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Abstract 

Understanding of the fate of oil in the environment is of utmost importance; however, accurate, 

predictive models are still in very early stages.  To aid in the development of these models, 

photodegradation of selected polycyclic aromatic hydrocarbons (PAHs) in an n-alkane 

hydrocarbon matrix was followed for individual PAHs and mixtures of PAHs similar to that 

found in the Deepwater Horizon spill.  Tetracene in tetradecane photodegraded quickest of all 

observed PAHs, with a loss of 99% after only one hour of irradiation.  Binary mixtures of PAHs 

showed different degradation amounts, including changes in PAH kinetics.  These results suggest 

that the formation of dimers or aggregates as well as photosensitization reaction is important in 

the degradation of PAHs in oil.  Kinetics of PAH photodegradation and PAH sensitized 

photodegradation will be presented.  This information will provide a better understanding of the 

fate of oil in environmental systems. 
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Chapter 1 

Oil Spills, Components, and Detection Methods 

Oil Spill Disasters and Impact 

 In the twenty-first century, the United States averages using 19.5 million barrels of 

petroleum per day, which equates to three gallons per person. (Deffeyes, 2001)  Matt Kelso of 

Fractracker estimates that there are over 1.1 million active oil and gas wells in the US. (Kelso, 

2014)  According to Information Handling Services Inc. (IHS), the number of offshore oil rigs 

last year totaled 781. (IHS, 2014)  The primary means of moving this crude oil to consumer 

markets is via America’s 170,000 miles of petroleum transmission pipelines. (API, 2014)  What 

does all this data mean?  At any given moment, our forests, our oceans, our ecosystems, and our 

environment can be potentially devastated by an oil spill disaster.   

In April of 1979, the Ixtoc I exploratory well in the Bay of Campeche suffered a blowout, 

releasing an amount of crude oil at the sea floor estimated between 126 million and 210 million 

gallons.  Throughout the 10 month release, much of the oil was continually pushed offshore by 

the prevailing current.  Although initial investigations found little evidence of contamination, the 

impact on the aquatic life was readily seen.  Fish eggs exposed to crude oil equilibrated water 

revealed a substantial amount of toxicity, while red drum eggs, in particular, were found to be 

severely damaged by exposure to sea water with dissolved hydrocarbons from the Ixtoc I spill. 

(Rabalais et al., 1981; Schrope, 2010)  Damage to test ecosystems was also observed with Ixtoc I 

oil.  Kalke et al performed in situ studies on benthic communities exposed to weathered Ixtoc I 

oil over a twelve week period.  Results showed that total biomass was significantly reduced, but 

more importantly, the depth of the oxygenated layer was decreased by approximately 50%.  
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Kalke et al suggested that this loss of oxygenated layer could reduce subsurface benthic 

production and alter processes such as nutrient regeneration. (Kalke et al., 1982)  Hall et al 

concluded that three sea turtles found dead after the Ixtoc I oil spill had petroleum hydrocarbons 

in all tissues examined and that the level of exposure was chronic.  According to the study, the 

sea turtles may have consumed 50,000 ppm or more of oil. (Hall et al., 1983)         

At 12:04 am on March 24, 1989, the Exxon Valdez, after being redirected from the 

normal traffic lanes of the Prince William Sound, came to rest facing roughly southwest, perched 

across a pinnacle on Bligh Reef.  Eight of the eleven tanks of the Valdez were punctured, spilling 

5.8 million gallons of oil throughout the next three hours.  The response capabilities of the 

Alyeska Pipeline Service Company were slow and ultimately inadequate.  The Exxon 

Corporation would respond to the spill as well; however, the amount of time needed to mobilize 

such huge quantities of equipment and personnel allowed the Prince William Sound and 1,000 

miles of beach in Southcentral Alaska to be polluted by 10.8 million gallons of crude oil. 

(Commission, 1990)  Kelso and Kendziorek from the Alaska Department of Environmental 

Conservation wrote a five-part series on the response by Alaskan authorities to the Exxon Valdez 

oil spill.  In this series, the authors documented the containment and recovery of oil from the 

water, the emergency removal of oil from the shoreline, and the long-term treatment of the oiled 

shorelines.  Kelso and Kendziorek explained that the immediate containment and recovery phase 

of the spill response revealed several problems, namely the available technology at the time 

proved insufficient for the task.  The technology available for removal of oil from the water was 

being overwhelmed by the magnitude of the spill, and although some of the skimmers performed 

as predicted, much of the equipment simply could not handle the oil.  Most equipment became 

temporarily useless once filled with oil, and virtually none of the equipment operated at night. 
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(Kelso and Kendziorek, 1991)  Pritchard et al documented the use of bioremediation as a 

supplemental cleanup technology in the Valdez oil spill.  Their study presented the effectiveness 

of an oleophilic fertilizer on oil degradation in conjunction with indigenous microflora on the 

beaches of the Prince William Sound.  The fertilizer enhanced biodegradation of the oil by 2-fold 

relative to the untreated controls.  The fertilizer was also verified as a useful nutrient source; 

however, the contribution of the fertilizer towards enhancing biodegradation was poorly 

understood. (Pritchard et al., 1992)     

As with the Ixtoc I oil spill, the negative impact on the surrounding ecosystem of the 

Exxon Valdez was apparent.  Oncorhynchus gorbuscha (pink salmon) embryos from the Prince 

William Sound were studied from 1989 to 1992 by Bue et al.  Pink salmon embryo mortality was 

elevated in oil-affected streams during the fall of each year.  Increased embryo mortality was 

detected in the lower intertidal zones in 1989, at the highest intertidal zone in 1990, and in all 

intertidal zones (as well as upstream of oil contamination) in 1991. (Bue et al., 1996)  Sellin et al 

developed a quantitative risk model for polycyclic aromatic hydrocarbon photoinduced toxicity 

in Pacific herring following the Exxon Valdez oil spill utilizing the median lethal times (LT50) 

from whole-body phototoxic PAH concentrations.  Considering a worst case scenario of UVA 

and PAH conditions, herring found at a minimum depth of 0-2 m would be most susceptible to 

toxic conditions; however, a post hoc assessment determined that less than 1% of the herring 

population would have been present at that depth during the oil spill in 1989. (Sellin Jeffries et 

al., 2013)       

At approximately 9:45 pm on April 20, 2010, the BP-operated Macondo Prospect 

exploded into fire in the northern Gulf of Mexico, approximately 41 miles off the coast of 

Louisiana.  By the time the well was capped 87 days later on July 15th, 4.9 million barrels (210 
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million US gal) had been discharged into the Gulf of Mexico.  Not only was this the largest 

marine oil spill in US history, but it was also considered the largest accidental marine oil spill in 

the history of the petroleum industry.  Jyllian Kemsley’s “After Disaster” article presents that 

less than 20% of the oil was recovered directly from the wellhead or by skimming the gulf 

surface, while approximately 5% was burned.  The remaining 75%, neither burned nor 

recovered, wound up dissolved in the water column, evaporated into the air, stuck to the 

coastline, or settled on the seafloor.  Although federal waters reopened for fishing within a year, 

effects on the Gulf ecosystem were far from over.  Oil remains were found in sediment samples, 

harming insects in shallow marsh water along with potentially causing long-term health 

consequences for fish and plant life. (Kemsley, 2013) 

A multitude of studies on the Deepwater Horizon spill have been conducted in the last 

four years.  These studies have focused on dispersant used during the spill, the biological impact 

of the Macondo oil, biodegradation and photodegradation, and predictive modeling of the fate of 

oil.  Kujawinski et al used ultrahigh resolution mass spectrometry and liquid chromatography 

with tandem mass spectrometry to study the effect of dispersant on dioctyl sodium sulfosuccinate 

(DOSS) associated with the oil and gas phases in the deepwater plume.  Their findings suggested 

that the chemical dispersant used had little to no effect on the biodegradation rates of DOSS. 

(Kujawinski et al., 2011) After studying the effect of weathering on surface slicks, oil-soaked 

sands, and oil-covered rocks and boulders following the Deepwater Horizon spill, Aeppli et al 

found that molecular-level transformations of petroleum hydrocarbons lead to increasing 

amounts of recalcitrant oxyhydrocarbons that dominated the solvent-extractable material from 

oiled samples. (Aeppli et al., 2012)   
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Some research presented promising results for the biological impact of the Deepwater 

spill.  Seafood samples from the fishing ground closure areas of the Mississippi Gulf Coast were 

collected and analyzed for twenty-five 2- to 6-ring PAHs, about one month after the first day of 

the oil spill. Overall, the levels of PAHs in all the tested seafood samples collected within a one-

year period after the incident were far below the public health Levels of Concern (LOC) 

established jointly by NOAA/FDA/Gulf Coast states under the protocol to reopen state and 

federal waters. (Xia et al., 2012)  Fitzgerald and Gohlke suggested that there was only a minimal 

risk to public health from seafood collected from selected areas of the Gulf of Mexico after the 

oil spill. (Fitzgerald and Gohlke, 2014)        

Other studies, however, depicted a more negative outlook.  Paul et al looked at the 

toxicity and mutagenicity of Gulf of Mexico waters during and after the Deepwater Horizon oil 

spill.  Through Microtox and Microscreen assays, their findings suggested that organisms in 

contact with these waters might experience DNA damage that could lead to mutation and 

heritable alterations to the community pangenome. (Paul et al., 2013)  Wise et al found 

chromium and nickel concentrations ranging from 0.24 to 8.46 ppm in crude oil from the riser, 

oil from slicks on surface waters, and tar balls from Gulf of Mexico beaches. They also found 

nickel concentrations ranging from 1.7 to 94.6 ppm wet weight with a mean of 15.9 ± 3.5 ppm 

and chromium concentrations ranging from 2.0 to 73.6 ppm wet weight with a mean of 12.8 ± 

2.6 ppm in tissue collected from Gulf of Mexico whales. (Wise et al., 2014)  The authors did 

acknowledge, however, that the data could not directly show that the Ni and Cr in the whales 

came directly from the spill.  Disease conditions consistent with petroleum hydrocarbon 

exposure and toxicity in Barataria Bay dolphins were significantly greater in prevalence and 

severity than those in Sarasota Bay dolphins, as well as those previously reported in other wild 
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dolphin populations. (Schwacke et al., 2013)  According to the National Wildlife Federation 

(NWF), almost 40% of birds collected from the area surrounding the Deepwater Horizon spill 

showed visible signs of oiling.  Spilled oil caused birds’ feathers to mat and separate, eventually 

leading to a loss of buoyancy and the ability to regulate body temperature.  Many of the collected 

birds displayed skin and eye lesions where oil came into contact. (NWF, 2014)   

These three previously described disasters all led to one common outcome: In order to 

fully understand the ramifications of an oil spill on the ecosystem, the fate of oil must be studied 

through its degradation mechanisms and kinetics.  Understanding that this process of studying 

the impact of oil, dispersed oil, and the combination of both on the ecosystem of the Gulf of 

Mexico would be costly and time-consuming, BP committed $500 million over a 10-year period 

to create a research program at institutions primarily in the US Gulf Coast states.  The objectives 

of this Gulf of Mexico Research Initiative (GoMRI) were as follows: “1. To investigate the 

impacts of the oil, dispersed oil, and dispersant on the ecosystems of the Gulf of Mexico and 

affected coastal states in a broad context of improving fundamental understanding of the 

dynamics of such events and the associated environmental stresses and public health 

implications; 2. To fund research into improved spill mitigation, oil and gas detection, 

characterization and remediation technologies; and 3. To improve society’s ability to understand, 

respond to, and mitigate the impacts of petroleum pollution and related stressors of the marine 

and coastal ecosystems, with an emphasis on conditions found in the Gulf of Mexico.” (GoMRI, 

2013)  The study described in this thesis was funded by the Gulf of Mexico Research Initiative.  

Crude Oil Components and the Weathering Process 

 Crude oil is a complex mixture of compounds that contains hydrocarbons, metals, and 

polar compounds.  This complex mixture can be separated out by what is known as the SARA 
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analysis method, which divides crude oil components according to their polarizability and 

polarity. The saturate, or S, fraction consists of nonpolar material including linear, branched, and 

cyclic saturated hydrocarbons.  These are commonly referred to as n-paraffins, isoparaffins, and 

cycloparaffins (cycloalkanes).  The aromatics fraction (A) consist of monocyclic (benzene), 

dicyclic (naphthalene), or polycyclic aromatic hydrocarbons (PAHs), which are multi-ring 

aromatic molecules.  Resins (R) and asphaltenes (A) both contain polar substituents; however, 

resins are miscible with heptane or pentane, while asphaltenes are insoluble in an excess of 

heptane or pentane (but readily dissolve in toluene).  Both resins (smaller compounds such as 

thiols) and asphaltenes are normally present at low concentrations in crude oil, and the chemical 

compositions vary between different oils. (Fan et al.) (Fuhr et al., 2005)  Aske et al determined 

the SARA distribution for 18 crude oils from areas of West Africa, the North Sea, and France. 

(Aske et al., 2001)  Table 1.1 shows the SARA weight percentage (wt %) of one individual crude 

oil from each area sampled.  

Table 1.1. Origin and SARA distribution for three different crude oils. (Aske et al., 2001)  

Crude Oil Origin 
Saturates 
(wt %) 

Aromatics 
(wt %) 

Resins 
(wt %) 

Asphaltenes 
(wt %) 

West Africa 47.9 36.5 15.2 0.4 

North Sea 48.0 37.5 14.2 0.3 

France 24.4 43.4 19.9 12.4 

 

The environmental impact of these fractions lies in the weathering process of oil which 

occurs after an oil spill.  Environmental weathering of oil increases the polarity of molecules, 

which in turn, allows many of the non-water soluble components to readily enter the water 

column (natural dispersion).  Spreading and drifting of the oil occurs immediately after oil enters 

the water and occurs as a result of interacting forces including gravity, wind, and surface tension. 
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(Figure 1.1)  This process is also directly influenced by the viscosity of the oil.  The less viscous 

the oil, the more it will spread and increase the area of water covered by an oil slick.  Tides, 

currents, and weather also influence the rate of spreading.  Through dissolution, the soluble 

components of oil (the smaller aromatic compounds in particular) become a toxic hazard to 

aquatic species.  Emulsification also occurs through wind and wave interaction, where water 

droplets become incorporated in the oil.  This process increases the viscosity and thickness of the 

oil slick and can become a major obstacle in the clean-up procedure.  Oils with high metal 

content (asphaltenes containing nickel and vanadium for example) promote emulsification.  

Naturally occurring emulsifiers, such as asphaltenes, are the main constituents of the interfacial 

films surrounding the water droplets that give emulsions their stability. (Engineers, 2014)   As 

more water is incorporated into the oil, the emulsification process increases the volume of oil, 

upwards of four times. (Francis, 2013) 
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Figure 1.1.  Processes in the fate of weathered oil. 

 

Because crude oil is a complex mixture of organic compounds (mostly hydrocarbons), a 

process known as oxidation can alter these mixtures by creating new compounds or by 

rearranging the residual compounds.  Oxidation of crude oil is mediated by two processes, 

photooxidation, where the loss of electron(s) is induced by light, and microbial oxidation, 

brought about by microorganisms either aerobically or anaerobically.  Surface oil is exposed to 

both sunlight and oxygen in the environment, where photooxidation and aerobic microbial 

oxidation take place.(Xie and Barcelona, 2003; Francis, 2013; Mahmoudi et al., 2013)  Source 
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oil is impacted by anaerobic microbial oxidation.  (Caldwell et al., 1998; Townsend et al., 2003; 

Francis, 2013) 

Through the utilization of Fourier transform ion cyclotron resonance mass spectrometry 

(FTICR-MS), McKenna et al established the initial characterization of the molecules released 

into the Gulf of Mexico after the Deepwater Horizon explosion and subsequent weathering of the 

Macondo well petroleum. (McKenna et al., 2013)  Through their research, McKenna et al 

presented more than 16,000 unique molecular monoisotopic elemental compositions for the 

acidic (carboxylic acids, alcohols, pyrrolic nitrogen), basic (pyridinic nitrogen), and nonpolar 

components (aromatic hydrocarbons, furans) for parent Macondo well petroleum.  Fu et al 

suggested that coupling of electrospray ionization (ESI) with FTICR-MS provided complete 

chemical characterization of thousands of polar constituents in crude oil. (Fu et al., 2006)  ESI 

FTICR-MS was utilized by Hughey et al to identify multiple compound classes containing N, N2, 

NS, NO, N2O, and SO (Hughey et al., 2001), while Qian et al identified 3000 nitrogen-

containing aromatic compounds from a single ESI FTICR mass spectrum of heavy petroleum 

crude oil. (Qian et al., 2001)  

Numerous studies have been conducted on the photooxidation of crude oil and its 

components, including Thominette et al who observed a decrease in the low molecular weight 

compounds and a formation of high molecular weight species (Thominette and Verdu, 1984), 

and D’Auria et al who studied the effect of UV irradiation on crude oil through the utilization of 

high pressure mercury lamps. (D'Auria et al., 2008)  The photooxidation element of the 

weathering process of crude oil aids in the degradation of certain crude oil components; 

however, multiple studies have shown that through photooxidation, many unique elemental 

compositions are formed.  (Fathalla and Andersson, 2011) (Maki et al., 2001)  The nature and, 
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ultimately, the toxicity of these newly-formed compositions will be the focus of studies 

throughout the next decade.     

PAHs and the Environment 

Polycyclic aromatic hydrocarbons, or PAHs, are composed of two or more aromatic 

(benzene) rings which are fused together when a pair of carbon atoms is shared between them.  

The resulting structure is a molecule where all carbon and hydrogen atoms lie in one plane.  

Naphthalene, which is composed of two fused benzene rings, has the lowest molecular weight of 

all PAHs.  While the resistance to oxidation, reduction, and vaporization increases with the 

increasing molecular weight of PAHs, the aqueous solubility decreases.  This change in 

properties results in different behavior of individual PAHs along with effects on biological 

systems. (Nagpal, 1993)  Figure 1.2 shows the structure of selected PAHs.  

  

Figure 1.2. Common PAHs and structures. 
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PAHs are formed mainly as a result of pyrolytic processes, especially the incomplete 

combustion of organic materials during activities such as processing of coal and crude oil, 

combustion of natural gas, as well as in natural processes such as carbonization. (World Health 

Organization, 2000)  Due to their lipophilic nature, PAHs can penetrate biological membranes 

and accumulate in organisms. (Oliva et al., 2010)  PAHs are present in the environment in 

multiple compartments, including food, water, air, soil, and sediment.  Menzie et al stated that 

food groups that tend to have the highest levels of PAHs are charcoal-broiled or smoked meats, 

leafy vegetables, grains, and fats and oils, while anthropogenic and nonanthropogenic sources of 

carcinogenic PAHs are found in all surface soils. (Menzie et al., 1992)  Data from animal studies 

indicate that several PAHs may induce a number of adverse effects, such as immunotoxicity, 

genotoxicity, carcinogenicity, reproductive toxicity (affecting both male and female offspring), 

and may possibly also influence development of atherosclerosis. (World Health Organization, 

2000) 

 The International Agency for Research on Cancer (IARC) has set up a classification 

system for PAHs based upon their possible carcinogenic nature to humans. (Lerda, 2010)  The 

classification is as follows: 1-The PAH is carcinogenic to humans, and the exposure 

circumstance entails exposures that are carcinogenic to humans. 2a- The PAH is probably 

carcinogenic to humans, and the exposure circumstance entails exposures that are probably 

carcinogenic to humans. 2b- The PAH is possibly carcinogenic to humans, and the exposure 

circumstance entails exposures that are possibly carcinogenic to humans. 3- The PAH is not 

classifiable as to its carcinogenicity to humans. 4-The PAH is probably not carcinogenic to 

humans.   
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The immediate danger of an oil spill is the hazardous effect on the environment and 

ecosystem.  Because aromatics are such a large component of crude oil, the toxic nature of PAHs 

is a major concern for the aquatic life involved.  Sundberg et al have studied the contribution of 

commonly analyzed PAHs to the potential toxicity in rainbow trout (Sundberg et al., 2006), 

while Cheney et al investigated the diverse effects of PAHs on the metabolic activity of 

freshwater bivalve mollusks. (Cheney et al., 2001)  While these two studies confirmed the 

negative impact PAHs have on aquatic life, Unlu et al propose that PAHs found in the surficial 

sediments of Lake Iznik in Turkey have no short term, harmful biological effects on aquatic life. 

(Unlu et al., 2010)  Regardless, the toxic nature of PAHs must continue to be studied to 

determine the long term effects on the environment and ecosystem involved. 

Detection of PAHs 

PAHs possess very characteristic UV absorbance spectra while their absorbance bands 

are unique for each ring structure. Because of this, every isomer has a different UV absorbance 

spectrum from the others, which is particularly useful in the identification of PAHs.  Most PAHs 

are also fluorescent, emitting characteristic wavelengths of light when they are excited.  In the 

study described in Chapter 2, detection and quantification of PAHs was conducted mainly via 

fluorescence spectroscopy; however, since certain PAHs have very similar fluorescence spectra, 

other analytical methods, such as GC-FID and HPLC, were used in conjunction with 

fluorescence spectroscopy to determine concentrations. 
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Instrumentation 

UV-Vis Spectroscopy 

 Molecular absorbance spectroscopy is based on the transmittance (T) or absorbance (A) 

of solutions contained in transparent cells having a path length of (b) centimeters.  According to 

Beer’s Law, absorbance is given by the following: A = -logT.  This transmittance is given by the 

ratio P/PO, where P is the intensity of the light after passing through a sample and PO is the 

intensity of light before it passes through the sample.  Substituting for T, absorbance is equal to 

log(PO/P). (Skoog et al., 2007) 

 When radiation interacts with matter, a number of processes, including absorption can 

occur.  Absorption of light by matter causes the energy content of the molecules or atoms present 

to increase.  This absorption of light, as is the case of PAHs, occurs in molecules containing π-

electrons or non-bonding electrons.  These electrons excite to higher anti-bonding molecular 

orbitals, where the gap between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) dictates the wavelength of light absorbed. (Plovdiv, 

2012) 

 UV-Vis spectroscopy is a simple, quantitative (Beer’s Law) procedure, and most organic 

molecules absorb ultraviolet/visible light.  However, mixtures of molecules can be a problem due 

to an overlap of spectra, while these spectra, in general, are not highly specific for particular 

molecules.  Also, absorption can be dependent on solution conditions, so it is often necessary to 

combine UV-Vis spectroscopy with another instrument such as HPLC to separate mixtures 

before absorbance analysis. (Burtis and Bruns, 2007)  A schematic for a single beam UV-Vis 

photometer is shown in Figure 1.3. 



 

Figure 1.3.  Instrumental design for a single

 

Fluorescence 

Fluorescence occurs when a fluorescent capable material (a fluorophore) is excited into a higher 

electronic state by absorbing an incident photon

fluorophore (rigid, aromatic ring for example) emits a photon.

usually occurs from the ground vibrational level of the 

an excited vibrational state of the gro

longer wavelengths than absorbance. The energies and relative intensities of the fluorescence 

signals give information about structure and environments of the fluorophores.

Figure 1.4 shows a Jablonski diagram that depicts the pathway of fluorescence.

 A fluorescence emission spectrum is recorded when the excitation wavelength of light is 

held constant and the emission beam is scanned as a function of wavelength. An excitation 

spectrum is the opposite, whereby the emission light is held at a constant wavelength, and the 
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Instrumental design for a single-beam UV-Vis photometer. 

Fluorescence occurs when a fluorescent capable material (a fluorophore) is excited into a higher 

electronic state by absorbing an incident photon.  In order to return to the ground stat

fluorophore (rigid, aromatic ring for example) emits a photon. The emission (fluorescence) 

usually occurs from the ground vibrational level of the first excited electronic state and goes to 

an excited vibrational state of the ground electronic state; therefore, fluorescence signals occur at 

longer wavelengths than absorbance. The energies and relative intensities of the fluorescence 

signals give information about structure and environments of the fluorophores. (Harris, 2003

diagram that depicts the pathway of fluorescence. 

A fluorescence emission spectrum is recorded when the excitation wavelength of light is 

held constant and the emission beam is scanned as a function of wavelength. An excitation 

whereby the emission light is held at a constant wavelength, and the 

      

Fluorescence occurs when a fluorescent capable material (a fluorophore) is excited into a higher 

to the ground state, the 

(fluorescence) 

excited electronic state and goes to 

luorescence signals occur at 

longer wavelengths than absorbance. The energies and relative intensities of the fluorescence 

Harris, 2003)  

 

A fluorescence emission spectrum is recorded when the excitation wavelength of light is 

held constant and the emission beam is scanned as a function of wavelength. An excitation 

whereby the emission light is held at a constant wavelength, and the 
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excitation light is scanned as a function of wavelength. An excitation spectrum looks very 

similar to an absorption spectrum. (Harris, 2003; Rodger, 2013)   

 Fluorescence spectroscopy is much more sensitive than UV-Vis (up to 105x), is highly 

selective (very few molecules fluoresce), and can detect concentrations as low as 1 nM.  

However, since only a small amount of molecules do fluoresce, this type of spectroscopy is not 

applicable for all situations.  Another disadvantage lies with the limit of detection.  Because 

fluorescence can detect very small concentrations, noise can interfere with accurate 

quantification by either masking fluorescence signal or producing signal where there actually is 

none. (Harris, 2003) 

            

Figure 1.4.  Jablonski Diagram 
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High-Performance Liquid Chromatography (HPLC) 

High-performance liquid chromatography is an analytical technique that uses high 

pressure to force solvent through closed columns containing very fine particles that give high 

resolution separations.  Not only is HPLC use to separate components in a mixture, but it is also 

able to identify and quantify each component.  HPLC is based upon the relative polarity of the 

solvent(s) and stationary phase.  In normal phase HPLC, the column is filled with tiny silica 

particles, while the solvent is non-polar, such as hexane.  Polar compounds passing through the 

column will stick longer to the polar silica, while the non-polar compounds will pass more 

quickly through the column.  In reverse phase HPLC, the silica in the column is made non-polar 

by attaching long hydrocarbon chains (with C8 or C18 typically) to its surface.  The solvent used 

in this technique is polar (methanol for example). (Harris, 2003; Clark, 2007)  Figure 1.5 shows a 

schematic of an HPLC.   

HPLC can be used in conjunction with many detectors, such as an ultraviolet, refractive 

index, electrochemical, fluorescence, mass spectrometry analyzer, or evaporative light-scattering 

detector.  Each detector has its own approximate limit of detection, with the fluorescence 

detector having the lowest limit (0.001 – 0.01 ng). (Harris, 2003)  While the results produced 

from HPLC can be easy to read, detection of coelution is very difficult and may lead to 

inaccurate compound categorization. (Clark, 2007)   
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Figure 1.5.  Schematic of a typical HPLC 

 

Gas Chromatography 

 Gas chromatography (GC) is an analytical separation technique used to analyze volatile 

substances in the gas phase.  In GC, a gaseous mobile phase (carrier gas) transports the analyte 

through the column, which is either coated on the inside with a nonvolatile liquid (gas-liquid 

partition chromatography) or coated with solid particles of a stationary phase (gas-solid 

absorption chromatography).  The mobile phase does not interact with the analyte. (Harris, 2003; 

Thet and Woo, 2013) 

 Narrow open tubular columns made of fused silica (SiO2) and coated with polyimide are 

utilized for the majority of analyses.  Although narrow columns provide higher resolution than 

wider columns, they have less sample capacity and require higher operating pressure.  Wall-

coated columns contain a 0.1 – 0.5 µm thick film of a stationary liquid phase on the inner wall, 
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while support-coated columns contain solid particles attached to the inner wall coated with a 

stationary phase.  Packed columns contain fine particles of solid support coated with a 

nonvolatile liquid stationary phase.  Regardless of which column is used, the column temperature 

must be high enough to provide sufficient vapor pressure for analytes to be eluted in a reasonable 

time. (Gilman and Jimenez, 2004; Thet and Woo, 2013) 

 Like HPLC, gas chromatography can be used in conjunction with many different types of 

detectors, such as a thermal conductivity detector, flame ionization detector (GC-FID), electron 

capture detector, or mass spectrometric analyzer (GC-MS).  While a GC-FID can detect at low 

pg, a GC-MS can detect amounts down to 25 fg.  The flame ionization detector is an analytical 

technique where the eluate is burned in a mixture of H2 and air, producing ions and electrons.  

The charged particles create a current between the detector’s electrodes, which is measured as a 

signal.  Mass spectrometry analyzers ionize molecules obtained from the GC.  These ions are 

accelerated by an electric field and then are separated according to their mass-to-charge ratio.  

Figure 1.6 shows a schematic of a typical GC paired with either an FID or MS. (Harris, 2003) 

 In order to decide whether to use gas chromatography or high-performance liquid 

chromatography as the chosen analytical technique, certain guidelines must be followed.  Gas 

chromatography is used to analyze compounds which have sufficient volatility and are thermally 

stable.  HPLC analyzes compounds which are liable to decompose at higher temperatures and are 

non-volatile.  Also, GC is not recommended for high molecular weight molecules.   



 

Figure 1.6.  Schematic of a GC-MS/GC
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MS/GC-FID. 
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Chapter 2 

Kinetics of Photochemical Behavior of Single and Binary PAH Mixtures in Simulated Oil 

Matrices: Implications for Environmental Photochemistry 

 

Introduction 

 The kinetics and mechanisms of environmental transformation, carcinogenicity, and 

microbial degradation of polycyclic aromatic hydrocarbons have been extensively studied over 

the last 35 years.  Fasnacht and Blough have detailed the mechanisms and quantum yields of the 

aqueous photodegradation of PAHs (Fasnacht and Blough, 2002, 2003a, b), while Woo et al 

have identified intermediates in the photocatalytic oxidation of PAHs (Woo et al., 2009).  Recent 

attention was also focused on the photochemistry involved in the fate of the oil from the 

Deepwater Horizon spill (King et al., 2011; Atlas et al., 2012; Boehm et al., 2012; Gutierrez et 

al., 2013; Mahmoudi et al., 2013; Sammarco et al., 2013; King et al., 2014), including work that 

quantitated amounts of hydroxyl radical (Ray and Tarr, 2014) and singlet oxygen (Ray and Tarr) 

produced from petroleum films exposed to sunlight.  Elucidating the specific photochemical 

behavior of PAHs in complex oil matrices would lead to a useful understanding of oil spill 

degradation kinetics and improved model development for predicting the fate of spilled oil.  To 

date, however, there has been little or no research on the kinetics and mechanisms of PAH 

photochemistry in an oil matrix, including the study of how PAH-PAH interactions affect 

photochemistry, and what role structure may play in PAH photolysis and photosensitization.   

 According to data obtained from BP for MC252 source oil collected from the Q4000 

vessel on June 19, 2010, there are over 120 quantifiable PAHs found in the MC252 source oil 

from the Deepwater Horizon spill.  Many of these PAHs present a serious risk to both human 
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and aquatic life due to their carcinogenic nature (Sabate et al., 2001).  The toxicity to 

phytoplankton of single and binary mixtures of PAHs was previously assessed (Meng et al., 

2007).  However, a full understanding of the toxicity of PAHs also requires study of their 

degradation products, including those produced through photochemistry.  Such information 

would be more easily understood and utilized with an understanding of the photochemical 

behavior of single or mixed PAHs in oil. 

 While recent analytical achievements have been reported for oil component classification 

and characterization (Ahsan et al., 1997; McKenna et al., 2013), it is still necessary to fully 

understand the fate of spilled oil and the impact that each component has on degradation, both 

for isolated PAHs and for PAHs in combination with other fractions of oil.  Many studies have 

been conducted on the role bacteria play in oil biodegradation (Yemashova et al., 2007; 

Brooijmans et al., 2009; Rojo, 2009; Gutierrez et al., 2013; Mahmoudi et al., 2013) or on the 

photooxidation of crude oil fractions. (Ducreux and Lacaze, 1987; Jacquot et al., 1996; Boukir et 

al., 2001; Bobinger and Andersson, 2009); however, there is still a lack of understanding of 

individual PAH components and what role they may play in oil photodegradation.  

The goals for this study were to: 1) determine the kinetic behavior of individual PAHs 

and combinations of PAHs under solar irradiation in a simplified oil matrix; and 2) determine 

what role PAHs play in regulating the photodegradation of other PAHs.  
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Materials and Methods 

 Pure water (NP Water) was obtained by purification of distilled, deionized water with a 

Barnstead Nanopure UV water treatment system. Anthracene (99%), phenanthrene (98%), and 

pyrene (98%) were purchased from Alfa Aesar.  GC grade n-tetradecane (99%) and hexane 

(95%) were purchased from Sigma Aldrich.  Tetracene (99%) was purchased from Tokyo 

Chemical Industry.  Perylene (99%) was purchased from Acros Organics.  Chrysene (99%) was 

purchased from Fluka Analytical.  Toluene (99.5%) was purchased from BDH Chemicals.  GC 

grade dichloromethane (99.9%) and HPLC grade acetonitrile (ACN) were obtained from EMD 

Chemicals.  Propanol (98%) was purchased from EM Science. 

Instrumentation 

For photochemical studies, an Atlas CPS+ solar simulator was used at an intensity 

equivalent to approximately 1.3 times that of solar noon (AM 1.5).  The optical spectrum of the 

irradiation source in the solar simulator used in our studies was similar to the optical spectrum of 

the sun, with a slightly higher intensity.  The irradiance of our solar simulator set at its maximum 

output (765 W/cm2, 300-800 nm only) was equivalent to 1.26 times the intensity of full sunlight 

(1000 W/m2 full spectrum AM 1.5).  Corrected t1/2 values for samples were calculated as t1/2 x 

1.3.  A calculated value of 3.95 h in our solar simulator represented an average day of insolation 

in the Gulf of Mexico (Ray and Tarr, 2014).   

Fluorescence spectra were obtained using a Perkin Elmer LS55 Luminescence 

Spectrometer.  Degradation rates of samples containing individual PAHs were calculated by 

measuring fluorescence intensity at selected excitation and emission wavelengths optimized for 

each compound and binary mixture and comparing these intensities to standards.  Table 2.1 

shows the selected excitation and emission wavelengths.  For degradation rates of samples 
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containing a binary mixture of anthracene (9.7 ppm) and pyrene (15 ppm), an Agilent 1100 

series HPLC with an Agilent Eclipse PAH column was utilized for separation followed by 

detection with a Hewlett Packard 1046A fluorescence detector with the following method: 1.8 

mL/min flow rate; elution gradient of 60% acetonitrile and 40% H2O for 5 min, increased to 

100% ACN from 5 to 6 min.  Binary mixtures of chrysene and phenanthrene were analyzed 

using an Agilent 6890 GC with a flame ionization detector and a Hewlett Packard HP-5 column 

(30 m x 0.32 mm x 25 µm).  The injector and detector temperatures were set to 330 °C and 350 

°C, respectively, and the temperature programming was: 40 °C held for 2 min, ramp at 25 

°C/min to 250 °C, ramp at 5 °C/min to 265 °C, ramp at 25 °C/min to final temperature of 300 °C 

and hold for 4 min.  The injection volume was 3 µL. 

 

Table 2.1 Excitation and emission wavelengths for individual and binary mixtures of PAHs and 

concentration used for PAHs in tetradecane. 

 PAH λEx (nm) λEm (nm) Concentration 

(ppm, w/w) 

Phenanthrene 262 369 249 

Anthracene 262 409 9.7 

Anthracene*  255 430 9.7 

Pyrene 317 376 15 

Tetracene 275 480 10 

Perylene 410 444 0.12 

Chrysene 272 366 18 

*in the presence of 249 ppm phenanthrene 

 

Sample Preparation 

For individual PAHs, concentrations comparable to those found in MC252 oil were 

prepared by first dissolving the PAH in toluene and then diluting to volume in tetradecane.  

Table 1 shows the resulting concentrations of the PAHs in tetradecane.  The samples diluted in 
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tetradecane contained 20% toluene by volume.  Mixtures of PAHs were prepared in the same 

manner except that two PAHs were present in the tetradecane.   

For each sample, 200 µL of PAH in tetradecane/toluene solution was mixed with 2 mL of 

hexane and dispersed evenly on 10 mL of NP water in a jacketed borosilicate glass beaker (i.d. = 

5 cm).  The hexane and toluene were then allowed to evaporate.  The result was a thin film (~80-

100 µm) of PAH dispersed in tetradecane on top of the water.  Triplicate samples were kept at 27 

°C by circulating thermostated water throughout each jacketed beaker, and a quartz plate was 

placed on top of each beaker to reduce water evaporation.  One dark control was completely 

covered with aluminum foil and kept at 27 °C.  Samples were exposed to various irradiation 

times ranging from 5 minutes to 12 hours.  

After irradiation, each irradiated sample and the dark control were separately extracted 

with 10 mL of dichloromethane twice, and the dichloromethane was dried over sodium sulfate.  

For the anthracene/pyrene binary mixtures, the extracts were evaporated to dryness with N2 and 

then reconstituted in 14:5:1 propanol:water:toluene solution to facilitate HPLC analysis.  The 

chrysene/phenanthrene binary extract was evaporated to dryness with N2 and then reconstituted 

in 1 mL dichloromethane to concentrate the sample.  All other samples were kept in the 

dichloromethane extract in the dark at 4 °C until an aliquot was measured by fluorescence. 

Results and Discussion 

Compared to dark controls, irradiated phenanthrene samples showed a loss of 5 ± 2% 

after 3 h, 15 ± 2% after a 6 h, and 44 ± 6% after 12 h.  These data fit a zero order model with an 

observed rate of 0.043 ± 0.001 µM h-1. (Figure 2.1) 
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Figure 2.1.  Zero order kinetic model for degradation of phenanthrene.  Half-life calculated as 

[A0]/2k.  Corrected t1/2 calculated using solar simulator factor of (t1/2 x 1.3).   

 

At 10 ppm, 3 h irradiated anthracene samples degraded by 58 ± 2%.  Six hour samples 

degraded by 79.1 ± 0.5%, while 12 h samples indicated a photodegradation amount of 87 ± 2%.  

Anthracene followed a second order kinetic model with an observed initial rate of 0.67 ± 0.06 

µM h-1. (Figure 2.2) 
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Figure 2.2.  Second order kinetic model for degradation of anthracene.  Half-life calculated as 

1/k[A0].  Corrected t1/2 calculated using solar simulator factor of (t1/2 x 1.3).   

 

Loss of anthracene when in the presence of phenanthrene was calculated over one, two, 

and three hour irradiation periods.  After only three hours, anthracene loss was calculated as 95.3 

± 0.9%.  Comparing the degradation of anthracene with no other PAH present to its degradation 

in a binary mixture of anthracene and phenanthrene, loss of anthracene increased by 1.6x for the 

binary mixture after 3 h of irradiation.  Irradiations of 1 and 2 h for binary mixtures of 

phenanthrene and anthracene showed an anthracene loss of 29 ± 2% and 64 ± 2% respectively.  

When irradiated by itself, anthracene followed a second order kinetic model; however, when in 

the presence of phenanthrene, anthracene followed a zero order kinetic model, with an observed 

rate of 0.323 ± 0.006 µM h-1. (Figure 2.3) 
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Figure 2.3.  Zero order kinetic model for degradation of anthracene in the presence of 

(phenanthrene).  Half-life calculated as [A0]/2k.  Corrected t1/2 calculated using solar simulator 

factor of (t1/2 x 1.3).   

 

When combined with pyrene, anthracene showed losses of 49 ± 2%, 82 ± 2%, and 98 ± 

1% for 3 h, 6 h, and 12 h irradiations, respectively.  In this binary mixture, anthracene 

photodegradation followed a first order kinetic model (Figure 2.4), compared to second order 

when irradiated by itself and zero order when irradiated in the presence of phenanthrene.  The t1/2 

for anthracene with pyrene present was calculated as 3.21 ± 0.08 h.  Since all three experiments 

involving anthracene exhibited different kinetics, it was impossible to directly compare the 

observed half-lives.  Figure 2.5 compares the kinetics of anthracene photodegradation in these 

experiments. 
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Figure 2.4.  First order kinetic model for degradation of anthracene in the presence of (pyrene).  

Half-life calculated as 0.693/k.  Corrected t1/2 calculated using solar simulator factor of (t1/2 x 

1.3).   

 

 

Figure 2.5. Degradation comparison of anthracene when irradiated alone in tetradecane (�) and 

when in irradiated in tetradecane in the presence of phenanthrene (�) or pyrene (�).  Error bars 

represent one standard deviation with N = 3. 
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Three, six, and twelve hour irradiations of pyrene showed PAH losses of 34 ± 2%, 61 ± 

3%, and 81 ± 1%, respectively.  This degradation pattern followed a first order kinetic model 

with a t1/2 of 6.2 ± 0.2 h (Figure 2.6).  In the presence of phenanthrene, pyrene photodegradation 

was substantially inhibited, requiring twice as much irradiation time to achieve 60% degradation. 

The first order kinetic behavior of pyrene did not change when another PAH was present.  With 

phenanthrene present, the measured t1/2 of pyrene was 10.3 ± 0.5 h (Figure 2.7), which is 1.6x 

larger than the t1/2 for pyrene irradiated by itself.  When irradiated in the presence of anthracene, 

pyrene loss of 51 ± 4%, 63.9 ± 0.5%, and 78 ± 2% was seen for three, six, and twelve hours, 

respectively.  The t1/2 of pyrene in the presence of anthracene was calculated as 7.5 ± 0.5 h 

(Figure 2.8).  First order kinetic behavior was observed regardless of whether phenanthrene or 

anthracene was present.  Figure 2.9 shows degradation comparisons of pyrene irradiated by itself 

in tetradecance and when in the presence of other PAHs.  

 

Figure 2.6.  First order kinetic model for degradation of pyrene.  Half-life calculated as 0.693/k.  

Corrected t1/2 calculated using solar simulator factor of (t1/2 x 1.3).   
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Figure 2.7.  First order kinetic model for degradation of pyrene in the presence of 

(phenanthrene).  Half-life calculated as 0.693/k.  Corrected t1/2 calculated using solar simulator 

factor of (t1/2 x 1.3).   

 

Figure 2.8.  First order kinetic model for degradation of pyrene in the presence of (anthracene).  

Half-life calculated as 0.693/k.  Corrected t1/2 calculated using solar simulator factor of (t1/2 x 

1.3).   
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Figure 2.9. First order kinetic model comparison of pyrene when irradiated by itself (�) and 

when in the presence of anthracene (�) or phenanthrene (�).  

 

Although tetracene was not reported in MC252 oil, it is a known PAH found in crude oil 

(Law, 1955).  Tetracene photodegraded the quickest of all observed PAHs, showing a loss of 

99.771 ± 0.006% after only 1 h in the solar simulator.  In addition, losses of 57 ± 4% for 0.08 h 

and 72.5 ± 0.4% for 0.17 h indicated a first order kinetic model, with a t1/2 of 0.151 ± 0.003 h 

(Figure 2.10). As when irradiated by itself, tetracene photodegradation in the presence of 

phenanthrene was faster than all other binary mixtures of PAHs.  After 0.08 h of irradiation in 

the presence of phenanthrene, tetracene loss was calculated at 53.3 ± 0.3%, while 0.17 h 

irradiated samples showed a loss of 69.53 ± .02%. Tetracene loss of 98.44 ± 0.06% was seen 

after 1 h.  The kinetic behavior did not change significantly when tetracene was irradiated in the 

presence of phenanthrene.  Figure 2.11 shows a comparison of tetracene degradation by itself 

and when in the presence of phenanthrene.   
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Figure 2.10.  First order kinetic model for degradation of tetracene.  Half-life calculated as 

0.693/k.  Corrected t1/2 calculated using solar simulator factor of (t1/2 x 1.3).   

 

Figure 2.11. First order kinetic model comparison of tetracene when irradiated by itself (�) and 

when in the presence of phenanthrene (�).  
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irradiations, respectively, fit a first order kinetic model.  The t1/2 of perylene was calculated as 

2.8 ± 0.8 h (Figure 2.12).  When irradiated in the presence of phenanthrene, perylene loss of 31 ± 

3%, 63 ± 3%, and 90 ± 1% was observed for time intervals of 1, 3, and 6 h respectively.  

Perylene photodegradation exhibited a similar t1/2 when irradiated in the presence of 

phenanthrene, with a calculated t1/2 of 2.49 ± 0.04 h (Figure 2.13).  Figure 2.14 shows a 

comparison of perylene degradation by itself and when in the presence of phenanthrene. 

 

Figure 2.12.  First order kinetic model for degradation of perylene.  Half-life calculated as 

0.693/k.  Corrected t1/2 calculated using solar simulator factor of (t1/2 x 1.3).   
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Figure 2.13.  First order kinetic model for degradation of perylene in the presence of 

(phenanthrene).  Half-life calculated as 0.693/k.  Corrected t1/2 calculated using solar simulator 

factor of (t1/2 x 1.3).   

 

Figure 2.14. First order kinetic model comparison of perylene when irradiated by itself (�) and 

when in the presence of phenanthrene (�).   
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After a twelve hour irradiation, chrysene samples showed a loss of only 25 ± 1%.  Six 

and nine hour irradiated samples showed losses of 14 ± 4% and 19 ± 3% respectively.  An 

accurate kinetic model could not be determined because two consecutive half-lives were not 

observed; however, results were in agreement with a first order model, leading to an estimated 

t1/2 of 34 ± 3 h (Figure 2.15). Two consecutive half-lives were not observed for chrysene when 

irradiated in the presence of phenanthrene, as with chrysene when irradiated by itself.  Loss of 

chrysene was calculated at 2 ± 1%, 13 ± 6%, and 21 ± 3% for irradiation times of 6, 9, and 12 h 

respectively.  Chrysene irradiated in the presence of phenanthrene showed behavior consistent 

with a first order kinetic model, with an estimated  t1/2 of 36 ± 4 h (Figure 2.16).  This value was 

not statistically different from the value for chrysene irradiated alone.  Figure 2.17 shows a 

degradation comparison of chrysene by itself and when in the presence of phenanthrene.  Table 

2.2 shows zero, first, or second order rate constants (k) for all individual and binary mixtures of 

PAHs. 

 

Figure 2.15.  First order kinetic model for degradation of chrysene.  Half-life calculated as 

0.693/k.  Corrected t1/2 calculated using solar simulator factor of (t1/2 x 1.3). *Two consecutive 

half-lives not observed. 
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Figure 2.16.  First order kinetic model for degradation of chrysene in the presence of 

(phenanthrene).  Half-life calculated as 0.693/k.  Corrected t1/2 calculated using solar simulator 

factor of (t1/2 x 1.3).  *Two consecutive half-lives not observed. 

 

Figure 2.17. First order kinetic model comparison of chrysene when irradiated by itself (�) and 

when in the presence of phenanthrene (�).    
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Table 2.2. Individual and binary mixtures of PAHs with corresponding rate constants. 

PAH Additive Kinetic Model
 

K
 

Phenanthrene  Zero Order 1.4x10-9 ± 5.2x10-11 M•h-1 

Pyrene 

none First Order 0.145 ± 0.006 h-1 

Phenanthrene, 249 ppm First Order 0.087 ± 0.004 h-1 

Anthracene, 9.7 ppm First Order 0.121 ± 0.008 h-1 

Perylene 
none First Order 0.318 ± 0.009 h-1 

Phenanthrene, 249 ppm First Order 0.362 ± 0.006 h-1 

Tetracene 
none First Order 5.9 ± 0.1 h-1 

Phenanthrene, 249 ppm First Order 4.1 ± 0.2 h-1 

Chrysene 
none First Order 0.026 ± 0.002 h-1 

Phenanthrene, 249 ppm First Order 0.025 ± 0.003 h-1 

Anthracene 

none Second Order 16000 ± 1000M-1•h-1 

Phenanthrene, 249 ppm Zero Order 8.7x10-6 ± 3.9x10-7 M•h-1 

Pyrene, 15 ppm First Order 0.281 ± 0.007 h-1 

 

For anthracene, pyrene, tetracene, and chrysene, there was a clearly observable impact on 

photodegradation kinetics when another PAH was added.  In all cases, except two, 

photodegradation was inhibited, lengthening the t1/2 of the observed PAH.  This finding suggests 

that PAHs can have both positive and negative influences on the photodegradation of other 

PAHs commonly found in oil.  One explanation is that certain PAHs are good singlet oxygen 

sensitizers while others are good singlet oxygen scavengers.  Singlet oxygen is a vital component 

in the photodegradation of oil.  When irradiated, phenanthrene produces singlet oxygen by 

energy transfer.  Reaction of the singlet oxygen with phenanthrene results in the formation of 

9,10-phenanthreneqinone or 2,2’-biformylbiphenyl (Barbas et al., 1996).  According to a 

previous report, chrysene also sensitizes singlet oxygen formation (Kong and Ferry, 2003).  A 

binary mixture of phenanthrene and chrysene in tetradecane showed no increase in the 

degradation rate of chrysene compared to pure chrysene in tetradecane.  Perylene is not known as 

an efficient generator of singlet oxygen, but it does react with singlet oxygen to form a 

peroxide.(Guillet and Gu, 1998)  When in the presence of phenanthrene, perylene did show a 
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minimal increase in photodegradation, with a corresponding decrease in perylene t1/2 compared 

to exposures in the absence of phenanthrene. 

Another consideration in determining PAH photodegradation was the structure of the 

PAH.  Tetracene was determined to have the fastest degradation of all observed PAHs.  While 

observing photochemical behavior of colloidal tetracene particles in water, Kim et al suggested 

that the rate of degradation was controlled by the availability of active sites as seen in a 

Langmuir-Hinshelwood mechanism. (Kim et al., 2003) The linear-arranged ring structure with 

multiple reactive carbon sites may have aided in the photodegradation of tetracene. Pyrene, with 

a non-linear, compact ring structure, showed a degradation rate slower than that of tetracene.  In 

aqueous systems, pyrene was not observed to react with singlet oxygen (Sigman et al., 1998); 

however, perylene, with a similar structure, does react with singlet oxygen and consequently, had 

a much faster photodegradation rate than pyrene.  The staggered-structure ring system of 

perylene exhibited degradation that was enhanced when combined with phenanthrene, while the 

linear-arranged PAH ring structure of anthracene not only degraded more quickly when 

combined with phenanthrene, but also changed kinetic behavior.  No clear correlation between 

structure and photodegradation, therefore, could be drawn from these observations.  

A final consideration was the transfer of energy within dimers or higher order aggregates.  

Since the PAHs in this study had relatively low solubility in tetracene and can easily interact 

through pi stacking, dimer formation was likely.  If one molecule of a dimer pair absorbs a 

photon to form an excited state, the energy could readily be transferred to the PAH in the dimer 

(or higher order aggregate).  The dynamics of energy transfer to oxygen would also be affected 

by formation of dimers or aggregates.  The photosensitization processes are therefore strongly 

influenced by dimer or aggregate formation.       
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Conclusion 

The use of tetradecane as a simulated oil environment allowed for a greater understanding of the 

photodegradation kinetics of individual and combinations of selected polycyclic hydrocarbons 

found in oil like that from the Deepwater Horizon spill.  Changes in observed kinetics for some 

PAH mixtures indicate that the formation of dimers or aggregates as well as photosensitization 

reaction are important in the photochemical fate of PAHs in oil.  The information found in this 

study can also aid in understanding singlet oxygen and hydroxyl radical production from similar 

binary PAH mixtures, which will serve to further understand the fate of oil and the 

photochemistry involved. 
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Chapter 3 

Future Work 

 Steady-state concentration of singlet oxygen produced from photochemical reactions by 

single PAHs and binary mixtures of PAHs in an n-alkane hydrocarbon matrix is an area that 

needs to be studied.  Zepp et al found that singlet oxygen can produce oxidative transformations 

of organic pollutants. (Zepp et al., 1977)  Preliminary results indicate that pyrene and anthracene 

show very similar steady-state concentrations of singlet oxygen, when calculated using loss of 

furfuryl alcohol as a probe.  Steady-state concentrations of phenanthrene and chrysene were 

calculated at 2.04 x10-11 M and 1.30 x10-11M respectively.  Perylene, tetracene, and binary PAH 

mixtures will be utilized in future singlet oxygen studies. 

 Production of hydroxyl radical from sunlight-exposed petroleum films has recently been 

studied by Ray and Tarr. (Ray and Tarr, 2014)  Their findings suggest that solar irradiated 

petroleum films are a very large source of hydroxyl radical, which will play a major role in the 

degradation of oil compounds and oxidation of other material present such as dissolved organic 

matter and microorganisms.  Future studies of hydroxyl radical production from solar irradiated 

films such as the ones described in this thesis will aid in understanding the role of single and 

binary PAHs in the fate of oil. 

 Multiple studies of the effects of alkyl PAHs on aquatic life and sediments surrounding 

oil spills have been conducted within the last three years.(Fallahtafti et al., 2012; McIntosh et al., 

2012; Rinawati et al., 2012; Yunker et al., 2012; Martin et al., 2014) BP’s MC252 oil contains 

many alkylated forms of phenanthrene, naphthalene, pyrene, and chrysene.  Most of these alkyl 

PAHs are found in higher concentration in MC252 than their corresponding parent PAH.  In as 
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much, future studies containing single and binary mixtures of alkyl PAHs in an n-alkane 

hydrocarbon matrix will greatly aid in understanding the aromatic fraction of oil during a spill. 

 Water-soluble organics from irradiated Macondo well petroleum layers were extracted 

and characterized by ultrahigh resolution Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR MS).  An increased abundance of higher-order oxygen classes in 

irradiated samples indicated that photooxidized components of the Macondo crude oil become 

water soluble after irradiation. (Ray et al., 2014)  Future studies incorporating similar methods 

with an AB Sciex 3200 Q-Trap mass spectrometer will be conducted on single and binary 

mixtures of PAHs in an n-alkane hydrocarbon matrix.  Through this study, we will be able to 

characterize water-soluble photoproducts formed solely from irradiated PAHs. 

 The use of tetradecane as a simulated oil environment was quite useful when looking at 

single and binary mixtures of PAHs; however, a more realistic oil matrix is needed to accurately 

mimic the fate of oil during a spill.  Factors such as wave motion, emulsion formation, and 

microbial interactions must be incorporated to fully understand the complete process of an oil 

spill from start to finish.  In addition, the study described in this thesis needs to be conducted on 

Gulf water to acknowledge the impact, if any, of salt content. 

 Lastly, the results of the study described in this thesis indicate that the formation of 

dimers or aggregates are likely and should be investigated to determine effects of energy 

transfer.  Absorption of a photon by a dimer and subsequent formation of an excited state would 

potentially allow a transfer of energy to higher order aggregates, which would further enhance 

the photosensitization process.  Time-resolved analysis by laser flash photolysis should be 

utilized to investigate the formation of dimers from the irradiated PAH/tetradecane solution, 
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while fluorescence resonance energy transfer (FRET) will be used to determine transfer of 

energy from one excited fluorophore to another.  
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