 

 ppb 

d
 Total 

metal 

after 

digestion, 

ppb 

ICP-MS 

calibration 

range, 

 ppb 

ICP-MS 

limit of 

detection, 

ppb 

Fe 3.36 24.92 249 50 5-50 0.18 

Ti 0.336 2.492 24.9 5.0 0.5-5 1.77 

Ba 0.0979 0.726 7.26 1.45 0.5-5 0.02 

Mn 0.0529 0.392 3.92 0.78 0.5-5 0.03 

  



 

 18 

2.4 Results 

2.4.1 Iron solubility 

Figure 2.1 shows the component of soluble iron, as a percent of total iron, for 

every reaction scenario. Many of the tested organic assays, specifically formic and 

phthalic acids, naphthalene, and anthracene, demonstrate an increase in percent iron 

solubility compared to the soil blank reaction using purified water. The effect is enhanced 

further with the addition of light for all assays compared to the dark. Blank reactions 

were performed using the NIST soil against purified water; these blank samples represent 

the transformation of insoluble iron in the soil into solubilized iron due only to solar 

irradiation and any reactive species inherent in the soil. Blank samples produced soluble 

iron, at 1.8% under light and 0.8% in the dark, similar to previous iron studies under light 

(Pehkonen et al. 1993).  Reactions using 6mM formic acid, with 11.7% in light and 5.2% 

in the dark, also demonstrated similar iron solubility as previous reports (Pehkonen et al. 

1993). Here, formic acid is used as an analog for the expected organic content of cloud 

water. Formic acid therefore acts as the proxy for redox-active short-chain organic acids 

present in atmospheric conditions. 

Phthalic acid, a PAH dicarboxylic acid derivative, is used as a representative 

oxPAH product and resulted in an iron solubility of 11.0% in light and 6.8% in the dark, 

demonstrating the highest percentage of solubilized iron among the aromatic organic 

compounds tested. This coincides well with soluble iron increases near BB regions 

(Mahowald et al. 2009; Paris et al. 2010), and fits with the expected characteristics of 
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oxPAH including phthalic acid's greater aqueous solubility and carboxylic acids groups 

as potentially iron-complexing functional groups (Kappler et al. 2004). 

Among the tested PAH reaction systems, the degree of produced soluble iron 

appears to be structure dependent. Naphthalene in the light generates the greatest iron 

solubility among PAH with 6.5%, followed by the 3-ring linear anthracene showing 5.1 

% soluble iron. The remaining PAH, 3-ring bent-shaped phenanthrene, 4-ring pyrene, and 

5-ring benzo(e)pyrene, display a statistically similar (t-test, p<0.95) sharp drop in iron 

activity with soluble iron values of 1.06%, 0.85%, and 1.71%, respectively. Control 

reactions in the dark demonstrate an enhanced iron solubilization in the presence of some 

reagents, starting from 0.8% using only water to 6.8% using phthalic acid. While Figure 

2.1 also shows the other aromatic controls in the dark, phenanthrene, pyrene, and 

benzo(e)pyrene, producing 0.29%, 0.18%, and 0.06% soluble iron, respectively, 

representing a significant decrease (t-test, p<0.95)  in soluble iron compared to water. 
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Figure 2. 1: Soluble iron as a percent of total iron in photoreaction samples.  

Total iron is a standard value of an SRM soil source and confirmed by microwave 

digestion in replicate samples. Ultrapure water is supplied as water filtered to 18.2MΩ. 

Soluble iron is determined via 0.2 μm filtration, error bars represent 1s of calculated 

average, n = 3. 
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2.4.2. Light Factor, L  

L = (% Fe(light) )/( % Fe(dark)) 

To better understand the importance of light on these reactions, the ratio between 

the amounts of produced soluble iron in illuminated samples against soluble iron in dark 

samples was calculated using the above equation. This introduces a value, L, which can 

be interpreted as the enhancement factor that light contributes to the inherent process in 

the dark. Water is included in this analysis as a reference baseline point for comparisons 

in activity to the organic reagents. Reactions with naphthalene, formic and phthalic acids 

(Figure 2.2) demonstrate that the enhancement of sunlight on iron-active suspended soil 

samples are statistically similar (t-test, p<0.95) to water and are nearly doubling the 

amount of soluble iron compared to the dark, while anthracene shows a light factor of 

almost eight. Note that phenanthrene, pyrene, and benzo(e)pyrene are not shown in 

Figure 2.2 as they are observed to be inactive towards iron solubility. 
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Figure 2. 2. Iron response as a ratio of percent soluble iron in light. 

Ratio of light to dark samples presented show the response from observed iron-active 

reagents. Note that phenanthrene, pyrene, and benzo(e)pyrene, with respective L values 

of 3.70, 4.65, and 30.16, are not included here as these values are considered artificially 

high due to their overall inactivity to iron. Ultrapure water is supplied as water filtered to 

18.2MΩ. Error bars represent 1s of calculated average values, n = 3. 
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Figure 2.3 displays the differences in soluble metals due only to the presence of 

sunlight. In all cases illuminated iron shows the highest total solubility response among 

tested metals. This suggests a high specificity to iron for these photo-reactions. Both 

manganese and barium show slight but similar increases in soluble concentration in 

nearly all of the assays. While these low concentrations are susceptible to higher reported 

percent soluble values with small perturbations, it is interesting to note that Mn and Ba 

display solubilities up to 60% and 40%, respectively; these are similar to previous studies 

(Boyle et al. 2005; Baker et al. 2006) and are in marked contrast to the lesser redox active 

titanium which displayed virtually no solubility. This demonstrates an overall specificity 

to redox active metals relating to a larger total iron deposition in environmental 

conditions. 

Figure 2.3 also shows that illuminated formic acid displayed a small but 

consistent inverse solubility effect compared to the dark on all metals except iron; this 

response, compared to phthalic acid, suggests that sunlight seems to inhibit solubilization 

of non-iron metals in samples with short chain organic acids. The increase in iron 

solubilization in illuminated formic acid and the decrease in solubilization of other metals 

suggests a solubilization pathway which is specific to iron in sunlight reactions.  
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Figure 2. 3. Difference in average ppb concentrations of soluble metals.  

Change of reactions between light and dark samples. Ultrapure water is supplied as water 

filtered to 18.2MΩ. Error bars represent 1s from the reported values, n = 3. 
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2.4.3. Reaction characteristics  

Every assay was conducted in ultrapure water without buffering. This allows for 

the evaluation of interactions only between pure PAH, soil, and the ultrapure water. 

Therefore, any reactions occurring due to acidic processes, or the production of acidic 

products, can be assessed without interference from the buffer. To evaluate the acidic 

component of PAH processing of soluble iron within bulk aqueous samples, raw 

unfiltered samples without acidification are analyzed for pH. Quality control pH analyses 

of cleaned sample tubes confirm the complete removal of acid from these containers 

following the acid treatment process described above. Note that starting pH values for 

PAH assays were found to be 5.5 ± 0.3 (n = 24). Figure 2.4 compares two sets of 

dependent variables, i.e. observed soluble iron with the resultant acidity of the individual 

samples, and therefore represents a two-variable plot where these values can be evaluated 

for their dependence upon each other, if any. The x-axis in Fig. 2.4 plots the percent 

soluble iron, which has herein been defined for these assays and therefore serves as the 

independent variable, against the resultant pH values on the y-axis. Despite a wide range 

of soluble iron, i.e. 0% to 8%, pH values range from 3.5 to 5.5 with the large majority 

within pH of only 4 to 5. The pH values for these bulk aqueous samples closely represent 

the expected range for cloud water (Guo et al. 2012). 

This scatter plot shows no statistical difference (t-test, p<0.95) in the pH of 

samples with lower soluble iron and those of higher soluble iron. The overall lack of 

trend between pH and soluble iron is further shown as these plotted points demonstrate 

little statistical correlation (r
2
 = 0.2181) between these factors. Light soluble iron data in 
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Figure 2.4 demonstrate a minor slope (m = -0.1133, r
2
 = 0.4199) with respect to pH, 

however the high variability within values observed in the dark samples lowers the 

confidence in this trend, and the dark samples display virtually no correlation (m = 

0.0440, r
2
 = 0.0523) with pH values. Despite the downward trend for lighted samples this 

plot presents no statistical difference (t-test, p<0.95) between the light and dark data. The 

relatively high pH correlation of light samples, compared to the dark, suggests that the 

products of illuminated reactions have a small difference in their acidic dissociation 

properties that have a greater connection to produced soluble iron. 

The left side of the plot shows the major clustering of points from these assays, 

representing the high number of low iron solubilization tests at a comparatively high 

range of pH values. Observing the trend of increasing iron solubility shows roughly even 

spread of pH data points. This suggests that there is no optimal pH within this soluble 

iron environment which relates to the reaction of these samples. The high variability in 

pH along the range of percent soluble iron demonstrates that pH alone is not a sufficient 

predictor of soluble iron in these samples. This suggests a mechanism based on iron 

reduction or organic complexation rather than a purely acid-driven process. 
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Figure 2. 4. Acidity of unbuffered PAH samples with soil. 

Open markers represent light samples, filled markers represent dark samples. The total 

scatter plot shows individual triplicate data showing a statistical correlation of 0.2181 

between pH and soluble iron. Light samples show a linear regression of y = -0.1133x + 

4.6254, r
2
 = 0.4199; dark samples show a linear regression of y = 0.0440x + 4.6001, r

2
 = 

0.0523. “water” refers to ultrapure water samples; Nap, naphthalene; Ant, anthracene; 

Phen, phenanthrene; Pyr, pyrene; BeP, benzo(e)pyrene. 
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Any complexation of iron with soluble ligands is thought to be dependent on the 

amount of dissolved organics. Figure 2.5 shows the relationship between observed 

percent iron solubility against the listed ppb values of the aqueous solubility of the un-

oxidized organic reagents (Ministry of Environment-Province of British Columbia). Note 

that the data points for formic and phthalic acid samples are based on their 6 mM 

concentrations. The plotted points of the more dissolved organics, naphthalene, formic 

acid, and phthalic acid, appear to have a good direct correlation of their own solubility 

and iron production though percent soluble iron seems to plateau at higher dissolved 

organics, while most of the lesser dissolved organics display activities similar to or less 

than water. This low solubility inactive trend is broken by anthracene whose aqueous 

solubility is an order of magnitude lower than phenanthrene, yet produces a significant 

amount of soluble iron in its lighted assays.  

An evaluation between moles of soluble iron against the expected molar solubility 

of PAH (SI Figure A.1), further elucidates this lack of dependency on dissolved PAH. 

The same spike in soluble iron for anthracene in the light occurs in the midst of data 

points of more soluble, yet less iron-active, pyrene and phenanthrene. Given that these 

PAH solubilities are only listed for the un-oxidized parent structures, a clearer picture 

may be made by identifying and quantifying any produced oxPAH that are expected to 

have a greater aqueous solubility, which is currently underway. 

Among the tested PAH, naphthalene, at 12.5 ppm (Ministry of Environment-

Province of British Columbia), has the highest water solubility and demonstrates the 

highest iron solubility in both sunlight and the dark, while anthracene demonstrates 
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similar iron solubility to naphthalene in sunlight yet with a very low aqueous solubility of 

59 ppb (Ministry of Environment-Province of British Columbia). Pyrene and 

phenanthrene’s low iron activity with their listed solubilities of 133 and 435 ppb 

(Ministry of Environment-Province of British Columbia), respectively, strongly suggest 

that iron solubilization does not depend simply upon freely dissolved aromatic species. 

The presence of redox-active PAH and oxPAH, despite their highly varying solubilities 

in water, demonstrate an observable correlation with iron solubility. The negligible 

amount of dissolved anthracene suggests that the aromatic-based iron solubilization 

reaction is not dependent solely on dissolved organics, but a reliance on a combination of 

dissolved organics with the un-dissolved portion of suspended PAH, and therefore 

aqueous suspensions of particles containing redox-active PAH. 
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Figure 2. 5. Comparison of dissolved organic reagents and resulting solubilized iron.  

For PAH assays open markers represent light samples, filled markers represent dark 

samples. Split markers represent carboxylic acid assays, where open tops are light 

samples and closed tops are dark. Dissolved content of organics are based on listed 

aqueous solubilities in ppb which are plotted in log scale. Soluble iron data is based on 

average values of triplicate 16-hour reactions in the light and the dark and is reported as 

percent of total iron. Error bars represent 1s from the reported values, n = 3. “water” 

refers to ultrapure water samples; BeP, benzo(e)pyrene; Ant, anthracene; Pyr, pyrene; 

Phe, phenanthrene; Nap, naphthalene; FoA, formic acid; PhA, phthalic acid. 
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2.5 Discussion 

In this study, we have demonstrated that the presence of aromatic organics 

enhances the solubility of iron from a soil suspension. Soluble iron presents itself to the 

environment through a variety of observed mechanisms. Atmospheric iron in rural dust is 

less than 0.5-1% soluble (Mahowald et al. 2009; Sholkovitz et al. 2012), iron in biomass 

burning (BB) areas are observed to increase as high as 45% iron solubility (Oakes et al. 

2012), while iron in urban areas are observed at a wide range of 2-80% iron solubility 

(Sedwick et al. 2007; Mahowald et al. 2009).  In addition to elevated soluble Fe in urban 

environments, dust processing is another mechanism which has been shown to yield 

soluble Fe. Observed produced iron represents the cumulative soluble iron over a 

continuous 16 hour exposure. Evaluations of the mechanism and kinetics of these 

reactions are currently underway. Products emitted from combustion sources, such as 

biomass burning and automobile exhaust, commonly contain particulate matter with 

varying amounts of aromatic composition, including PAH (Jenkins et al. 1996). The PAH 

chosen for this bench study comprise the simple non-oxidized parent structures that may 

act as the building blocks for more oxidized and branched combustion-based aromatics 

(Baek et al. 1991; Bamforth and Singleton 2005). Naphthalene and anthracene have 

observed atmospheric lifetimes ranging from hours to days (Bamforth and Singleton 

2005) creating oxidized products, including naphthol (Cerniglia et al. 1983) and 

anthraquinone (Faiola et al. 2011), which act as intermediate structures to more complex 

aromatic species. Phenanthrene and pyrene have extended observed lifetimes that allow 
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transport across the globe and are observed in their parent forms in atmospheric field 

samples (Yunker et al. 1996; Bamforth and Singleton 2005; Zhang and Tao 2009). 

Wind swept natural iron sources, such as dust, has been observed to undergo 

counterion exchange with the nitrate anion from nitric acid vapors resulting in a 

significant increase in soluble metals including iron (Duvall et al. 2008). Aerosolized 

particles mixing with air pollution are also found to produce soluble iron in the form of 

ferrous sulfate (Li et al. 2017), although interactions with SO2 are not seen as a source of 

soluble iron (Cartledge et al. 2015). There are other studies that demonstrate an increase 

in bioavailable iron by a complexation reaction between dust-borne insoluble iron and 

short-chain and large oxidized organic acids (Kappler et al. 2004; Paris and Desboeufs 

2013). 

Atmospheric conversion reactions for soluble iron have several potential 

mechanisms and are generally classified into two separate major categories, acid-driven 

aerosol processes and organic complexing cloud water processes. Acid processing is 

associated with PM2.5 emissions from urban and combustion sources which have 

calculated pH values ranging from 0 to 2 (Fang et al. 2017). These values are consistent 

with the classic acid-driven protonation mechanism in the solubilization of insoluble 

ferric hydroxides with nitric acid resulting in dissolved free ferric ions. The sulfuric 

acidity of these aerosolized fine particles are connected with increased production of 

soluble ferrous sulfates (Li et al. 2017) and are shown to reduce and stabilize ferrous ions 

in soil suspensions (Shi et al. 2015). These undertake the protonation of loosely 

associated iron oxides in the release of freely soluble ions (Fang et al. 2017).   
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The focus of this study is on a potential aqueous-phase aromatic cloud processing 

reaction. These environments have a relatively higher pH range from 3 to 5 (Spokes et al. 

1994; Paris et al. 2011; Guo et al. 2012) and allow for the mixing of dust and organic 

compounds over the duration of their long range transport. These mixtures have been 

observed in bench studies to produce soluble iron via reduction and complexation 

reactions with formate (Pehkonen et al. 1993) and oxalate systems (Paris et al. 2011). The 

implications of cloud mixing of terrestrial dust and emitted PAH (Allen et al. 1996) is of 

particular interest here, this is strengthened by the occurrences of PAH and oxPAH 

compounds found on atmospheric dust particles (Falkovich et al. 2004). 

Previous studies have shown that iron in certain forms can solubilize in the 

presence of some short chain organic acids (Mahowald et al. 2009; Baba et al. 2015). 

Formic acid was chosen as the starting reagent for this project due to the ubiquitous 

nature in environmental atmospheric conditions (Pehkonen et al. 1993). Phthalic acid is 

used as the expected product of PAH oxidation and therefore serves as the standard for 

likely oxPAH in environmental samples. BB regions providing heavy combustion 

activity experience higher percentages of soluble iron, therefore the contributions from 

emitted aromatic organics may explain the strong increase in soluble iron near these 

areas. 

Control assays in the dark show that some organics alone contribute to soluble 

iron. Phthalic acid and naphthalene in the presence of soil, containing insoluble iron, 

represent the only aromatic reagents which were able to form a significant amount of 

soluble iron in dark assays. The carboxylic acid groups on phthalic acid may be able to 
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chelate and complex with the iron to facilitate bringing it into a soluble state (Barbeau et 

al. 2003; Baba et al. 2015). This would be similar to siderophore compounds that aid 

organisms in the uptake of iron (Barbeau et al. 2003; Searle et al. 2015). The naphthalene 

reaction in the dark may be explained by its propensity, in aqueous suspensions, to 

convert to oxidized forms like phthalic acid (Barbas et al. 1993) and the hydroxylated 

naphthol species (Baba et al. 2015). 

In addition to the PAH alone, this study shows that sunlight significantly 

enhances the solubility of iron in redox active environments by approximately a factor of 

two in half of our assays, and anthracene which shows a factor of eight. The overall 

degrees of generated soluble iron relate to the reactive nature of the aromatic compounds. 

The lowest iron solubilities observed were displayed by the lowest predicted redox-active 

structures of phenanthrene, pyrene, and benzo(e)pyrene (Cho et al. 2005). The lack of 

iron response of these PAH can be related to their predicted reactivity based on Clar’s 

rules for aromatic stability (Clar and Schmidt 1975). Stated briefly, Clar and Schmidt 

have postulated that the overall stability of PAH is based on the number of complete 

benzene rings depicted in an aromatic compound’s structure; where the higher number of 

complete rings in the structure leads to lower energies of the aromatic system, and 

therefore greater stability and lower reactivity. This is particularly evident in the 

relatively large soluble iron response from the 3-ring anthracene compound containing 

only a single complete benzene structure, and the lack of iron response from the 3-ring 

phenanthrene, containing two complete benzenes. 
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The electron-rich environments of the oxygen-containing groups on these 

products make attractive centers for bonding or coordinating with available iron (Kappler 

et al. 2004). The ultraviolet radiation (UV) environment of sunlight may catalyze the 

formation of aqueous-phase radicals via atmospheric photochemistry within cloud water 

droplets, particularly those containing oxidized organic compounds (Baba et al. 2015). 

These may experience cleavage with exposure to UV to produce hydroxyl radicals (OH). 

Surface ferric ions may participate in these electron transfer reactions and become 

reduced to ferrous iron in the process. Additionally, oxPAH may use their oxygenated 

groups to complex with ferric iron in a siderophore-like reaction (Hersman et al. 1995; 

Paris and Desboeufs 2013). This can draw iron into a dissolved state despite remaining in 

the otherwise insoluble ferric form (Winkelmann 2002). 

Anthracene and naphthalene showed the highest overall iron solubilizations 

among the PAH parent compounds tested, with anthracene demonstrating the highest 

response factor to sunlight among all tested reagents. This reactivity fits well with the 

PAH known to be highly reactive with hydroxyl radical in gas phase and readily oxidized 

in the atmosphere (Biermann et al. 1985). In biological oxidation systems naphthalene is 

thought to convert to naphthol as a precursor for more complex structures (Cerniglia et al. 

1983; Bamforth and Singleton 2005), while anthracene has been known to transform 

between its 9,10 diol form and anthraquinone (Faiola et al. 2011). Soluble iron produced 

by reactions in the dark suggest that soil may participate in the oxidation of naphthalene 

spontaneously, while an analogous catalyzation reaction of anthracene may require 

sunlight to drive the conversion to anthraquinone before iron solubilization. With only 
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one complete benzene ring in their structures, their propensity to oxidize may contribute 

to the higher iron responses they displayed. The interactions between sunlight, suspended 

soil, PAH and the resulting oxPAH products are currently being evaluated in a concurrent 

study by our group. 

The reagents containing carboxylic acid groups, formic and phthalic acids, 

demonstrate the highest iron response both in the light and dark. Whether by reduction or 

complexation with iron, the fact that formic and phthalic acids showed significantly 

higher soluble iron strongly suggests that the structures needed for iron solubility will 

include oxygen-containing functional groups, including carboxylic acids and possibly 

ketones, and hydroxyl groups (Paris and Desboeufs 2013; Baba et al. 2015). 

Although previous studies have shown environmental soluble iron to have a 

relationship with the acidity of the environment (Meskhidze et al. 2003; Cwiertny et al. 

2008; Mahowald et al. 2009), the overall iron solubilization results in this study are 

shown to be independent upon acidity of the resultant samples based on linear correlation 

coefficients of percent soluble iron and measured pH values following reaction periods. 

Studies have discussed that acid-driven processes of soluble iron will require an aerosol 

environment of pH less than 2 (Kendall and Hochella 2003; Baker et al. 2006). To 

evaluate this as a possible mechanistic pathway, these reactions were prepared in ultra-

pure water (18.2 MΩ) to facilitate only reactions between pure PAH and insoluble iron. 

Each sample was tested for pH values following the reaction periods. The observed 

relationship between produced iron and pH are not well correlated in the dark assays and 

show a minor relationship with good correlation in the light. Resultant pH values in dark 
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samples show no slope or correlation to iron values, where light samples show a modest 

downward slope which shows a much greater agreement with soluble iron. This low but 

well correlated trend could be explained by an increase in expected weakly dissociating 

carboxylic acid groups in produced oxPAH via processing by PAH of soil-bound iron. 

These pH values would then represent acidic character as a product as opposed to a driver 

of the reaction. The variations in found pH within the pyrene and water assays were 

somewhat surprising. If interactions in this study have any surface dependence then these 

differences may be attributable to varying particle sizes in either or both the soil and the 

saturated PAH. In an attempt to characterize the nature of this produced soluble iron we 

may look at the environmental effects to differentiate either free or complexed iron 

species. The acidic nature of free iron would be expected to produce a 3-to-1 ratio of 

hydronium ion which would have a direct impact on pH, however given the nanomolar 

scale of the iron in these solutions this would be insignificant compared to the auto-

dissociation of water. However, since the observed pH values using PAH were well 

above this region, demonstrating the pH 3.5 to 5.5 character of cloud water, then 

mechanisms that involve organic chelation reduction to form soluble ferrous ions or 

siderophore-like behavior, such as complexation with dissolved aromatics, must be 

considered as reaction pathways. 

Soluble iron shows a complex relationship with potentially available dissolved 

organics. The previously studied mechanisms of siderophores demonstrate interactions 

with soluble organic ligands given their high affinity for iron (Rose and Waite 2003; 

Willey et al. 2008). These reactions are described as interactions of individual, and 
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therefore unencumbered, ligands which would be the equivalent of dissolved aromatic 

species in our assays. The semi volatile nature of environmental PAH would allow for 

partitioning onto ambient particles (Garban et al. 2002; Chen et al. 2006; Galarneau 

2008) lending themselves to be available as dissolved species in cloud water droplets. 

However, the absolute concentrations of all the dissolved tested PAH do not completely 

correlate to the amounts of observed iron solubility. Little to no iron responses were 

observed with assays of benzo(e)pyrene, pyrene, and phenanthrene; illuminated assays 

using anthracene and naphthalene produced a significant amount of soluble iron. The 

most striking activity comparison is between anthracene and phenanthrene, given that 

phenanthrene is substantially more soluble than anthracene. A strong direct correlation is 

observed between iron and the solubilities of the known redox-active aromatics (ie, 

anthracene, naphthalene, phthalic acid). This suggests a connection with highly oxidized 

organic species where reactivity is structure-dependent. The strong iron reactivity of 

illuminated anthracene samples is in contrast to the non-reaction of its dark samples and 

the small component of dissolved material. This strongly suggests a mechanism that 

relates to a photo-oxidation surface interaction of the remaining solid that contains a 

redox-active aromatic structure, leading to the production of soluble iron complexes 

(Paris et al. 2011). Given the great excess of dissolved organic reagent in the 

naphthalene, formic, and phthalic assays to observed soluble iron, this study also further 

suggests that only surface-bound iron in dust particles are susceptible to this mechanism 

pathway. This mechanism fits well with the observed production of soluble ferric and 
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ferrous organic complexes in the long range transportation of Saharan dust (Rizzolo et al. 

2017). 

Creation of soluble iron from soil based solely upon interactions with PAH 

appears to be dependent on solid particles of redox-active aromatics and sunlight 

illumination. Previous studies of PAH and metal-oxides have shown a dependence on 

surface interactions (Tombacz et al. 2004). The coordination of soil-based iron, PAH 

oxidation, and sunlight assisted pi electron excitation may be aided by particulate matter 

acting as a surface catalyst. This pathway fits with the expected emissions of combustion 

sources, focusing specifically on emitted PM and the varying aromatic nature of these 

particles (Khalili et al. 1995; Ravindra et al. 2008; Mahowald et al. 2009; Lee et al. 

2011). 

Finally, this study is also directly related to anthropogenic urban emissions.  

Increased Fe solubility (up to 80%) has been commonly observed in urban centers.  

Although the reason for this has not been elucidated, it is known that automobiles emit 

PAH as a primary pollutant (Marr et al. 1999; Lee et al. 2001).      

This is one of the first studies to examine the interactions of terrestrial-borne iron, 

PAH, and sunlight to monitor the contribution of soluble iron in these reactions. The 

connection of increased soluble iron fits well with observed iron increases near urban 

regions as well (Sedwick et al. 2007; Mahowald et al. 2009) as these processes also emit 

aromatics to the atmosphere. Reactions of this type appear to be strongly specific to 

redox active materials, especially iron, and may therefore follow a mechanism similar to 

a Fenton electron transfer reaction to facilitate soluble iron production and PAH 
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conversion. Studies are ongoing to evaluate the fate and identity of the aromatic products 

formed during these reactions. 

2.6 Conclusions 

Here, we report our evaluation of the specific role of PAH on the cloud 

processing formation of soluble iron from terrestrial-borne atmospheric particles. 

Production of soluble iron via this reaction pathway is heavily dependent on the presence 

of redox-active PAH and further influenced by sunlight, particularly in anthracene 

samples. Differing from the acid-driven source of soluble iron, this process is observed in 

aqueous environments of relatively high pH suggesting a ligand-based complexation 

mechanism. The results of this study suggest a promising complimentary solubilization 

pathway to the aerosol-based acid process. The atmospheric cloud mixing of terrestrial 

insoluble iron and combustion-based PAH particles may contribute a significant portion 

of soluble iron toward global temporal observations. 
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CHAPTER THREE: PHOTO-INDUCED AUTO-OXIDATION OF POLYCYCLIC 

AROMATIC HYDROCARBONS RESULTING IN HUMIC-LIKE SUBSTANCE 

PRODUCTION 

3.1 Abstract 

Humic-like substances (HULIS) are a collection of oxidized atmospheric 

compounds detected worldwide with functionality and behavior resembling humic acids. 

This multifunctional nature allows HULIS to be water soluble, bioavailable, and to 

demonstrate light absorption at multiple wavelengths. The association of oxyradicals with 

HULIS has implications on human health via lung tissue damage; and its absorption 

character may add to radiative forcing processes in the atmosphere. Polycyclic aromatic 

hydrocarbons (PAH) are major primary products of combustion emissions and have long 

been known to oxidize in the environment as a component of secondary organic aerosols. 

In this study we have exposed aqueous PAH suspensions to simulated sunlight to 

investigate oxidized PAH as HULIS precursors. Illuminated samples of naphthalene and 

anthracene have demonstrated growth of several new products with absorptions and 

oxidation consistent with humic character. These results offer a new perspective on 

secondary formation pathways of HULIS from anthropogenic pollution sources. 

3.2 Introduction 

Humic-like substances (HULIS) are a class of oxidized organic light-absorbing 

compounds found in atmospheric samples around the world. Atmospheric darkening 
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conditions such as smog and brown clouds around urban areas are comprised of brown 

carbon species in which HULIS is considered a major component (Andreae and 

Gelencser 2006). Field PM samples have found high correlations between HULIS 

fraction and proximity to combustion events including vehicle emissions and forest fires 

(Lin et al. 2010). The gradient light absorption of HULIS, which differentiates it from 

black carbon, is believed to be due to individual absorption sharing and Rayleigh 

scattering across the UV-vis spectrum between several structurally similar compounds 

(Graber and Rudich 2006; Ravindra et al. 2008). When all of these products are present, 

the combined individual absorptions will create an overall pattern resembling a smooth 

continuous gradient of UV-vis absorption across the entire region (Andreae and 

Gelencser 2006; Dinar et al. 2008). 

 The HULIS fraction of environmental samples is defined by its chemical 

properties and has been characterized by evaluating several different parameters, 

including patterned light absorption and overall functionality. These have been identified 

by analyzing for characteristic absorption gradients within the UV-vis region (Andreae 

and Gelencser 2006; Graber and Rudich 2006) as well as identifying specific functional 

groups by FTIR and Raman spectroscopy (Kristensen et al. 2015). HULIS behavior has 

also been determined by retaining organic compounds using a solid-phase extraction 

technique unique to these compounds (Varga et al. 2001). 

HULIS materials, being structurally similar to humic acids, are presented as a 

collective of compounds containing significant aromatic and oxidized character (Graber 

and Rudich 2006). The propensity for atmospheric HULIS material to evolve from 
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combustion processes dictates that the bulk structures will contain aliphatic regions of 

unburned organic fuels (Hoffer et al. 2004) and significant aromatic areas formed from 

inefficient combustion (Jenkins et al. 1996; Balachandran et al. 2013). HULIS samples 

observed from field campaigns have demonstrated increased average oxidation states of 

carbon from -2.0 to -0.4 (Kroll et al. 2011) and contain enhanced oxygen:carbon ratios 

ranging from 0.69 to 1.0 (Aiken et al. 2008; Altieri et al. 2008) presented as oxygen-

containing functional groups. Production of these oxidized groups may be due to 

oxidation during combustion or down field oxidation by atmospheric oxyradicals (Pillar 

et al. 2014), such as hydroxyl and superoxide radicals.  

Several studies have suggested oxidizing humification processes, similar to 

compost degradation for humic acids (Domeizel et al. 2004), on primary combustion 

emissions in the atmosphere due to interactions with reactive oxygen species (ROS) 

(Pillar et al. 2014). These reactions result in the formation of varying levels of oxidized 

regions, including the formation of olefin groups (Wentworth and Al-Abadleh 2011) and 

direct oxidation by oxygen-containing molecules (Arangio et al. 2016). The structure of 

these products are found to have aromatic character coated with oxidized groups 

including hydroxyl, carbonyl, and connected by ether bridges (Altieri et al. 2008), 

supplying the water solubility of these otherwise nonpolar molecules.  

HULIS is associated with several atmospheric and biologically relevant processes 

which may have a significant impact on the global energy balance and may involve both 

direct and indirect reactions that adversely affect human health. First, HULIS has the 

ability to strongly absorb in the UV decreasing into the IR regions (Hoffer et al. 2004). 
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This wide range of light absorbing properties of HULIS may exacerbate the radiative 

forcing of incident light and heat and promote climate anomalies (Dinar et al. 2008). 

Second, organics with HULIS character are also strongly correlated with the 

solubilization of metals due to complexation (Tipping et al. 2002; Gonzalez et al. 2017). 

The intake of these compositions may aggravate the production of ROS and increase the 

risk of respiratory illness and oxidative damage to healthy tissue (Lin and Yu 2011; Yue 

et al. 2016). 

HULIS and polycyclic aromatic hydrocarbons (PAH) are commonly observed in 

particles sourced from pyrogenic processes, e.g. biomass burning (Ravindra et al. 2008) 

and vehicle exhaust (Tsai et al. 2004). PAH are commonly known to be produced directly 

from combustion sources and comprise a significant fraction of the total organic carbon 

present in these collections (Balachandran et al. 2013; Bandowe et al. 2014; Ma et al. 

2016). Anthropogenic particulate matter has been shown to contain mainly larger PAH 

while smaller PAH are dominant in aqueous environments, such as cloud and fog water 

droplets (Li et al. 2010). This partitioning between particle and water phases is seen as a 

function of vapor pressure due to the semi-volatile nature of shorter chain PAH (Allen et 

al. 1996). The strong tendency for observing PAH, along with enhanced HULIS material, 

in combustion samples adds an intriguing connection between the production of humic 

compounds and the presence of complex aromatics in the atmosphere. 

The exact character and formation of atmospheric HULIS molecules are not 

completely understood, though several recent lab studies have successfully produced 

behaviorally similar compounds by oxidizing simple aromatics in both air-particle phase 
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(Vione et al. 2014; Zanca et al. 2017) and aqueous phase reactions (Chang and Thompson 

2010). Several laboratory studies have shown significant HULIS production from single 

ring aromatics, such as phenol (Chang and Thompson 2010) and dihydroxybenzoic acid 

(Hoffer et al. 2004), as starting materials in photoreactions. However these reactions 

require the addition of oxidizing agents, such as hydrogen peroxide and ozone, to 

complete the reaction. Some recent studies have demonstrated the production of HULIS 

from the extended aromatic character of soot particles with the addition of generated 

ozone (Decesari et al. 2002). 

The extended atmospheric lifetimes of PAH lend themselves to longer exposure 

times to sunlight and oxidants, producing branched and oxidized PAH (oxPAH) (Collett 

et al. 2008), potentially becoming building blocks for HULIS formation. PAH are 

associated with the creation of ROS in environmental conditions (Fu et al. 2012). The 

addition of ROS in these systems would result in the oxidation of PAH (Lee and Lane 

2009), which may act as intermediates to further aggregate into more complex structures. 

Particles containing PAH may use ultraviolet radiation as a catalyst in an electron 

transfer process with elemental oxygen or water molecules to produce radicals such as 

superoxide or hydroxyl radicals, respectively. Naphthalene has been shown to oxidize to 

form naphthols (Preuss et al. 2003) and phthalic acids (Barbas et al. 1993) in the presence 

of sunlight and oxidizers, and anthracene has been found to form carbonyl groups during 

oxidation resulting in equilibrium between anthraquinone and anthracenediol (Faiola et 

al. 2011). Further reactions between these species as well as remaining ROS may involve 

diol condensation reactions to form ether groups (Altieri et al. 2008) and ring-splitting 
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nucleophilic substitution at ketone sites to form esters and carboxylic acids (Altieri et al. 

2008).  

This study evaluates the formation of HULIS via aqueous photo-oxidation of 

simple PAH. Saturated suspensions of various PAH are tested for reaction by applying 

simulated sunlight in an open air environment. This will allow for similar expected 

dissolved oxygen as would be experienced in an atmospheric cloud water droplet. 

Analyses for the production of HULIS content in these reactions include UV-vis, HPLC, 

attenuated total reflectance-based FTIR, and HULIS-specific solid phase extraction 

(SPE). These evaluations allow for a complete cache of evidence toward the number of 

products created and sufficient knowledge of their character to properly determine true 

HULIS formation. 

3.3 Experimental 

3.3.1. Materials 

All experiments and sample preparation were performed under a laminar-flow 

hood using HEPA-filtered air. To reduce cross-contamination in the reactor between 

assays, Teflon beaker liners were cleaned through a succession of solvent treatments. 

This process starts with an acetone rinse followed by an overnight bath of 100% HPLC-

grade acetonitrile, then a final overnight bath in 5% trace-metal grade nitric acid 

including a pre and post-bath triplicate rinse with 18.2 MΩ purified water. Plastic tubes, 

bottles, and syringes were prepared using a rinse with 100% acetone and dried before 

sample addition. 
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Whatman 0.20 μm syringe filters were prepared by flushing a series of 5 mL 

aliquots of dilute acid and ultrapure water. An initial rinse of 10% trace-metal grade 

hydrochloric acid is followed by a rinse with 18.2 MΩ purified water, then a 5% nitric 

acid rinse is followed by five flushes of 18.2 MΩ purified water. 

3.3.2. Reagents 

Naphthalene (NAP), anthracene (ANT), phenanthrene (PHE), and pyrene (PYR) 

(Sigma, Fisher) were the PAH used for these reactions. Suspected reaction products, 

including 1-naphthol, naphthoquinone, anthraquinone, phthalic acid, and phthalic 

anhydride (Sigma) were analyzed as standards dissolved in 100% acetonitrile (Sigma). 

All of these compounds were used as received without further purification. Ultrapure 

water was obtained from a Thermo Scientific Nanopure water deionization system and 

was collected during a resistance value of 18.2 MΩ. Simulated sunlight was provided by 

an Oriel Sol 1A solar simulator using an Air Mass, AM 1.5 Global Filter (Newport) 

producing 5.4% UV, 54.7% visible, and 39.9% IR spectra light equivalent to sunlight, 

and calibrated for a flux of 1550 Wm
-2

 to simulate one sun at sea level at its zenith. 

3.3.3. Methods 

Aqueous suspensions of PAH were created by adding 100 mg of organic crystals 

to 200 mL of ultrapure water to obtain a total concentration of 500 ppm. These mixtures 

are then capped, inverted ten times, and stored at room temperature in the dark. Each 

organic suspension is aged for 24 hours to allow the solids to fully dissolve to 

equilibrium. The reaction vessels are comprised of 100 mL Teflon liners inside jacketed 
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glass beakers which are temperature controlled at 25°C by water flow from a chiller 

pump.  

During the reaction, illuminated samples were held at 25
o
C with stirring for 16 

hours under a controlled light using the calibrated solar simulator lamp. Control samples 

of identical composition were conducted in the dark by covering an additional reaction 

vessel with a commercially available aluminum foil. Sample aliquots of 4 mL were 

removed at the beginning and end of the reaction period. Samples evaluated for bulk 

aqueous properties, such as acidic character, UV-vis spectra, and liquid chromatographic 

separation, are analyzed raw without filtration or acidification. Samples analyzed for 

functional groups are performed on resultant solid residues prepared by evaporation of 

the water solvent using a clean air flow in a HEPA-filter hood. Reaction products tested 

for HULIS-specific retention behavior are prepared and evaluated using a revised method 

described in a previous study (Varga et al. 2001). Briefly, sample aliquots are filtered at 

0.2 μm and acidified to pH 2 using HCl before application to an extraction procedure as 

described below. 

UV-vis absorption patterns in samples are analyzed using a Shimadzu UV-1800 

spectrophotometer. Bulk aqueous samples are added to 1 cm quartz cuvettes after 

baseline calibration using ultrapure water. All samples are analyzed from 220 to 700 nm 

with maximum absorbance set to 4.0 absorbance units. 

HPLC (Agilent 1100) analysis was performed using a reversed-phase separation, 

employing a gradient mobile phase method. Separation was obtained using 1 mL/min 

flow rate, 0.1% TFA:ACN gradient of 90:10 to 0:100 over 22.5 min plus hold to 28 min, 
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100 μL sample injection through a Hydro-RP 250 x 4.6 mm column (Phenomenex), and 

detection at 254 nm. The chosen column uses a C18 stationary phase on beads with 80Å 

pore size; this creates a  method that may retain substances in part by polarity component 

which may separate individual HULIS compounds. Therefore each peak will represent a 

compound or set of compounds that match a particular hydrodynamic diameter and 

degree of oxidation (i.e, polarity). To allow for mobile phase system reset between 

samples, each analysis was followed by a hold-time of 5 minutes. 

Aliquots from the naphthalene and anthracene reactions were evaporated and 

tested for functional groups using attenuated total reflectance Fourier transform infrared 

spectroscopy (ATR-FTIR) on a ThermoScientific iS5, analyzed from 700 to 4000 cm
-1

. 

The diamond crystal was cleaned and prepared for analysis using a swab of isopropanol 

and background set after drying. Obtained residues were applied directly to the crystal 

and firm contact was attained by a torque-controlled plunger. 

Speciation of HULIS-specific organic compounds used a revised SPE method 

(Varga et al. 2001) wherein 2 mL of filtered and acidified sample is drawn through a 

multi-modal SPE cartridge (Oasis HLB), followed by a 1% methanol wash. Retained 

material is eluted with 100% methanol and evaluated for HULIS products by UV-vis and 

HPLC using the methods detailed above. 

3.4 Results  

3.4.1 UV-vis Absorption 

The spectra in Figure 3.1 show the changes in light absorption for PAH samples 

across the UV-vis range due to the influence of simulated sunlight. NAP and ANT 
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spectra in the light demonstrate a dramatic increase in absorption, displaying a featureless 

decay from the UV and throughout the visible range resulting in yellow to orange colored 

solutions at the end of the reaction period. This is contrasted by the same assays in the 

dark which maintain a single absorption peak in the UV region and shows no absorption 

in wavelengths higher than 300 nm, resulting in a clear and colorless solution. 

The resultant colorless samples with the dark PHE and PYR assays display a 

similar single peak in the UV without absorbance into the visible region. The results of 

these samples in the light create similar discolored solutions to the NAP and ANT light 

samples. The elevated absorbance from the light allows for an elevated baseline into the 

near-UV region of the visible spectrum. The single peak in the PHE light sample is 

shown to increase in intensity and shift slightly from 237 to 243 nm, while the PYR 

sample has similarly shifted its peak at 238 nm in the dark to a shoulder at 253 nm in the 

light. 

  



 

 51 

  
 

Figure 3. 1: UV-vis analysis of saturated suspensions of PAH.  

(a) naphthalene, (b) anthracene, (c) phenanthrene, (d) pyrene, in ultrapure water 

following 16 hour reaction period. Lighted samples are represented in the solid spectra, 

the dashed spectra represents the samples kept in the dark. 
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3.4.2 High Performance Liquid Chromatography 

The HPLC chromatograms in Figure 3.2 display the separations of individual 

products formed from the 16 hour reaction time. The NAP and ANT assays display 

response production of many new products from sunlight irradiation. This is in contrast to 

their PHE and PYR counterparts who display the production of very few products in 

sunlight. NAP light samples demonstrate a wide range of products across the elution 

gradient; ANT light samples also show products across this region but display some 

changes in the chromatographic pattern as well as some major peaks during the later 

retention times. These are compared to the very few peaks obtained from the same assays 

kept in the dark. 

The analyses of PHE and PYR are also shown to produce a small number of 

peaks in both assays, which relate to the formation of very few products. The propensity 

for NAP and ANT in the light to produce several products correlates well with the 

expansive UV-vis absorption evaluation, as well as the connection between the 

comparatively uneventful responses in UV-vis and HPLC from PHE and PYR samples. 
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Figure 3. 2: HPLC analysis of post-reaction samples of saturated PAH. 

 (a) NAP, (b) ANT, (c) PHE, (d) PYR. Lighted samples are represented in the solid 

spectra, the dashed spectra represents the samples kept in the dark. Numbered peaks are 

identified products based on retention times of standards dissolved in acetonitrile.1. 

phthalic anhydride, 2. phthalic acid, 3. naphthol, 4. naphthalene, 5. phthalic anhydride, 6. 

phthalic acid, 7. naphthoquinone, 8. anthraquinone, 9. anthracene. 
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3.4.3 Infrared Spectroscopy 

Figure 3.3 shows the analysis of functional groups on light and dark samples 

using ATR-FTIR. These analyses are performed on solid residues following aqueous 

evaporation. Both NAP and ANT dark samples display single peaks at 3048 cm
-1

 and a 

group of several peaks from 1600 to 900 cm
-1

, correlating to poly-aromatic hydrogen 

stretches and bends, respectively. One difference with the NAP dark sample is the small 

dip centered at 3343 cm
-1

 which may indicate a hydroxyl hydrogen bend or adsorbed 

water species. 

The top spectra in Figure 3.3 display the growth of functional groups on 

illuminated NAP and ANT assays. Comparing these spectra with the dark samples allows 

for the determination of sunlight-specific growth in bulk water media. The NAP light 

spectrum shows significant growth of new peaks at 3219, 1717, and large baseline dip 

from 1360 to 950 cm
-1

. These would indicate the formation of hydroxyl alcohols, 

carbonyl groups, and ether bridges, respectively. The ANT spectrum displays new groups 

with modest absorbance peaks at 1673 and stretch from 1317 to 1175 cm
-1

, which 

correlate to carbonyl and ether groups, respectively. An intriguing difference in 

functional group character between lighted NAP and ANT samples is the lack of 

hydroxyl stretches in the 3000-3500 cm
-1

 region of the ANT spectrum.  
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Figure 3. 3: ATR-FTIR analysis of NAP and ANT products.  

Light and dark conditions of illuminated samples are presented for naphthalene (a) and 

anthracene (b). Samples kept in the dark are presented for naphthalene (c) and anthracene 

(d). Light and dark product analyses are represented by the solid and dashed spectra, 

respectively. These are performed on a diamond crystal, therefore peak activity in the 

2400 cm
-1

 region is considered background uncertainty. 
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3.4.4 Solid Phase Extraction 

Figure 3.4 presents the evaluation of potential products in the elution stage of the 

solid-phase extraction method specific to HULIS. Any products retained using this 

method are detected by UV-vis and HPLC methods as described above, except that these 

extractions are evaluated in the methanol matrix used for the elution. 

The UV-vis analysis for the NAP sample demonstrates a similar absorption curve 

as the original aqueous lighted sample with an added shoulder, suggesting a similar 

composition of HULIS products with a slight rise in a major product. The elution of 

HULIS products is further confirmed in the HPLC analysis for NAP, where significant 

product peaks are observed.  

UV-vis evaluation of the ANT extraction displays an overall similar decaying 

absorbance as its aqueous light sample, but with added significant peaks. These peaks 

bear no resemblance to the single peak in the aqueous dark sample; therefore this 

maintains evidence of various HULIS material with some major products of similar 

composition. Similar to the HULIS extraction analysis of the NAP sample, the HPLC 

evaluation on the ANT extraction demonstrates the presence of individual HULIS-like 

products. 
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Figure 3. 4: Solid phase extraction spectra of UV-vis and HPLC data. 

UV-vis data for NAP (a) and ANT (b) and HPLC data for NAP (c) and ANT (d). These 

represent HULIS on Light samples of NAP and ANT following 16 hour reaction time. 

UV-vis spectra and HPLC chromatograms are obtained using the same methods 

previously described for the raw samples. UV-vis absorbance is obtained from 220 to 700 

nm. HPLC detection is obtained using wavelength 254 nm. Samples are analyzed in their 

methanol elution matrix. 
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3.5 Discussion 

Aqueous suspensions of NAP and ANT have demonstrated their capacity to form 

a wide array of compounds in simulated sunlight. HPLC separation of NAP and ANT 

lighted samples displayed the creation of numerous new oxidized products. This 

separation followed a dual-retention technique where the C18 stationary phase on the 

beads, retaining compounds of varying nonpolar character, is combined with an 80Å pore 

size, preferentially retaining compounds with hydrodynamic diameters of 8 nm and 

smaller. The variety of peaks between the void and end points demonstrate the diversity 

of compounds of varying levels of oxidation, diameter, and composition. Comparing 

retention times of product peaks with pure standards demonstrates that both NAP and 

ANT lighted assays contain phthalic acid and phthalic anhydride, with NAP favoring the 

acid product and ANT the anhydride. This demonstrates a pattern of products where ANT 

has shown a preference for producing primarily ketone-containing products, such as 

anthraquinone and naphthoquinone, while NAP shows the hydroxylated product 

naphthol. The dissimilar pattern of peaks between the NAP and ANT chromatograms 

attest to the observed differences between HULIS character sourced from different fuel 

types in field samples (Jenkins et al. 1996; Kristensen et al. 2015). 

Evaluations of these products on FTIR clearly display the formation of oxidized 

groups, including carbonyls, ethers, and hydroxyl groups. NAP sample assays clearly 

show produced peak dips at 3300 cm
-1

 indicating OH character, strong peak at 1725 cm
-1

 

indicating the growth of carbonyl groups, and a baseline dip within the 1100-1300 cm
-1

 

region which coincides with ether moieties. In the IR spectrum, ANT products contain 
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similar features to the NAP products with respect to the produced spectra character for 

ether and carbonyl content, but show no indication of OH group formation. This may 

explain the high degree of quinone character found in environmental HULIS samples 

(Lin and Yu 2011) as anthracene, along with naphthalene, is one of the major exhaust 

compounds seen in primary emission samples (Tsai et al. 2004). The chemical 

composition, size distribution, and number of products in these assays coincide with 

expected HULIS character. 

These PAH reaction systems create the characteristic absorption decay observed 

in environmental HULIS. While all illuminated assays created overall discolored aqueous 

samples, only the NAP and ANT assays displayed UV-vis spectra containing continuous 

absorption from 220 through 700 nm. The PHE and PYR lighted samples showed a 

similar discoloration due to a slight shift in maxima and an enhanced baseline, which 

allowed absorption into the near-UV portion of the visible spectrum. This coincides with 

the observance of several products demonstrated on the HPLC for the NAP and ANT 

assays with few new products on the PHE and PYR assays. 

The solid-phase extraction method for produced HULIS involves stationary 

phases of divinylbenzene and N-vinylpyrrolidone (Varga et al. 2001) acting as both 

hydrophobic and hydrophilic stationary phase groups, respectively, to account for 

inherent varying functionality. Both NAP and ANT products show significant retention 

using this method as demonstrated by the characteristic UV-vis and HPLC analyses. Each 

assay contained the previously described observed absorbance decay in the UV-vis 

analyses. Products which were extracted by the SPE cartridge and recovered by elution 
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are also seen as collected peaks in the HPLC. The UV-vis spectrum for ANT differs from 

the NAP as there are significant peaks within the decay baseline. This may be due to the 

aggregation of quinone products within the methanol matrix, leading to a small number 

of major absorptions and concentrated retained peaks along the column. 

Irradiated PAH products demonstrate types of behavior consistent with HULIS 

obtained from field samples (Kiss et al. 2005; Dinar et al. 2008) and lab-generated bench 

methods (Wentworth and Al-Abadleh 2011). Typical photochemical bench methods for 

HULIS formation start with simple oxidized aromatics, e.g. phenol (Vione et al. 2014), 

introduced to photosensitizers and oxidants, e.g. sulfates and hydroxyl radical (Liao et al. 

2014; Pillar et al. 2014). Several studies have investigated products from organic 

precursors exposed to hydrogen peroxide or ozone in the presence of UV light (Chang 

and Thompson 2010). These assays require a photosensitizer to aid in the excitation of 

the reagent, creating a more reactive environment to the ROS leading to varying 

compositions of HULIS. PAH are known to be inherently photosensitive (Bamforth and 

Singleton 2005) and are strongly correlated with ROS production in aqueous systems 

with available dissolved oxygen (Fu et al. 2012).  

Results in this study fit the expected reactivity of NAP and ANT given their 

inherent redox potential and photosensitivity (Bamforth and Singleton 2005). NAP and 

ANT are the only PAH tested in this study that are known to be susceptible to oxidation 

in atmospheric conditions, as PHE and PYR are found to be highly stable in 

environmental samples taken at greater distances from their source (Zhang and Tao 

2009). This susceptibility would be essential for the addition of oxygen-containing 
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groups onto the parent structures and potentially ring-cleavages leading to a large variety 

of oxidized products. 

This study looks to the possibility of PAH alone oxidizing and aggregating to 

form HULIS with simulated sunlight. Since there were no additional oxidants supplied 

for these reactions, the HULIS content formed in this purely aqueous PAH environment 

has significant implications on the inherent threat that anthropogenic and biomass 

burning emissions have on air quality and atmospheric absorption. Given that there are 

several pathways in the production of environmental light absorbing compounds 

(Andreae and Gelencser 2006), this study has demonstrated the potential long-term effect 

of PAH on the production of HULIS in the atmosphere and therefore on radiative forcing 

and climate change. 
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CHAPTER FOUR: INVESTIGATION INTO HUMIC-LIKE SUBSTANCE 

PRODUCTION VIA AQUEOUS PHOTO-OXIDATION OF POLYCYCLIC 

AROMATIC HYDROCARBONS 

4.1 Abstract 

The production of Humic-Like Substances (HULIS), the atmospheric-borne 

component of brown carbon, from solar simulated oxidation of polycyclic aromatic 

hydrocarbons (PAH) is studied. Using Suwannee River Fulvic Acid (SRFA) as a 

reference for HULIS, reactions of aqueous naphthalene, anthracene, and oxidized 

derivatives of naphthalene were found to produce chromatographic and spectroscopic 

evidence of HULIS formation when exposed to sunlight. Overall product character from 

naphthalene and anthracene indicate reaction mechanism pathways using oxidized 

naphthol and naphthoquininone as intermediate species. This is the first study to propose 

some major reaction pathways involving PAH and brown carbon materials. 

4.2 Introduction 

Polycyclic aromatic hydrocarbons (PAH) are produced by the inefficient burning 

of organic fuels and display extended lifetimes in the atmosphere (Ravindra et al. 2008). 

These aromatics are toxic to human health and many structures are considered highly 

carcinogenic (Bamforth and Singleton 2005; Kim et al. 2013). Although PAH have many 

atmospheric reaction pathways, one unexplored endpoint is the formation of humic-like 

substances (HULIS). Aerosolized HULIS are consistently correlated with reactive 
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oxygen species and soluble metals (Tang et al. 2014), and as such, they are implicated 

with respiratory problems, oxidative stress, and Earth’s energy balance (Andreae and 

Gelencser 2006). This study evaluates the mechanistic pathways of HULIS production by 

oxidation of aqueous suspensions of PAH with only exposure to sunlight.  

HULIS material is a class of light absorbing compounds and is presented as a 

collective of organic species, each containing significant aromatic and carboxylic acid 

character (Graber and Rudich 2006). They are found to be a major component of brown 

carbon and are implicated with radiative forcing in the atmosphere (Andreae and 

Gelencser 2006). PAH and HULIS are commonly observed in particles sourced from 

pyrogenic processes, e.g. biomass burning and vehicle exhaust (Ravindra et al. 2008). 

The long range transport of PAH lend themselves to extended exposures to sunlight and 

oxidants, potentially producing other branched and oxidized PAH (oxPAH) products 

such as anthraquinone and naphthol, which may then act as intermediates for larger 

structures, e.g. HULIS. Environmental PAH and HULIS are correlated with reactive 

oxygen species in cloud water and aerosolized particles (Bamforth and Singleton 2005). 

Particle surfaces containing aromatics may use ultraviolet radiation as a catalyst in an 

electron transfer interaction with elemental oxygen or water molecules to produce 

radicals, such as superoxide or hydroxyl radicals. These radicals are highly reactive 

oxidation agents and may initiate several oxidizing pathways (Wols and Hofman-Caris 

2012), resulting in the further production of HULIS via oxPAH.  

Reaction parameters use varying PAH reagent and matrix composition, oxidizing 

agents, and time duration. Analytical techniques for detecting organic products include 
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UV-vis, HPLC, ESI/APCI-MS, and FTIR. These analyses will help to define the 

spectroscopic properties, growth in mass, and elucidate the number and structure of these 

products. Initial oxPAH data include the evolution of discolored samples demonstrating 

an exponential featureless decay within the UV-vis analysis and the growth of many new 

HPLC peaks during and following light exposure periods, which indicate the production 

of several new species. These UV-vis spectra and arrays of HPLC products are 

symptomatic of HULIS materials. Our project has observed the growth of peaks at 

specific retention times throughout these reactions, which demonstrate the evolution of 

explicit reaction pathways toward predictable products. Evaluating the formation of 

products from identified oxidation products of PAH assays allows for the determination 

of specific reaction mechanisms. A higher understanding of the creation of HULIS in 

atmospheric conditions will greatly aid in predictive models for air quality and human 

health downwind of pollution sources. 

The category of humic substances is a broadly defined term which is meant to 

describe collections of similarly highly and diversely functionalized organic molecules. 

Traditional humic acids are named from the region of their transformation (Graber and 

Rudich 2006), ie the humus layer of soil, in a process called humification (Tuomela et al. 

2000). Groups of these molecules formed in aquatic regions are described as fulvic acids. 

A very recently discovered form of these molecules is formed in the atmosphere and is 

less understood, and is therefore more broadly termed Humic-Like Substances (HULIS). 

Despite their varying origins, all types are classified as humic based upon shared 

functionality and environmental activity. These hydrocarbons all contain significant 
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aromatic regions and have a high degree of oxygenation in the form of ether bridges, 

carbonyl groups, and hydroxide (Graber and Rudich 2006). Several of these oxidized 

groups are paired together to create ester chains and carboxylic acids. 

These groups give the collection of these compounds multiple similar activities. 

Humics are implicated with the production and sequestration of reactive oxygen species  

(ROS), their carbonyl and hydroxyl groups give them the ability to complex metals (Tang 

et al. 2014), the multimodal structure allows for nutrient mobilization in biological 

systems (Canellas et al. 2015), and when dissolved in aqueous solutions, including cloud 

water droplets, they demonstrate a translucent effect wherein a high absorbance at low 

wavelengths becomes progressively lower at longer wavelengths across the UVvis 

spectrum. This defines their considerable contribution to brown carbon (Andreae and 

Gelencser 2006). It is in the nature of humic substances to encompass a broad range of 

individual compounds and therefore represent a large range of masses. As such, these 

masses generally trend larger for humic acid, lower for fulvic acid, and HULIS represents 

the smallest masses (Graber and Rudich 2006). 

Formations of atmospheric compounds are highly susceptible to several ever-

changing factors, e.g. patterns of combustion emissions, varying wind speed and 

direction, temperature and humidity. Therefore there has been no established standard 

reference material for HULIS in bench or field studies. To this end, the most commonly 

accepted reference for HULIS character is Suwannee River Fulvic Acid (SRFA) (Graber 

and Rudich 2006). 
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Several bench studies of HULIS production have used single aromatic compounds 

and strong oxidizer reagents as starting materials in aqueous phase generation. Previous 

studies have investigated pre-oxidized benzene structures that have been observed in the 

atmosphere (Andreae and Gelencser 2006), mainly phenol and cathehol, representing 

compounds released by biological and combustion processes. To initiate these reactions 

previous projects typically add a known environmental oxidizing agent (Andreae and 

Gelencser 2006), such as hydrogen peroxide, ozone, and ferrous iron. These systems 

react robustly with UV irradiation (Wols and Hofman-Caris 2012) to produce reactive 

oxygen species (ROS) in the form of hydroxyl radical (OH) and superoxide radical (O2-). 

Each of these will act upon the aromatic compounds to form hydroxides and carbonyl 

groups, respectively.  

Our project has previously observed HULIS formation in solar simulations from 

aqueous suspensions of polycyclic aromatic hydrocarbons (PAH) in the absence of 

oxidizing agents. Both of these compounds are sourced from combustion and 

anthropogenic regions and therefore are likely connected in their formations. PAH are a 

major primary emission product from biomass burning and vehicle emissions. They are 

commonly observed to oxidize in the atmosphere in the presence of ROS (Bamforth and 

Singleton 2005). Our bench studies have previously demonstrated that the products of 

these oxidations share several characteristics that are consistent with HULIS. One main 

factor we observed was the ability for oxidized PAH to produce soluble iron from 

insoluble iron in a standard reference soil. 
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Due to the highly varying nature of humic substances, there are likely several 

mechanistic pathways for atmospheric HULIS, many of which may involve multiple 

steps. The extended aromatic systems of PAH are strongly implicated with the generation 

of OH radical, these radicals are typically borne out of a peroxide intermediate structure 

that gets homolytically cleaved by UV light or react through a Fenton-like electron 

transfer mechanism resulting in an oxide and the OH radical (Zhu et al. 2013). 

Superoxide radicals are associated with elemental oxygen and regions of high electron 

density, such that extended aromatic systems may supply. Similar to alpha oxidation 

mechanisms, PAH reactions with OH are likely to produce structures with hydroxides at 

alpha positions to fused rings, such as 1-naphthol and 9,10-anthracene-diol. Elemental 

oxygen species, e.g. superoxide and singlet oxygen, are commonly observed to oxidize 

opposite ring positions (Bamforth and Singleton 2005) into symmetrical ketone 

structures, including 1,4-naphthoquinone and 9,10-anthraquinone. Our project has 

previously identified a handful of structures from aqueous PAH oxidations which include 

the previously mentioned hydroxyls and quinones, as well as more simple aromatics 

including benzoic and phthalic acids. The determination of any of these structures to 

behave as intermediate species, instead of end products, will greatly help in elucidating 

preliminary mechanism steps.  

This study aims to examine the reaction of potential intermediate structures and 

system alterations in order to introduce some major reaction pathways involved in the 

transformation of PAH into HULIS. The number and behavior of products are evaluated 

by HPLC and UVvis. The overall structural qualities are analyzed by ATR-FTIR and 
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ESI/APCI-MS. Each of these tests are compared to data obtained from SRFA for HULIS 

content. 

4.3 Experimental 

4.3.1 Materials 

All experiments and sample preparation were performed under a laminar-flow 

hood using HEPA-filtered air. To reduce cross-contamination in the reactor between 

assays, Teflon beaker liners were cleaned through a succession of solvent treatments. 

This process starts with an acetone rinse followed by an overnight bath of 100% HPLC-

grade acetonitrile, then a final overnight bath in 5% trace-metal grade nitric acid 

including a pre and post-bath triplicate rinse with 18.2 MΩ purified water. Plastic tubes, 

bottles, and syringes were prepared using a rinse with 100% acetone and dried before 

sample addition. 

4.3.2 Reagents 

Reagents used for these reactions include the PAH, naphthalene (NAP), 

anthracene (ANT), phenanthrene (PHE), and pyrene (PYR), and found oxPAH products 

benzoic acid, phthalic acid, 1-naphthol, 1,4-naphthoquinone, 9,10-anthracenediol, and 

9,10-anthraquinone (Sigma, Fisher) were all used as received without further purification. 

The structures for these organic reagents can be seen in Fig. 4.1. Suwannee River Fulvic 

Acid (SRFA) III (IHSS) was used as the analytical standard for HULIS and was used as 

received.  
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Figure 4. 1: Structures of PAH and oxPAH reagents.  

(A) naphthalene, (B) anthracene, (C) phenanthrene, (D) pyrene, (E) benzoic acid, (F) 

phthalic acid, (G) 1-naphthol, (H) 1,4-naphthoquinone, (I) 9,10-anthracene-diol, (J) 9,10-

anthraquinone. All structures are created by the author using MarvinSketch software. 
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Ultrapure water was obtained from a Thermo Scientific Nanopure water 

deionization system (ThermoScientific Nanopure, Waltham, MA).and was collected 

during a resistance value of 18.2 MΩ. Simulated sunlight was provided by an Oriel Sol 

1A solar simulator using an Air Mass, AM 1.5 Global Filter (Newport) producing 5.4% 

UV, 54.7% visible, and 39.9% IR spectra light equivalent to sunlight, and calibrated for a 

flux of 1550 Wm
-2

 to simulate one sun at sea level at its zenith. 

4.3.3 Methods 

Aqueous suspensions of organic samples were created by adding 100 mg of 

organic crystals to 200 mL of ultrapure water to obtain a total concentration of 500 ppm. 

These mixtures are then capped, inverted ten times, and stored at room temperature in the 

dark. Each organic suspension is aged for 24 hours to allow the solids to fully dissolve to 

equilibrium. The reaction vessels are comprised of 100 mL Teflon liners inside jacketed 

glass beakers which are temperature controlled at 25°C by water flow from a chiller 

pump.  

During the reaction, illuminated samples were held at 25
o
C with stirring for 16 

hours under a controlled light using the calibrated solar simulator lamp. Control samples 

of identical composition were conducted in the dark by covering an additional reaction 

vessel with a commercially available aluminum foil. Sample aliquots of 4 mL were 

removed at the beginning and end of the reaction period. Samples evaluated for bulk 

aqueous properties, such as acidic character, UV-vis spectra, and liquid chromatographic 

separation, are analyzed raw without filtration or acidification.  
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4.3.4 Analysis 

Sample solutions following photoreaction are evaluated for HULIS character by 

qualitative comparison of analytical data to data obtained from the chosen standard 

material, namely SRFA. This fulvic acid standard is stored and handled in the same 

manner as the PAH and oxPAH reagents. HULIS character inherent in the SRFA, 

including retention, spectroscopic, functionality, and size are based on the HPLC, UVvis, 

ATR-FTIR, and ESI/APCI-MS analyses described below. 

UV-vis absorption patterns in samples are analyzed using a Shimadzu UV-1800 

spectrophotometer. Bulk aqueous samples are added to 1 cm quartz cuvettes after 

baseline calibration using ultrapure water. All samples are analyzed from 220 to 700 nm 

with maximum absorbance set to 4.0 absorbance units. 

HPLC (Agilent 1100) analysis was performed using a reversed-phase retention 

gradient mobile phase method. Separation was obtained using 1 mL/min flow rate, 0.1% 

TFA:ACN gradient of 90:10 to 0:100 over 22.5 min plus hold to 28 min, 100 μL sample 

injection through a Hydro-RP 250 x 4.6 mm column (Phenomenex), and detection at 254 

nm. The chosen column uses a C18 stationary phase on beads with 80Å pore size; this 

creates a method using a polarity component. Therefore each peak will represent a 

compound or set of compounds that match a particular degree of oxidation (i.e, polarity). 

To allow for mobile phase system equilibration between samples, each analysis was 

followed by a equilibrium time of 5 minutes. 

Aliquots from photoreaction assays which indicate potential HULIS character are 

evaporated and tested for functional groups using attenuated total reflectance Fourier 
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transform infrared spectroscopy (ATR-FTIR) on a ThermoScientific iS5, analyzed from 

700 to 4000 cm
-1

. The diamond crystal was cleaned and prepared for analysis using a 

swab of isopropanol and background set after drying. Obtained residues were applied 

directly to the crystal and firm contact was attained by a torque-controlled plunger. 

ESI/APCI-MS analysis was performed using an Agilent 1260 LC-MS system 

fitted with a coupler in the place of a column, allowing for direct injection into the 

detector. Sample injections of 10μL are carried through the system at a rate of 0.2 

mL/min using 100% methanol.Tracking the sample analyte is done by single wavelength 

UVvis absorption set at 250nm, allowing for proper analysis of the MS spectra. 

Ionization and detection of analyte masses are attained by setting the MS to 

simultaneously capture existing ions in electrospray mode and induced ions in 

atmospheric pressure chemical ionization mode set for fragmentation at 150V. Positive 

and negative ion modes are run together with scanning mass values of 60-1000 m/z to 

capture several possible ionizations due to the multifunctional nature of the HULIS. 

 

4.4 Results 

4.4.1 HULIS characteristics  

Figure 4.2 shows the analytical profiles of SRFA, which is herein used as the 

standard reference activity for HULIS character. Frame A shows the HPLC 

chromatogram, a significant early peak at 3.5 minutes is clearly evident. The remainder 

of the standard produced a broad Gaussian product peak ranging from 5 to 17 minutes. 
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Frame B has the UV-vis analysis, here a smooth curve is seen starting with high 

absorption at low wavelengths and lower absorptions at higher wavelengths. 

The FTIR spectra in frame C demonstrates the 3 main function peaks expected for 

HULIS material: a broad peak at 3300 cm
-1

, sharp peak at 1700 cm
-1

, and a pronounced 

broad peak between 1300-1100 cm
-1

. Finally the MS spectra demonstrates a large number 

of peaks showing mass:charge (m/z) 150 and smaller, the mass peaks generally evens out 

from 150 to 1000 m/z. This mass distribution represents the bulk profile of SRFA from a 

direct injection into the mass analyzer. 
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Figure 4. 2: Analytical data of SRFA.  

(A) HPLC chromatogram, (B) UVvis spectra, (C) ATR-FTIR spectra, (D) ESI/APCI-MS 

spectra 
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4.4.2 HPLC product profiles  

Figure 4.3 shows the HPLC profile of products of reactions from the potential 

intermediate structures identified from NAP and ANT reactions. Frames A and B show 

the chromatograms for post-reaction samples for benzoic and phthalic acid, respectively. 

These simple aromatic acids are shown to produce very few new products in the light. 

Similarly, anthracene-diol and anthraquinone in frames E and F show a product profile 

from the light to be essentially unchanged from the dark side of the reaction. 

By contrast frames C and D show that photo-reactions of napthol and 

naphthoquinone, respectively, have produced a large number of robust products. the 

major production of naphthol reactions look to start eluting at 11 minutes and continuing 

a raised baseline until 28 minutes. Naphthoquinone photoreaction shows production of 

several products eluting from about 5 minutes until 20 minutes.  
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Figure 4. 3: HPLC chromatograms of post-reaction samples of oxidized reageants.  

Solid lines represent samples in the light, dashed lines represent samples in the dark, (A) 

benzoic acid, (B) phthalic acid, (C) 1-naphthol, (D) 1,4-naphthoquinone, (E) 9,10-

anthracene-diol, (F) 9,10-anthraquinone. 



 

 77 

4.4.3 UVvis character  

Figure 4.4 shows the absorption character of saturated aqueous suspensions of 

oxPAH after photoreactions. The occurence of spectral change across these assays follow 

very closely with the reagents observed to create peaks in the previous HPLC data. Fig. 

4.4A and B show the spectra for post-reaction samples for benzoic and phthalic acid, 

respectively. The only change observed between light and dark samples of these simple 

aromatic acids were a more enhanced absorption near 260nm in the light sample versus 

the dark. Interestingly, anthracene-diol and anthraquinone in frames E and F not only 

show profiles from the light to be essentially unchanged from the dark, but there exists 

nearly no absorption in this region of light at all.  

By contrast Fig. 4.4C and D show that photo-reactions of napthol and 

naphthoquinone, respectively, have produced a significantly greater absorbance profile. 

These spectra in the dark already contain robust absorption peaks; the naphthol assay, 

Fig. 4.4C, has perfectly reproduced the UV-vis gradient seen with the SRFA standard in 

Fig. 4.2B. The naphthoquinone, Fig. 4.4D, has a strong baseline that fits with the SRFA 

gradient, however there also includes a pronounced shoulder on this spectra curve. 
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Figure 4. 4: UVvis spectra of post-reaction samples of oxidized reageants.  

Solid lines represent samples in the light, dashed lines represent samples in the dark, (A) 

benzoic acid, (B) phthalic acid, (C) 1-naphthol, (D) 1,4-naphthoquinone, (E) 9,10-

anthracene-diol, (F) 9,10-anthraquinone. All spectra are displayed in the 500 ppm 

concentration in which each assay was produced. 
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4.4.4 IR spectra 

Figure 4.5 shows bulk functionality on potentially HULIS-active systems. Since 

only active samples under light produced any character related to HULIS, this analysis is 

focused on structurally characterizing those products. Naphthol and naphthoquinone, 

frames A and B, display the 3 main pillars of HULIS bulk functionality as demonstrated 

by SRFA. These peaks of interest are the broad peak at 3300 cm
-1

, sharp peak at 1700 

cm
-1

, and a pronounced broad peak between 1300-1100 cm
-1

.  

The inclusion of anthracene derivatives in frames C and D, despite the low 

activity detected in HPLC, is based on the UVvis is inconclusive. Like the above 

naphthalene derivatives these spectra are virtually identical to each other, except that 

these show very little structure. The FTIR of these samples show spectra very similar to a 

parent-chain anthracene with regular sharp peaks from 1200 and lower cm
-1

, yet with the 

inclusion of a sharp peak at 1700 cm
-1

.  
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Figure 4. 5: ATR-FTIR of post-reaction products of oxPAH reactions in the light.  

(A) 1-naphthol, (B) 1,4-naphthoquinone, (C) 9,10-anthracene-diol, (D) 9,10-

anthraquinone. 
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4.4.5 Mass Spec profiles  

Figure 4.6 shows the mass range of saturated aqueous suspensions of PAH and 

oxPAH reactions. Again, the focus here is on characterizing PAH-based HULIS products. 

Frames A and B represent oxidized naphthalene and anthracene products; While the 

peaks are more pronounced in the naphthalene masses than the anthracene, their range 

and overall spread of masses look to be very similar. 

The differences between the naphthol, frame A, and naphthoquinone, frame B, are 

few but pronounced. They both have a similar baseline spread of products across the 

range of masses, however the naphthol has shown interesting bumps in peaks at the 115 

and 301 m/z values. 
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Figure 4. 6: ESI/APCI-MS spectra of HULIS-active reactions in the light.  

(A) naphthalene, (B) anthracene, (C) 1-naphthol, (D) 1,4-naphthoquinone. 
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4.5 Discussion 

4.5.1 Validity of analyses and SRFA evaluation  

This study was able to confirm not only that HULIS is formed from simple PAH 

in a variety of environments, but some major details of the mechanistic pathways were 

demonstrated as well. The overall confirmations of HULIS character in active reactions 

are based on similarity to a common SRM in bench studies, mainly SRFA. Despite the 

fact that SRFA is widely used and therefore its analytical data is well characterized, it 

would only be helpful to showcase our found data using the same instrumentation and 

techniques as for the samples. 

The HPLC analyses used standard reversed-phase silica beads coated with a C18 

stationary phase for retention. The combination of a monodisperse 8 nm pore size with a 

polar-nonpolar mobile phase gradient results in a process that may separate compounds 

based on their individual degrees of oxidation. Wherein products will flow into crevices 

and channels throughout the beads and will experience either more or less retention based 

on their interactions with the coated bead surfaces. Higher oxidation will significantly 

decrease the final retention times by reducing the interactions with the nonpolar C18 

coating. 

SRFA, being a type of humic acid, is expected to encompass a wide range of 

structures, this also encompassing a wide range of sizes and amounts of oxidation. The 

observed chromatogram for this HULIS character demonstrates these attributes with a 

broad retention peak at three minutes representing large oxidized structures and a 

significant rise in baseline from 5 to 20 minutes. This would represent a large gaussian  
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distribution of products with varying oxidations and sizes including very small up to 8 

nm in hydrodynamic diameter. 

The typically expected absorption pattern for HULIS is a featureless decay 

including high absorption in the UV and lower absorption throughout the visible 

spectrum. This results in the translucent yellow-brown coloration seen in aqueous 

solutions. This is seen as an aspect of the presence of large numbers of products with 

varying absorption properties. This is also what defines atmospheric HULIS as a major 

factor in brown carbon and smog conditions. 

The UVvis spectra for SRFA clearly demonstrates this expected pattern. This fits 

very well with the observed products in the HPLC profile. At its core humic material 

including HULIS is aromatic hydrocarbon in nature, however it is the makeup of the 

oxidized groups that gives these compounds their functionality. Their increased size 

allows for absorption at higher wavelengths and is due to the formation of branches and 

ether bridges, including esters. Their complexation role in metal solubilization and 

nutrient mobility is due to the presence of available carbonyl and hydroxyl groups. 

These groups are observed in the FTIR spectra of SRFA, creating a validation for 

comparison with the produced samples in this study. Specifically, the focus is on the 

large peak dip at 3300 cm
-1

 signifying hydroxyl groups, the pronounced peak at 1700 cm
-

1
 demonstrating carbonyl function, and the dip in the overall baseline ranging from 1300-

1100cm
-1

, which is characteristic of carbon-oxygen bonds forming ether groups. 

From the HPLC spread of compounds to the absorption pattern within the UVvis 

spectrum, the masses of these structures will also be a wide range. Known HULIS masses 
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are found from 250-450 m/z, however it could be easily imagined that the actual mass 

spread of HULIS is dependent on the region and pace of formation.  

The soft ionizations of electrospray (ESI) and atmospheric pressure chemical 

ionization mass spectroscopy (APCI-MS) make ideal conditions to observe the complete 

masses of these bulk structures. Running both ionization methods allows for the capture 

of highly acidic deprotonated groups, via ESI, and to add a protonation charge via APCI. 

To maximize the detection of all compounds, both ESI and APCI are used for mass 

analysis. 

In this project using a fragmentation voltage of 150V, SRFA solutions have given 

a percent relative mass spread starting with many large mass peaks near 150 and dwelling 

into smaller but regular peaks into the range of 600 and higher mass-per-charge. 

While it is unlikely that the PAH assays in this project will give the same mass 

profile, this can still be treated as a representative product range that can be acceptable. 

4.5.2 Identification of intermediates 

For this project we have defined some intermediate pathways for PAH 

transformation as discovered products displaying the ability to create HULIS on their 

own. This ability has been successfully observed for naphthol (Nap-ol) and 

naphthoquinone (Nap-one). 

Oxidized naphthalene and anthracene clearly demonstrate HULIS character 

compared to SRFA data. Their many HPLC peaks appear at retention times consistent 

with SRFA chromatograms and UVvis absorptions have the same featureless pattern and 

mass spec patterns are comparable. The main differences are in the retention peaks of 
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HPLC and FTIR of oxidized ANT, where the ANT reactions display products on HPLC 

at extended retention times and its FTIR spectrum does not show a hydroxide group. This 

fits with field samples of atmospheric ANT correlations of many aromatics with quinone 

character.  

Several products of NAP and ANT reactions were determined using retention 

times of suspected compounds, including naphthol in the naphthalene assays, 

naphthoquininone and a peak that matched both anthraquinone and anthracene-diol in the 

anthracene assays. Peaks matching benzoic and phthalic acid appeared in the assays of 

both PAH. These oxidation products became the reagents tested in the solar reactor to 

determine potential mechanism pathways. 

Of the discovered products, only naphthol and naphthoquininone demonstrated 

HULIS-active character when subjected to sunlight. Therefore we would define these as 

intermediate structures in pathways of the overall mechanism.  

The analyses of the resulting naphthol reaction are a nearly perfect comparison to 

the SRFA standard. The characteristics of UVvis absorption, FTIR evidence of functional 

groups, and very similar mass spread with MS. The HPLC chromatogram for this assay 

had an interesting difference from SRFA in that the familiar distribution of products are 

retained an additional five minutes, i.e. 11 to 25 minutes. This may relate to different 

sizes of overall structures except that the MS did not show a significant difference. So 

this may be due to a difference in association with water molecules creating varying 

ranges of hydrodynamic diameters. 
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The analyses of the resulting naphthoquininone reaction are favorably compared 

to the SRFA standard. The characteristics of HPLC retention, FTIR evidence of 

functional groups, and very similar mass spread with MS. The UVvis spectra for this 

assay had an interesting difference from SRFA in that the recognizable absorption decay 

for HULIS can be clearly seen in the baseline, however there now exists a should peak 

near the 400 nm point.  

There are two intriguing takeaways from this feature within the otherwise 

HULIS-specific pattern. The first is that this shoulder represents a relatively high 

concentration of similar products with a particular difference in their structural character 

to the remaining products; while this doesn't seem to remove the overall HULIS character 

of the bulk system it would be interesting to see how this effect would alter the 

excitation/emission character in a fluorimeter response. The second detail to note is that 

this absorption bump occurs in the same region as the similar UVvis peaks observed in 

the SPE elution profile for anthracene in the previous study. This correlation would 

actually fit well considering that anthracenes in the environment are traditionally 

connected with higher rates of quinone products. 

Given that both naphthalene derivatives have individually demonstrated HULIS 

production activity they must be considered as potential reaction pathways. The 

differences between their respective products would relate to their own reaction 

mechanisms. Qualitatively, the change in colorization for the naphthoquininone assays 

were observed to be much more rapid than the naphthol assays. 



 

 88 

4.5.3 Identification of end products  

This project has successfully identified various products which do not inherently 

show the ability to oxidize or grow further than their own structures or derivatives. The 

demonstrated lack of HULIS formation from the diol and quinone derivatives of 

anthracene and the benzoic and phthalic acid assays leads us to conclude that these are 

end products. 

With extended conjugated pi systems, the oxidized anthracene derivatives were 

expected to have some of the more robust reactivity. However, this was not observed and 

these structures proved to be nearly completely unreactive. Both the anthracene diol and 

quinone assays displayed little to no reactions towards new products, and UVvis analysis 

proved inconsequential as there was no observed absorption for either assay across the 

entire region. Some further investigations into the HPLC fine structure of product peaks, 

seen in Fig. B1, have demonstrated very similar formation patterns suggesting that these 

compounds converge on one structure in this environment. FTIR analyses on these 

resulting residues, previously considered unnecessary and now seen in Fig. 4.5C and D, 

reveals a strong carbonyl peak at 1700 cm
-1

 as the only non-aromatic feature, suggesting 

that this single structure must be the quinone. 

Photo-oxidation reactions of pure benzoic acid and phthalic acid demonstrate no 

production of products on HPLC and there was no change observed in the UVvis for 

these assays. At this point we could conclude that there were no HULIS materials to 

evaluate further. 
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This lack of reactivity can be explained when evaluating their structures against 

the suggested correlations of aromatic structure and overall stability stated by Clar (Clar 

and Schmidt 1975). Briefly, higher numbers of complete benzene rings observed in the 

Lewis structures of PAH will correlate to a higher stability. The 9,10 anthraquinone 

structure will afix two complete benzene structures thereby increasing its stability. The 

resilient nature of the benzoic and phthalic acids may be similarly explained by the high 

overall percent of complete aromaticity in their structures.  

4.5.4 Characterization of reaction pathways  

The HPLC method used in this project attained a high degree of retention and 

separation of product peaks in post-reaction samples. The chromatograms of naphthol 

(Nap-ol) and naphthoquinone (Nap-one) share features as the chromatograms seen in the 

previous study for NAP and ANT products. Each assay produced a distinct pattern of 

resolved peaks retained by our HPLC method; these peaks are observed against elevated 

baselines similar to the retention pattern seen from the SRFA analysis. These baselines 

are all presented over the course of several minutes and their respective retention times 

are here evaluated as signature character traits to each reagent. 

Comparison of HPLC product character from Nap-ol and Nap-one to product 

characters produced from NAP and ANT reactions have suggested likely mechanism 

steps. HPLC analysis of NAP reactions show a naphthol as a major product, this is within 

a range of products with demonstrated retention times from 6 to 20 minutes.  Despite the 

presence of Nap-ol in the collection of products, comparison of overall product profiles 
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between NAP and oxidized NAP reactions demonstrate that NAP based HULIS produces 

material with retention ranges closer to naphthoquininone character.  

Previous HPLC analysis of ANT reactions showed anthraquinone and 

naphthoquininone as major products. Since a separate assay of anthraquinone 

demonstrated its role as an end product, our focus here will be on the naphthalene 

derivatives as potential intermediate structures. 

ANT reactions contain products that exhibit a range of compounds with 

demonstrated retention times from 6 to 25 minutes.  Comparison of overall product 

profiles between ANT and oxidized NAP reactions demonstrate that ANT based HULIS 

produces material with extended retention time ranges that include both naphthol and 

naphthoquininone character. Similar to NAP reactions, products of ANT start at retention 

times of six minutes but extend past the times where naphthoquininone products end. The 

overall range for ANT products is shown to extend into the region that includes the 

naphthol range of products as well, despite naphthol not being seen as a significant 

product. HULIS pathways for both NAP and ANT must involve both oxNAP structures, 

with separate kinetics for each step. 

4.5.5 Suggested preliminary mechanism steps  

While there are likely several reaction pathways in these reactions, the data 

presented in this project offer some strong evidence for some major pathways. Figure 4.7 

displays our proposed preliminary mechanistic pathways of HULIS production from 

PAH, specifically from NAP and ANT. The shared presence of produced HULIS with 

Nap-one character in both NAP and ANT assays strongly suggests that the conversion of 
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Nap-one into HULIS is likely a faster favored reaction pathway. Conversely, the lack of 

HULIS similar to Nap-ol reactions in NAP assays indicates that the conversion of Nap-ol 

into HULIS must be a slower process than Nap-one. In Fig. 4.7A, NAP reactions are 

indicated as producing Nap-ol at a faster rate than they produce Nap-one. This is based 

on residual Nap-ol found in NAP products, which overall demonstrate HULIS with Nap-

one character. The ANT proposed pathways, shown in Fig. 4.7B, are depicted with a 

nearly opposite trend. We propose that ANT is likely to produce Nap-one at a very rapid 

pace along with its HULIS products, given our previous estimation that the quinone is 

converted to HULIS relatively quickly. The observation that ANT also produces  
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Figure 4. 7: Preliminary suggested reaction pathways. 

Suggested production of HULIS from (A) naphthalene and (B) anthracene. Solid arrows 

represent proposed reactions involving HULIS intermediates, dashed arrows represent 

formation of end products. FAST and SLOW designations are based on the prominence 

of those compounds in the post-reaction sample. 
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compounds that are retained similar to Nap-ol products further suggests that Nap-ol is 

being produced as well, albeit at a slower rate relative to Nap-one. 

Since every assay with a HULIS response have been observed to only produce 

this in illuminated samples, the specific impact of sunlight cannot be overstated. The 

excitation of dissolved oxygen or water molecules by UV radiation, thereby producing 

varying ROS, would be a likely component to these reactions. Here, we can suggest some 

reaction scenarios that may arise with produced OH and superoxide radicals. Reactions of 

OH typically involve the homolytic capture of acidic hydrogens to form water and a 

carbon centered radical. This leaves the hydrocarbon susceptible to attack and will result 

in a hydroxide group at the site of the attack. NAP reaction likely uses OH to produce 

significant Nap-ol, but may use superoxide (Ȯ2
-
) to produce Nap-one which it further 

uses as the favored formation of HULIS. The initial Nap-ol formation must be rapid 

compared to the Nap-one, and Nap-one’s HULIS pathway must be rapid compared to 

Nap-ol. ANT reaction likely uses Ȯ2
-
 to produce significant Nap-one and OH to a lesser 

degree for Nap-ol without a specific favored pathway for HULIS. ANT’s initial Nap-one 

formation must be rapid compared to the Nap-ol. Keeping the idea of Nap-one’s HULIS 

pathway being rapid compared to Nap-ol fits well with ANT’s overall HULIS profile.  

Since both phthalic acid and anhydride are present in both NAP and ANT 

reactions we might conclude that they would be borne out of similar intermediate 

structures. Naphthol and naphthoquininone would likely have different initiation 

mechanisms with similar reagents. Therefore one proposed pathway could involve 

superoxide attack on naphthoquininone to produce the phthalic anhydride, while a 
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superoxide attack on naphthol, followed by OH, may lead to the phthalic acid structure. 

The phthalic acid and anhydride themselves may exist in equilibrium with each other as 

the acid may auto-condense to produce the anhydride in aqueous conditions. Each of 

these can be seen to go through a decarboxylation process to produce the benzoic acid. 

 oxANT is significantly present in only ANT reactions, therefore likely produces 

directly from ANT via ROS as end products. Behavior suggests that ANTdiol is quickly 

oxidized to ANTone. This would fit with expected Clar's rules for stability.  

4.6 Conclusions 

This study has successfully established some preliminary mechanism pathways 

into the formation of HULIS in simulated sunlight using oxidized PAH products found in 

a previous study. HULIS produced from the auto-oxidation of simple PAH appear to 

follow a mechanism using hydroxylated and quinone derivatives of naphthalene species 

as intermediate structures. Specifically, naphthalene appears to primarily follow a 

pathway using naphthoquinone as the intermediate state in HULIS formation, while 

anthracene reactions appear to follow multiple paths using both naphthoquinone and 

naphthol as intermediates for its HULIS production. 

Without the influx of strong oxidizers single aromatic oxidized species, such as 

benzoic and phthalic acids, are seen to be end products rather than HULIS producing 

structures as found in other studies. Oxidized derivatives of anthracene are similarly 

observed to serve as overall reaction end products and may therefore serve as product 

standards to evaluate the kinetics of these humification reactions. These results will 
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greatly help in building a foundation toward studying and determining the overall 

mechanism of HULIS in finer detail. 
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CHAPTER FIVE: SUMMARY AND FUTURE WORK 

This project has demonstrated some important and significant interactions that 

occur between persistent aromatic compounds with available metals in the environment. 

While these interactions have several potential outcomes, the information gathered over 

the course of this study suggests that the major pathways towards these interactions 

follow through radical generation and mediation.  

Data gathered and observed in this bench study provides a glimpse into a likely 

chronology of events surrounding atmospheric particles both emitted by combustion 

processes and down-wind atmospheric dust particles. Aqueous suspensions of PAH are 

observed to oxidize and form HULIS material in simulated atmospheric conditions. This 

oxidation process is displayed with structures of PAH which are predicted to be more 

reactive in redox conditions and illumination of simulated sunlight. These observed 

HULIS formations can be considered auto-oxidation reactions since they occurred 

without the presence of catalysts or oxidizers. HULIS formations are observed with PAH 

which had previously demonstrated an effect on soluble iron. Soil-bound iron is shown to 

increase in solubility in the presence of short chain linear PAH expected to be redox 

active. This solubilization is not seen as being dependent on acidity or dissolved PAH, 

suggesting a surface-mediated reaction. The data herein strongly suggest that the 

atmospheric processing of wind-blown dust by PAH-bound particles is likely due to 

newly formed HULIS complexing with iron to bring it into a soluble state. 
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Wind-swept metals in the form of soil and dust are observed to be effective 

fertilizing agents for distant land and water regions. However we have determined that 

the solubility of these metals can be highly affected by combustion emissions even and 

possibly especially, in regions far removed from their sources. Bulk water samples 

containing suspensions of a standard soil and various individual organic reagents are 

subjected to a simulated sunlight source in an effort to mimic the photochemical 

environment of cloud water systems. These assays demonstrated a substantial increase of 

iron solubility in the presence of short-chain linear PAH, including naphthalene and 

anthracene. Conversely, this project also illustrated Clar’s rules of stability by displaying 

the inactivity of non-linear PAH, with higher benzene-specific structural centers, with the 

lack of production of soluble iron. While the focus of this study was iron, there was an 

inherent suggestion of probable mechanism pathways, including surface-dependent 

catalysis based on strong differences in soluble iron among progressively soluble PAH 

reagents tested, and mechanisms of iron solubility involving complexations via 

carboxylic acids as a primary pathway versus the typical ferric reduction to the more 

soluble ferrous iron. 

To further understand the structural basis of these reactions, continuing these 

assays with PAH of lower solubility but extended linearity, such as tetracene, and higher 

solubility but higher Clar’s stabilities, such as fluorine, will greatly help complete this 

question. Additionally, there exists a need to elucidate the species of produced soluble 

iron to differentiate between free ferrous ions or ferric iron complexes by developing a 

method using a ferrous-specific ferrozine complex to analyze by ultra-sensitive long-
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range UVvis. Finally, expanding on the reaction testing by sampling at set times during 

the reaction will help to determine the actual kinetics of iron solubility will be of 

immense interest to groups looking to hone their soluble iron models. 

While current evaluations of air quality typically focus on aerosol and inorganic 

content, our project has brought attention to the often overlooked impact of 

anthropogenic aromatics in the atmosphere. There is a rather surprising and potentially 

concerning ability for primary PAH emissions to initiate their own secondary structure 

formation without the need for added anthropogenic oxidizing agents, such as NOx and 

sulfuric oxides. This study focused on simple PAH reagents and the evaluation of their 

potential photo-catalyzed transformation into a new category of humic material 

categorized Humic-Like Substances, or HULIS. The driver of this project was the organic 

analysis of PAH material resulting from the previous study into iron solubility. Sample 

analysis on HPLC showed that the PAH responsible for higher iron solubility were also 

forming a wide array of new organic products, while the iron inactive organics did not 

create any new products. To further determine the humic nature of these products, 

analysis on UV-vis demonstrated a HULIS-specific translucent brown carbon absorption 

curve, ATR-FTIR analysis on solid residues displayed the presence of groups highly 

associated with humic character, ie combination of hydroxide, carbonyl, and ether 

groups. 

To further the impact of this phase of the project, developing methods of 

evaluating the exact structures being created would help sell this process and apply a set 

predictability to atmospheric models looking to analyze hazards of anthropogenic 
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emissions. This could involve one or a combination of mass spectra, LCMS to help find 

total parent masses, GCMS on extractions for harder ionizations to elucidate structural 

features which would be aided by NMR analyses also, if large and high purity solid 

crystals can be collected, then X-ray crystallography could complete these overall 

structures.  

The tendency for these PAH to initiate their own oxidations in sunlight is 

observed to have a significant effect on their structures and will create a complex 

dynamic series of reactions leading to more toxic oxidized structures with several 

functionalities that are still not entirely understood. In this continuation of the previous 

study into general HULIS formation, the new focus became an attempt to enter into 

introductory mechanism steps in these auto-oxidation reactions. After a handful of 

remaining products were identified in the original reaction samples that produced HULIS 

materials a series of photoreactions were conducted using these products as starting 

materials. Of these assays any which further produced material with HULIS character are 

considered to be intermediate structures. Conversely, reaction assays found to be inactive 

toward further oxidation is then considered as an endpoint. To this, the naphthalene 

derivatives naphthol and naphthoquinone are concluded to be intermediate steps, likely 

generated via oxidation by ROS, including OH and superoxide radical, respectively, used 

by both naphthalene and anthracene in their production of HULIS. Additionally, 

anthraquinone and benzene-centered carboxylic acids, ie phthalic and benzoic acid, are 

seen as end products. The HULIS character in this study was completed by comparing 

analytical data of these assays to the closest available standard reference material to 
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HULIS, Suwannee River Fulvic Acid. There is further interest in the interplay of these 

products with their system environment. To that end, further studies into how different 

acidic and buffer systems affect this production will be very helpful to air quality 

evaluations. Overall results of interactions with soils involving soluble iron have already 

been established in this study, however the nature of these associations can be further 

understood by retention patterns on solid phase extraction columns designed for 

multifunctional analytes. This would couple quite well with the aforementioned ferrous 

ion analysis involving ferrozine reagents. 

It is my hope that this information can be useful in the formation and evolution of 

emissions regulations and quality standard models for air in areas affected by combustion 

and other anthropogenic pollution sources. Further understanding of these reactions may 

provide significant advancements in processes governing clean energy generation, 

predicitive modelling of global soluble iron and light absorbing compounds, establishing 

source apportionment data for humic substances, and possibly planetary humification 

processes that would initiate primary sources of life. 
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APPENDIX A 

Figure A. 1 Molar comparison of dissolved organic reagents and solubilized iron.  

For PAH assays open markers represent light samples, filled markers represent dark 

samples. Split markers represent carboxylic acid assays, where open tops are light 

samples and closed tops are dark. Dissolved content of organics are based on listed 

aqueous solubilities, soluble iron data represents the total quantity of produced soluble 

iron over 16 hours. Both are reported in nM units with the organics plotted in log scale. 

“water” refers to ultrapure water samples; BeP, benzo(e)pyrene; Ant, anthracene; Pyr, 

pyrene; Phe, phenanthrene; Nap, naphthalene; FoA, formic acid; PhA, phthalic acid.
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APPENDIX B 

  
 

Figure B. 1 Fine structure of HPLC chromatograms of anthracene derivatives.  

Box represents region of retention patterns shown in the inset. (A) 9,10-anthracene-diol, 

(B) 9,10-anthraquinone. 
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