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Abstract 

Petroleum is the largest energy source consumed in the US today. Routine oil exploration, 

transportation, refining, and consumption process result in the release of a large amount of oil into 

marine environments. Oil spills also frequently occur due to accidental well blow-outs or tanker 

spills, and oil dispersants are used as common countermeasures for mitigating such oil spills. 

Unfortunately, there is no quick and low-cost way to measure dispersant concentration in seawater; 

the effects of oil dispersants on the sediment-associated transport of oil in marine environments 

are also not well known. Furthermore, the effects and mechanisms of dispersants on the photolysis 

of oil contaminants still need to be studied. In addition to accidental spills, a large amount of oil-

contaminated wastewater has been produced by the petroleum industry, which are highly toxic, 

and these wastes should be properly treated. 

In the first part of this study (Chapter 2), a new method based on surface tension measurement 

was developed to determine the Corexit EC9500A concentration in seawater. The method can 

accurately analyze Corexit EC9500A in the concentration range of 0.5ī23.5 mg/L. Minor 

variations in solution salinity, pH, and dissolved organic matter had negligible effects on the 

measurements. This simple, fast, economical method offers a convenient analytical method for 

quantifying complex oil dispersants dissolved in seawater. 



iii  

 

In the second part of this study (Chapter 3), the effects of three model oil dispersants (Corexit 

EC9527A, Corexit EC9500A and SPC1000) on the settling of fine sediment particles, as well as 

particle-facilitated distribution and transport of oil components in sediment-seawater systems were 

investigated. All three dispersants enhanced the settling of sediment particles (the nonionic 

surfactants, Tween 80 and Tween 85, play key roles in promoting particle aggregation). Yet, the 

effects varied with environmental factors (pH, salinity, dissolved organic matter, and temperature). 

Notably, total petroleum hydrocarbons, PAHs and alkanes in the sediment phase were dramatically 

increased in the presence of Corexit EC9527A.  

In the third part of this study (Chapter 4), the effects of oil dispersants on the photodegradation 

of anthracene and 9,10-DMA were studied under simulated solar light. All three tested dispersants 

promoted the photodegradation rate of tested PAHs. Kerosene, span 80 and tween 85 are the key 

dispersant components that promote the photodegradation rate. The dissolved oxygen plays 

different roles in the photodegradation of anthracene and 9,10-DMA. The photodegradation 

pathway of anthracene and 9,10-DMA showed no difference in the presence or absence of a 

dispersant. The dispersant components undergo photodegradation under solar light.  

In the fourth part of this study (Chapter 5), a new class of platinum-deposited anatase/hexa-

titanate nanotubes (TNTs) were prepared, and the effects of Pt form, i.e., reduced state of Pt(0) 

and oxidized state of Pt(IV), on photocatalytic activity were compared. The materials showed 

higher phenanthrene degradation rate than TiO2 (P25). Both mechanisms of the enhanced 

photocatalytic activity were studied. Furthermore, the nanotubes can be separated through gravity-
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sedimentation, and reused in multiple cycles of operations without loss in the photocatalytic 

activity. 
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Chapter 1. General Introduction  

 

1.1. Introduction of oil spill and wastewater from oil industry  

Petroleum is the largest energy source consumed in the US, making up approximately 40% of 

the total energy consumption. The petroleum production and refining industry in the US mainly 

resides in the Gulf Coast region (Apergis and Payne 2010). During the exploration, transportation, 

refining, consumption, or waste management, oil may be released into water from routine or 

accidental releases (Gong et al. 2014a). In history, huge amounts of oil have been accidentally 

released into the environment, especially the marine environment. For example, the Tsesis (1977), 

Ixtoc 1 (1979), Antonio Gramsci (1979), Exxon Valdez (1989), Nakhodka (1997), Hebei Spirit 

(2007) and Deepwater Horizon (DwH) oil spill (2010) are the most known oil spills (Gesteira and 

Dauvin 2000, Jung et al. 2015). The wastewater from oil industry, such as oil field wastewater and 

refinery wastewater, are rich in oil components, which can cause severe pollution if discharged 

into the environment without proper treatment (Asatekin and Mayes 2009, McCormack et al. 2001).  

1.1.1. Oil spill 

The oil spills frequently happen due to well blow-outs (e.g. Ixtoc 1, DwH oil spill) or tanker 

spills (e.g. Exxon Valdez, Hebei Spirit, Prestige, and Torey Canyon oil spill). The spilled oil can 

spread expansively depending on tide, wind, and current when they occur offshore, and cause 
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widespread damage to the marine environment. The most notable oil spill accidents are reviewed 

in this part. 

The Ixtoc 1 oil spill in June of 1979 released ca. 475,000 tons of crude oil into the Gulf of 

Mexico. After the blowout of the offshore oil rig, oil continued to be released into the open ocean 

for 9 months. The spilled oil was dispersed by current and wind and formed a brown and orange 

water-in-oil emulsion near the well head (Patton et al. 1981). This accident had been considered 

as the largest offshore oil spill until the DwH oil spill. 

In April 2010, the DwH oil platform exploded and sank about 41 miles off the Louisiana coast, 

and approximately 655,000 tons of crude oil were released into the Gulf of Mexico within 87 days, 

which is the worst marine oil spill in the US history (McNutt et al. 2012). The crude oil was 

released from the Macondo well-head (1500 m depth), and the long travel distance to the surface 

greatly enhanced the partitioning of hydrocarbons into the aqueous phase (Reddy et al. 2012). 

Together with the application of dispersant, the amount of spilled oil in the water column was 

greatly increased. After the DwH oil spill, the progression of spilled oil along with the effectiveness 

and toxicity of oil dispersant were extensively studied (Cornwall 2015, Kleindienst et al. 2015a).  

In March 1967, the tanker Torrey Canyon ran aground on a reef and spilled approximately 

60,000 tons of crude oil in the ocean near the England coast (O'Sullivan and Richardson 1967). 

Large quantities of detergent were used to emulsify the spilled oil; this is considered as the first 

time a large amount of ñdispersantò was used to disintegrate spilled oil. However, the toxic 

detergent led to widespread environmental damage and motivated researchers to develop new 

dispersants with lower toxicity (Lessard and Demarco 2000). 
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In March 1989, the Exxon Valdez oil spill released ca. 34,000 tons of Alaska North Slope crude 

oil into the Prince William Sound, which affected ca. 2000 miles of coastline (Malakoff and Pegau 

2014). It was considered as the largest oil spill in the US at that time (Incardona et al. 2013). The 

relatively low water temperature and short travel distance to water surface eliminated a portion of 

dissolved crude oil in seawater, which was beneficial for the following clean-up operation. 

Bioremediation was extensively used to naturally degrade the oil residual and mitigate the negative 

ecological impact on the intertidal communities (Bragg et al. 1994).  

In November 2002, the tanker Prestige broke in two and released approximately 77,000 tons 

of heavy fuel-oil into the ocean off the Galicia coast (NW Spain). The wind and sea-current moved 

ca. 60,000 tons of emulsified oil to the NW Spanish coast, and polluted more than 800 km of the 

coastline (González et al. 2006). Researchers found that the spilled oil had undergone a low degree 

of natural weathering even 1 year after the spill, indicating that the heavy oil is relatively persistent 

in the environment (Díez et al. 2007).  

In December 2007, the Hebei Spirit oil spill released approximately 10,900 tons of Middle 

East crude oils off the west coast of the Republic of Korea, which polluted ca. 375 km of coast. 

The wide geographic spread of crude oil extensively damaged the mariculture resources and 

fishery industries in the polluted area (Kim et al. 2013b). This spill reveals the importance of 

interwoven physical, chemical and biological processes in regulating the fate and transport of 

crude oil through the ocean environment (Reddy et al. 2012).  
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1.1.2. Oil contaminated wastewater from industry  

For the oil industry, the production of 1 tons of gasoline will consume 2.8ī6.6 tons of water in 

the US; for over 55% of the oil from Canadian Oil Sands, 5.2 tons of water will be consumed for 

producing one ton of gasoline (Kujawski 2009). Therefore, a huge amount of wastewater is 

produced by the oil industry. Among the different stages of oil refinement, the oil drilling and 

refinery processes produces the most wastewater.  

The oil drilling operation generates a large amount of wastewater. An example of this would 

be the drilling and fracturing of a well which consumes approximately 19,000 tons of water. 

Accordingly, huge amounts of wastewater are produced, which generally contains oil or gas, 

throughout the productive lifetime of the well (Hickenbottom et al. 2013). An average refinery 

consumes 2.5 tons of water for processing one ton of crude oil (Stepnowski et al. 2002). Data from 

the literature shows that the globally produced wastewater from the oil and gas industry amounts 

to around 30 million tons per day, which is approximately 3 times the amount of oil produced (9.5 

million tons/day), and the volume of generated wastewater is still increasing (Ahmadun et al. 

2009).  

The produced wastewater is a mixture of dissolved and dispersed oil compounds, minerals, 

and other solids. The oil contaminants in the wastewater include benzene, toluene, ethylbenzene, 

and xylenes (BTEX), aliphatic fraction (e.g. branched and cycloalkanes and saturated 

hydrocarbons), and polycyclic aromatic hydrocarbons (PAHs). The oil components, especially 

PAHs, are of acute toxicity and high persistence, which makes the wastewater difficult to be treated 

by biological methods (Stepnowski et al. 2002). 
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1.1.3. Oil components and toxicity  

Crude oil is a mixture of hydrocarbons, metals, and polar compounds (Simanzhenkov and Idem 

2003). Hydrocarbons including saturated compounds (i.e. paraffins, isoparaffins, and 

cycloparaffins), aromatics (i.e. monocyclic aromatic hydrocarbons and PAHs), and olefins are 

predominant in crude oil. PAHs are aromatic compounds with two to eight conjugated benzene 

rings, which constitute 0.5 to 3 percent of the weight of the oil (Harvey 1991). PAHs are known 

as environmental persistent contaminants with toxic, carcinogenic, and mutagenic properties. 

Sixteen of the parent PAHs are listed as priority pollutants by United States Environmental 

Protection Agency (US EPA) (US EPA 2014). The abundance of alkylated PAHs is much higher 

than their parent PAHs in crude oil, which amount to 80-90% of the total PAHs) (Liu et al. 2012a, 

Wu et al. 2012), and they are even more toxic than their parent PAHs (Turcotte et al. 2011). 

However, most studies have only focused on the 16 parent PAHs specified in the priority pollutants 

list, and neglected the alkylated PAHs. 

Crude oil in marine environments is harmful to the aquatic species due to the toxicity of the 

oil components, e.g. PAHs, and the suffocation effects of the viscous oil (Lin and Mendelssohn 

2012). The toxicity of crude oil to fish and other organisms has been found to depend on the 

composition of the mixture of hydrocarbons. Low molecular weight (LMW) oil components, e.g. 

naphthalene, C1-C10 aliphatic are acutely toxic to fish by narcosis but contribute little to chronic 

toxicity since they are highly volatile and easy to dilute in water (Skadsheim et al. 2000). The 

medium molecular weight (MMW) oil components are responsible for the chronic toxicity of crude 

oil to aquatic species (Skadsheim et al. 2000). For instance, alkylated PAHs with three or four 
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rings were implicated as the primary compounds of oil toxicity to the development of fish embryos 

and may be related to the recruitment failure of fish where the spawning is found to be affected by 

an oil spill (Carls et al. 1999). High molecular weight (HMW) oil components, e.g. asphaltenes, 

waxes, and resins, have too low solubility to be taken by fish or microorganisms to reach toxic 

concentrations (Wu et al. 2012).  

Dispersion of oil into droplets can increase the surface area of oil exposed to water, thereby, 

promoting the partitioning of oil components into the water phase. The application of chemical 

dispersant will greatly diffuse oil into droplets and increase the dissolved oil components in the 

water phase, thereby increase the toxicity of oil to the aquatic species (Kleindienst et al. 2015a). 

Wu et al. (2012) studied the chronic toxicity of four types of crude oils to the embryos of fish; the 

chemically dispersed crude oils were found to dramatically increased the toxicity, by 35 to 300 

fold or greater. 

1.2. Application of oil dispersants 

Dispersants are a mixture of nonionic and anionic surfactants as well as organic solvents (Place 

et al. 2010). Take Corexit EC9500A as an example: the major nonionic surfactants of this 

dispersant include ethoxylated sorbitan mono- and trioleates and sorbitan monooleate 

(commercially known as Tween 80, Tween 85, and Span 80), and the major anionic surfactant is 

sodium dioctylsulfosuccinate (DOSS). The solvents are a mixture of n-alkanes ranging from 

nonane to hexadecane, including Di(Propylene Glycol) Butyl Ether (DPnB), Propylene Glycol, 2-

butoxyethanol etc. (Mill et al. 1981, Place et al. 2010).  
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Oil dispersants have been widely applied to disintegrate spilled oil slicks into fine droplets, 

thereby facilitating dispersion of oil into water column and accelerating the natural attenuation 

processes (Griffiths 2012, Lessard and Demarco 2000, Prince et al. 2016). When applied, oil 

dispersants embed themselves at the interfaces between oil and water due to the amphiphilic nature 

of the surfactant molecules, which lowers the interfacial tension and facilitates the formation and 

entrainment of small (<100 µm) oil-surfactant droplets into the water column (Clayton 1993, 

Singer et al. 1996).  

Oil dispersants have been employed in several major oil spill accidents, and over the years, 

this approach has evolved into a major countermeasure to mitigate the adverse effects of oil spills 

(Griffiths 2012, Lessard and Demarco 2000). The appearance of low toxicity and high-efficiency 

dispersant formulations makes the application of dispersants a major countermeasure to mitigate 

the adverse effects of oil spills (Griffiths 2012). Application of modern dispersants began in the 

Torrey Canyon oil spill in 1967, where 1000 tons of dispersants (primarily BP1002) were applied 

to treat the spilled Kuwait crude oil (Southward 1978). Since then, application of dispersants has 

evolved to be a common countermeasure for mitigating oil spills while the search for more 

effective and less toxic oil dispersants remains active (Lessard and Demarco 2000). In 1996, 12 

tons of Corexit EC9500A was applied during the Sea Empress spill in the UK (Lessard and 

Demarco 2000), representing the first field application of this popular oil dispersant. In 1997, 10 

tons of Corexit EC9500A was used in the Captain Spill in the North Sea to disperse 650 tons of 

spilled crude oil. In 1998, ~11.5 tons of Corexit EC9527A was sprayed in the offshore pipeline 

spill in Texas (Lessard and Demarco 2000). During the DwH oil spill, BP applied approximately 
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8000 tons of Corexit EC9500A and EC9527A to the surface (5100 tons) and wellhead (2900 tons) 

(Kujawinski et al. 2011), representing the single largest application of oil dispersants in history. 

The wide application of the dispersants, especially since the 2010 DwH oil spill, has triggered 

extensive investigations into their effectiveness, toxicity, environmental fate and transport 

(Anderson 2011, Goodbody-Gringley et al. 2013, Moles et al. 2002).  

1.3. Dispersant analysis 

Since the dispersants have been extensively applied and investigated, it has been challenging 

to quantitatively analyze oil dispersants conveniently and economically. This is not only due to 

the complex nature of the mixture of a variety of dispersants and solvents, but also due to 

proprietary and incomplete information on the type and quantity of the dispersant components. For 

instance, the most common practice for analyzing Corexit EC9500A in water has been to analyze 

just one or possibly a few of the key dispersant components that can be quantified following the 

standard methods (Kujawinski et al. 2011). According to the EPA methods for detecting 

dispersants in water (USEPA 2010), DOSS and DPnB are analyzed by LC/MS/MS (Liquid 

Chromatography with Tandem-Mass Spectrometry) (detection limits = 20 and 125 mg/L, 

respectively), and the other solvent components, such as Propylene Glycol and 2-Ethylhexanol, 

are solvent-extracted and then determined by GC/MS (Gas Chromatography-Mass Spectrometry) 

(detection limits = 10 and 500 ʈg/L, respectively). Researchers have also reported methods for the 

analysis of nonionic surfactants. For example, Tween 80 can be analyzed by using HPLC-MS 

(detection limit = 0.01 ʈg/L) (Christiansen et al. 2011, Im et al. 2008). Scelfo and Tjeerdema 

(1991) proposed a method to measure the ethoxylated sorbitan esters (anionic surfactants in 
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Corexit EC9527A) concentration by incorporating ion-pair formation with bis (ethylenediamine) 

copper (II), then extracting and analyzing by flame atomic absorption spectroscopy. Similarly, 

Kasahara et al. (1995) developed a spectrophotometric method by using a trifluoromethyl 

derivative as a counter ion for extraction and quantification of anionic surfactants in seawater. 

However, these methods bear the following drawbacks: 1) They are quite costly, and/or time- and 

labor-consuming, especially for the LC/MS/MS method; 2) The results for individual components 

may not reflect the integrity of the dispersant as a whole; 3) The undisclosed components in a 

dispersant are neglected. 

To quantify the concentration of Corexit EC9527A and Corexit EC9500A in aqueous 

solutions, Mitchell and Holdway (2000) applied a UV-Vis spectroscopic method, where the 

concentration is measured at a wavelength of 230 nm. The mean measured concentration ranged 

from 0 to 280 mg/L for Corexit EC9527A and 0 to 450 mg/L for Corexit EC9500A. However, the 

effects of water chemistry and environmental conditions on the viability of the methods were not 

addressed, though such factors are known to alter the UV-Vis spectra. Consequently, more rapid 

and economical analytical methods have been desired by the oil spill research community and 

relevant industries. 

1.4. Effect of dispersant on the transport of spilled oil 

Once the oil is released into the ocean, it will undergo complex physical, chemical and 

biological processes, including photooxidation, volatilization, biodegradation, sedimentation, etc. 

(as shown in Figure 1-1) (Joye 2015). The light fractions of crude oil, with a boiling point below 
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250 °C, can be volatilized quickly after the oil reaches the air-water interface (Kiruri et al. 2013). 

Photodegradation is a vehicle for transforming the oil components to acidic and phenolic 

compounds or even CO2 (Board and Board 2003b), however, some intermediates produced by the 

photolysis process can be more toxic than the original oil (Board and Board 2003b). 

Biodegradation processes are important for the weathering of crude oil and are also considered as 

a remediation methods for spilled oil. However, the emulsification of spilled oil will make it less 

likely to be bioavailable (Prince et al. 2003). Formation of oil-sediment aggregates (OSAs) and tar 

balls during the oil weathering process involved in the adsorption of PAHs and other oil 

components (Kiruri et al. 2013), and the settling process of OSAs can transport oil components to 

the bottom of the ocean.  
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Figure 1-1. Fate of spilled oil in the marine system (Joye 2015). The number in brown color reflect 

the contribution of gas (green circles) and crude oil (brown circles) during the DwH oil spill 

(MacDonald 2010). The red circles refer to the applied dispersants.  
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Application of oil dispersant reduces the risk of oil slicks reaching the coastal areas and 

physical contamination (Almeda et al. 2014), but results in elevated oil droplet concentrations in 

the water column. For example, the volatile aromatic hydrocarbons in an oil plume during the 

DwH oil spill reached 139 µg/L (Hazen et al. 2010). The high oil droplet concentration is favorable 

for the formation oil sediment aggregates (OSAs) (Gong et al. 2014a), which can not only alter the 

settling behavior, but also alter the distribution and transport of important oil compounds that are 

associated with the aggregates. Guyomarch et al. (1999) found that the presence of the chemical 

dispersant, Inipol IP90, enhanced the formation of OSAs. Their wave tank experiment showed that 

approximately 80% of oil was entrained in the OSAs, which subsequently settled to the bottom of 

the tank. Our recent work also showed that the Corexit EC9500A promoted the formation of 

marine oil snow (MOS) and the partitioning of oil components into MOS (Fu et al. 2014b). Large 

quantities of crude oil will eventually reach the sediment of the ocean via participate in OSAs, 

MOS formation, or adsorption on the suspended particulate matters (SPMs), and would be 

followed by a settling process (Board and Board 2003a, Fu et al. 2014a, Luo et al. 2008, Mackay 

and Hickie 2000). Therefore, the settling process can be important for the fate of crude oil. 

However, little is known about effects of dispersants or dispersed oil on the transport of fine 

sediment particles, and how such particle-facilitate oil transport affects the fluxes and fate of oil 

components (Allan et al. 2012).  

1.5. Photodegradation of oil components and the effects of dispersants 

Photodegradation is considered as a major abiotic process affecting spilled oil attenuation (Fu 

et al. 2014a, Nicodem et al. 2001). Under solar light, the chromophores compounds in oil absorb 
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solar radiation which initiates the photochemical reactions, resulting in the chemical 

transformation or even mineralization of oil components (D'Auria et al. 2008). The primary action 

spectrum for the photooxidation reaction is ultraviolet (UV) light (ɚ <400 nm) (Shankar et al. 

2015), but which only takes up approximately 5% of the total solar light energy. Some crude oil 

compounds can absorb visible light (400ī700 nm) and undergo photodegradation (Mallakin et al. 

2000). 

The photolysis of oil components, e.g. PAHs, involves both direct photolysis and indirect 

photolysis (Shankar et al. 2015). For direct photolysis, the pollutants absorb solar radiation and 

undergo chemical reaction, but it is limited by the amount of light screening of the aquatic system 

(Glover et al. 2014, Zepp and Cline 1977). Indirect photolysis of PAHs involves the excitation of 

photosensitizers, e.g. chromophoric dissolved organic matter (CDOM) or nitrate (NO3
-), resulting 

in the production of reactive intermediates, e.g. hydroxyl radical (ÅOH), singlet oxygen (1O2), 

superoxide (ÅO2
-), triplet excited CDOM (3CDOMÅ) (Lam et al. 2003), which react with pollutants. 

CDOM is the primary photosensitizer to produce 1O2 and 3CDOMÅ in surface water, and is usually 

the main source of ÅOH (Latch and McNeill 2006; Takeda et al. 2004; Vione et al. 2006). 

The extent of photodegradation depends on the spectrum, incident light intensity, optical 

properties of water, the presence of photosensitizers and oil contaminants themselves (Coleman et 

al. 2002). In a marine environment, the natural substances are found to either accelerate or 

decelerate the photolysis rate of oil components. For instance, some humic substances can absorb 

solar irradiation and be excited into their triplet states, which transfer energy to O2 to produce 1O2 

(Minella et al. 2013). The low molecular weight humic acid is found to be more effective at 
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producing 1O2 under light irradiation (Minella et al. 2013). PAHs are known as good sensitizers 

for the production of 1O2. The transformation of ground triplet state oxygen into the reactive singlet 

state (1O2) needs more than 94 kJ/mol, and the excited PAHs, in both singlet and triplet state, at 

the sufficient energy level for exciting oxygen (Murov and Carmichael 1993). Dong et al. (2012) 

studied the photochemical formation of ÅOH from effluent organic matter in treated wastewater, 

and found that the nitrate and dissolved organic matter in the water phase are potential sources of 

ÅOH during the photolysis process. 

The presence of surfactants or dispersants in the aqueous phase are reported to alter the 

photooxidation rate of oil components. An (2001) studied the photodegradation of phenanthrene 

and pyrene under UV light in the presence of surfactants (LiFOS), and found the monomeric 

surfactants enhanced the photolysis of PAHs, but he did not reveal the mechanism for the 

accelerated PAHs photolysis. Gong et al. (2015) studied the effects of oil dispersant (Corexit 

EC9500A) on the photodegradation of pyrene in seawater, where the presence of dispersant 

increased the photolysis rate of pyrene. However, the key dispersant components were not studied, 

and their roles on promoting the photolysis rate should be investigated deeper. Meanwhile, the 

effects of dispersants on the photolysis of alkylated PAHs are still lacking. 

1.6. Photocatalytic degradation of PAHs 

The oil industry produced a huge amount of wastewater. This PAHs contaminated water can 

be of acute toxicity and persistent, which makes the wastewater difficult to be treated by traditional 

biological methods (Stepnowski et al. 2002). Many methods, e.g. chemical oxidation, 
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electrochemical methods, activated carbon adsorption, and solvent extraction, have been applied 

to removal PAHs in water (Abdelwahab et al. 2009). However, these methods are always 

associated with problems such as low efficiency, high investment, high energy or material 

consumption, etc. (Abdelwahab et al. 2009). The photocatalytic degradation of PAHs, especially 

under solar light, is considered as a promising route for the removal of PAHs from water 

(Hoffmann et al. 1995). 

Many photocatalysts, e.g. TiO2, ZnO, BiVO4, have been investigated for photocatalytic 

degradation of PAHs in water (Kohtani et al. 2005, Vela et al. 2012). Ireland et al. (1995) applied 

TiO2 to photocatalytically degrade 16 PAHs in water by UV light and found the degradation rates 

of PAHs were relatively slow. Pal and Sharon (2000) supported porous TiO2 particles on glass 

substrates to promote the photocatalytic activity, which showed elevated degradation efficiency 

for naphthalene and anthracene removal in the water phase. Vela et al. (2012) compared the 

effectiveness of ZnO and TiO2 for photocatalytically degrading a mixture of 5 PAHs in 

groundwater under natural sunlight, and found 7ī15 min and 18ī76 min, respectively, are required 

for ZnO and TiO2 to remove 90% of the PAHs. Kohtani et al. (2005) compared the effects of pure 

and Ag-loaded BiVO4 on the photocatalytic degradation of 9 PAHs under visible light irradiation 

and found that both catalysts enhanced the photodegradation efficiency, and the loading of Ag 

accelerated the ÅOH production.  

TiO2 is the most popular heterogeneous photocatalyst for organic pollutant removal; it has the 

advantages of low cost, nontoxicity, as well as excellent activities and stabilities. Since Fujishima 

and Honda (1972) discovered the photocatalytic splitting of water on TiO2 in 1972, interest in 
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application of TiO2 as a photocatalyst has significantly increased, and it has become the most 

widely used photocatalyst for environmental application (Sires and Brillas 2012, Theron et al. 

2008). Generally, the photocatalytic efficiency of TiO2 is affected by two inherent limitations: 1) 

easy recombination of photo-generated holes and electrons (Malato et al. 2009), and 2) low 

visible/solar energy utilization efficiency (Liu et al. 2015a, Veldurthi et al. 2015). The large 

intrinsic band gaps of TiO2 (3.2 eV for anatase and 3.0 eV for rutile) restricts the light-harvesting 

as the useful UV radiation only accounts for about 5% of sunlight irradiation, and the visible light 

includes 45% of the energy (Afzal et al. 2013, Shankar et al. 2015, Shannon et al. 2008). Therefore, 

efforts have been devoted to retard the recombination of electron-hole pairs, and enhance the 

photocatalytic activity of Ti-based catalysts under visible light (Doong et al. 2013, Sung-Suh et al. 

2004, Veldurthi et al. 2015, Zhao et al. 2016). Noble metal ions (e.g. Pt, Au, Ag, etc.) 

doping/depositing is widely applied to facilitate the electron-hole separation and promote the 

production of reactive oxygen species (ROS) (Malato et al. 2009, Pan et al. 2016). Meanwhile, it 

also facilitates the absorption of visible light by narrowing the absorption band gaps (Burgeth and 

Kisch 2002). Among the commonly used noble metals, Pt is one of the most used dopants for 

modifying TiO2 and titanate (Liu et al. 2011). It can provide the highest Schottky Barrier among 

the metal types that facilitate electron capture and produce longer electron-hole pair separation life 

time (Li and Li 2002). Meanwhile, the incorporation of Pt3+ into TiO2 can create a defect energy 

level, which extend visible light absorption (Li and Li 2002). Previous studies reveal that the Pt 

metal deposited TiO2 induced a faster photocatalytic oxidation rate of o-cresol than TiO2 (P25) 

(Chen et al. 2007), and Pt(IV) modified TiO2 is found to be more active than TiO2 (P25) upon UV 

irradiation for 4-chlorophenol degradation (Burgeth and Kisch 2002). However, to the best of our 
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knowledge, the effects of Pt forms (reduction state of Pt(0) and oxidation state of Pt(IV)) on 

modifying TiO2 or other TiO2 based materials are not well investigated in previous studies.  

1.7. Objectives 

The key research objectives were to: 1) establish a quick and low-cost method to measure 

dispersant concentration in seawater; 2) investigate effects of oil dispersants (Corexit EC9500A, 

Corexit EC9527A, and SPC 1000) on the settling performance of suspended sediment particles 

and sediment-associated transport of oil components, and on the enhanced photolysis of PAHs and 

alkylated PAHs; and 3) synthesize and test a new class of photocatalyst for PAHs degradation. 

The specific objectives were to:  

¶ Propose and test a new method to determine dispersant concentration in seawater; 

¶ Test the accuracy of the new method under various environmental conditions, e.g. pH, 

salinity, DOM concentration; 

¶ Test the effects of three model dispersants on the settling velocity of suspended sediment 

particles, find the most effective ingredients for enhancing the settling performance and 

elucidate the mechanism;  

¶ Evaluate the effects of dispersants on the transport of sediment-associated oil components; 

¶ Evaluate the effects of oil dispersants and the dispersant components on the photolysis of 

anthracene and its alkylated homolog (9,10-dimethylanthracene) under simulated solar 

light; 
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¶ Elucidate the mechanisms of anthracene and 9,10-dimethylanthracene photodegradation in 

the presence/absence of dispersant;  

¶ Synthesize a new class of platinum-titanate nanotube for catalytically degrading 

phenanthrene in the aqueous phase, and find the optimal synthesis condition; 

¶ Characterize the new material and elucidate the mechanism on enhancing photocatalytic 

activity, and test the separation property and reusability of the new catalyst. 

1.8. Organizations 

This dissertation includes six chapters and the appendix part, each chapter is formatted as a 

standalone paper in the style of Water Research except for Chapter 1 (General Introduction) and 

Chapter 6 (Conclusions and Suggestions for Future Research). Chapter 1 gives a general 

introduction of the background and outlines the objectives of this dissertation. Chapter 2 describes 

a new method that determines the Corexit EC9500A concentration in seawater by measuring the 

surface tension of the solution. Chapter 3 investigates the effects of oil dispersants on the settling 

behavior of suspended sediment particles as well as on the distribution and transportation of oil 

and key oil components in sediment-seawater systems, and explores the effects of dispersants 

under various environmental conditions. Chapter 4 investigates the effects of oil dispersants on 

the photodegradation of anthracene and 9,10-dimethylanthracene in the marine environment. The 

photodegradation mechanisms and pathways are elucidated. Chapter 5 investigates the 

photocatalytic degradation of phenanthrene by a new class of Pt-deposited titanate nanotubes 

under simulated solar light, the mechanisms are investigated and reusability of this material is 

evaluated. Chapter 6 gives a summary of the key conclusions of all the research and suggestions 
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for future work. The appendix part describes the feasibility and efficiency of the carboxyl methyl 

cellulose stabilized zero-valent iron (ZVI) nanoparticles for reductive removal of nitrobenzene in 

aqueous and soil phase. The mechanisms of nitrobenzene reduction are studied, and effects of 

environmental parameters on the reduction rates were evaluated. 
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Chapter 2. A Surface Tension Based Method for Measuring Oil Dispersant Concentration 

in Seawater  

 

Many methods have been applied for determining the dispersant concentration in the aqueous 

phase, e.g. LC/MS/MS, GC/MS, HPLC-MS. However, these methods bear the drawbacks of high 

cost, the results for individual components donôt always reflect the integrity of the dispersant as a 

whole, the undisclosed components in a dispersant are often neglected, and/or excessive time- and 

labor-consumption. In this section, a convenient and economical analytical method is proposed to 

measure the dispersant concentration in seawater. 

2.1. Introduction 

Oil dispersants have been widely employed to mitigate environmental impacts of spilled oil 

(Prince et al. 2016, Rahsepar et al. 2016). The application of modern dispersants began in the 

Torrey Canyon oil spill in 1967, where 1000 tons of dispersants (primarily BP1002) were applied 

to mitigate the spilled Kuwait crude oil (Southward 1978). Since then, application of dispersants 

has evolved to be a common countermeasure for mitigating oil spills, while the search for more 

effective and less toxic oil dispersants remains active (Lessard and Demarco 2000). In 1996, 12 

tons of Corexit EC9500A was applied during the Sea Empress spill in the UK, representing the 
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first field application of this popular oil dispersant (Lessard and Demarco 2000). In 1997, 10 tons 

of Corexit EC9500A was used in the Captain Spill in the North Sea to disperse 650 tons of spilled 

crude oil. In 1998, ~11.5 tons of Corexit EC9527A was sprayed in the offshore pipeline spill in 

Texas (Lessard and Demarco 2000). During the Deepwater Horizon (DwH) oil spill in the Gulf of 

Mexico in 2010, BP applied approximately 8000 tons of Corexit EC9500A and EC9527A 

(Kujawinski et al. 2011), representing the single largest application of oil dispersants in the history. 

Corexit EC9500A is a mixture of nonionic and anionic surfactants as well as organic solvents 

(Place et al. 2010). The major nonionic surfactants include ethoxylated sorbitan mono- and 

trioleates and sorbitan monooleate (commercially known as Tween 80, Tween 85, and Span 80), 

and the major anionic surfactant is sodium dioctylsulfosuccinate (DOSS). Table 2-1 gives detailed 

information on the compositions of Corexit EC9500A. The solvents are a mixture of n-alkanes 

ranging from nonane to hexadecane, including Di(Propylene Glycol) Butyl Ether (DPnB), 

Propylene Glycol, and 2-butoxyethanol (Mill et al. 1981, Place et al. 2010). The wide application 

of the dispersant, especially since the 2010 DwH oil spill, has triggered extensive investigations 

into its effectiveness, toxicity, and environmental fate and transport (Anderson 2011, Goodbody-

Gringley et al. 2013, Moles et al. 2002).  
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Table 2-1. Characteristics of surfactant compositions in the oil dispersant Corexit EC9500A (Gong et al. 2014b, USEPA 2011). 

Surfactants 
Ionic 

property 
Molecular formula 

Molecular 

weight 

(g/mol) 

Critical micelle 

concentration 

(CMC) (mg/L) 

Chemical structure 

Polyoxyethylene (20) 

sorbitan monooleate 

(Tween 80) 

Neutral C64H124O26 1310 
14 (Yeom et al. 

1995)  

 

Polyoxyethylene(20) 

sorbitan trioleate 

(Tween 85)  

Neutral C60H108O8
.(C2H4O)n  

23 (Wan and 

Lee 1974) 

 

Sorbitan monooleate 

(Span 80) 
Neutral C24H44O6 428.60 

35000 (Ross and 

Olivier 1959) 

 

Sodium dioctyl 

sulfosuccinate (SDSS 

or DOSS) 

Anionic C20H37NaO7S 444.56 
578 (Yehia 

1992b) 
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Yet, it has been challenging to quantitatively analyze oil dispersants conveniently and 

economically. This is not only due to the complex nature of the mixture of a variety of dispersants 

and solvents, but also proprietary and incomplete information on the type and quantity of the 

dispersant components. For instance, the most common practice for analyzing Corexit EC9500A 

in water has been to analyze one or some of the key dispersant components that can be quantified 

following the standard methods (Kujawinski et al. 2011). According to the EPA methods for 

detecting dispersants in water (USEPA 2010), DOSS and DPnB are analyzed by LC/MS/MS 

(Liquid Chromatography with Tandem-Mass Spectrometry) (detection limits = 20 and 125 mg/L, 

respectively); and the other solvent components, such as Propylene Glycol and 2-Ethylhexanol, 

are solvent-extracted and then determined by GC/MS (Gas Chromatography-Mass Spectrometry) 

(detection limits = 10 and 500 ʈg/L, respectively). Researchers have also reported methods for the 

analysis of nonionic surfactants. For instance, Tween 80 can be analyzed by using HPLC-MS 

(detection limit = 0.01 ʈg/L) (Christiansen et al. 2011, Im et al. 2008). Scelfo and Tjeerdema 

(1991) developed a method to monitor the anionic surfactant (ethoxylated sorbitan esters) of 

Corexit EC9527A by incorporating ion-pair formation with bis(ethylenediamine) copper (II), then 

extracting and analyzing the complex by flame atomic absorption spectroscopy. Similarly, 

Kasahara et al. (1995) developed a spectrophotometric method by using a trifluoromethyl 

derivative as a counter ion for extraction and quantification of anionic surfactants in seawater. 

However, these methods bear the following drawbacks: 1) they are quite costly, and/or time- and 

labor-consuming, especially for the LC/MS/MS method, 2) the results for individual components 
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may not reflect the integrity of the dispersant as a whole, and 3) the undisclosed components in a 

dispersant are neglected. 

To quantify the concentration of Corexit EC9527A and Corexit EC9500A in aqueous 

solutions, Mitchell and Holdway (2000) applied a UV-Vis spectroscopic method, where the 

concentration is measured at a wavelength of 230 nm. The mean concentration ranged from 0 to 

280 mg/L for Corexit EC9527A and 0 to 450 mg/L for Corexit EC9500A. However, the effects of 

water chemistry and environmental conditions on the viability of the methods were not addressed, 

though such factors are known to alter the UV-Vis spectra. Consequently, more rapid and 

economical analytical methods have been desired by the oil spill research community and relevant 

industries. 

It has been observed that surface tension (g) is correlated with the concentration of a surfactant 

(Fu et al. 2015, Menger et al. 2009, Myers 1999). Specifically, Menger et al. (2009) observed that 

when g is plotted against ln[surfactant], the curve can be divided into three distinct regions (Figure 

2-1): Region A: g slightly decreases with increasing surfactant concentration; Region B: g 

decreases sharply and almost linearly with increasing surfactant concentration; and Region C: the 

slope abruptly levels off (i.e., g remains nearly constant) at the surfactant concentration above the 

CMC value. Conventionally, it is assumed that the surfactant is saturated at the air/water interface 

throughout Region A (Perez et al. 1998, Vader 1960), which allows the calculation of the area-

per-molecule via the classic Gibbs equation (Menger et al., 2009). In an effort to determine the 

CMC value of oil dispersants, Gong et al. (2014b) observed that the Corexit EC9500A 

concentration is linearly correlated to g of solution. Hence, the concentration of the dispersant may 
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be measured by indirectly measuring the combined effect of the dispersant components, i.e., by 

gauging the surface tension of a dispersant solution.  

 

Figure 2-1. Three regions of a typical surface tension vs ln[surfactant] plot (Menger et al. 2009). 

Based on the linear correlation between ɔ and dispersant concentration (region B), the goal of 

this study was to develop and validate a new analytical method for simple and rapid quantification 

of oil dispersants in seawater. To illustrate the concept, Corexit EC9500A was used as the model 

dispersant and Gulf coast seawater as the prototype solution matrix. The specific objectives were 

to: 1) establish the linear correlation between g and ln [dispersant concentration], 2) assess the 

effects of environmental factors, such as salinity, pH, and dissolved organic matter (DOM) on the 

correlation, and 3) identify the applicable conditions as well as constraints of the method. The new 

method is expected to provide a convenient and economical analytical tool for researchers and 

practitioners in the field of oil spill and marine pollution. 
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2.2. Experimental methods 

2.2.1. Materials 

Seawater sample was collected at the Grand Bay area, AL, USA in the Gulf of Mexico 

(N30.37873, W88.30679). It was stored in sealed containers at 4 °C and filtered through 0.22 ʈm 

membrane to remove suspended solids before use. Marine sediment was collected from the Ocean 

Springs National Seashore Park, MS, USA (N30.39772, W88.79175). The sediment was classified 

as loamy sand sediment and the organic matter content is 1.6% (sediment analysis was performed 

by the Soil Testing Laboratory at Auburn University, more physicochemical characteristics of 

sediment are shown in Table 2-2. 

Table 2-2. Salient physical and chemical properties of marine sediment used in this work. 

pHa SOMb Cation Exchange 

Capacity 

Meq/100g 

Taxonomyc Sandd Siltd Clayd 

 %  
% % % 

6.4 1.6 6.6 Loamy sand 81.6 15.3 3.1 

Ca K Mg P Al  B Zn Mn Na Fe  

pm ppm ppm ppm ppm ppm ppm ppm ppm ppm  

441.9 182.7 314.5 9.1 87.7 3.23 5.2 3.9 4118.4 73.1  

a Sediment pH was measured on a 1:1 sediment:water mixture via the Reference Soil Test Methods 

(UGA 1983). 

b SOM (soil organic matter) was obtained by thermogravimetric method (Davies 1974). 

c Sediment texture was conducted following the hydrometer method (Bouyoucos 1962). 
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d Categorized based on USDA-definition. 

Note: Metal contents were measured per EPA method 3050B. Soil calcium, magnesium, 

potassium, and sodium were first extracted per the Mehlich 1 procedure, filtered through a #1 

qualitative filter paper, and then determined by ICP using a Varian Vista-MPX Radial 

Spectrometer. 

All chemicals used in this study were of analytical or higher grade, and were used as received, 

including humic acid (Fluka Chemie, Switzerland), sodium hydroxide (NaOH, Fisher Scientific, 

Fair Lawn, NJ, USA), and hydrochloric acid (HCl, 36.5-38.0%, Mallinckrodt Chemical, St. Louis, 

MO, USA). Corexit EC9500A was acquired per courtesy of Nalco Company (Naperville, IL, 

USA). A Corexit EC9500A stock solution was prepared at 1 g/L by mixing Corexit EC9500A and 

seawater in a glass flask under magnetic stirring for 1 h, and then the desired working solutions 

(up to 200 mg/L) were obtained by diluting the stock solution with seawater. Serial dilution was 

avoided to reduce cumulative error (Scelfo and Tjeerdema 1991).  

2.2.2. Effects of environmental factors 

Effects of environmental factors on the viability of the surface-tension based method were 

assessed at various solution salinities, pH and DOM concentrations. The pH of the seawater was 

adjusted using HCl (0.5 M) or NaOH (0.5 M) solution from the initial 7.9 to the final value of 6.0, 

7.0 or 9.0. Different DOM concentrations were achieved by diluting a DOM stock solution (550 

mg/L as TOC), which was obtained by dissolving the standard humic acid into seawater. The 

salinity effects were tested using artificially prepared seawater at various salinity levels (0, 1%, 
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2%, and 4% (expressed as wt.% of salt) following the method by Kester et al. (1967). The effects 

of the environmental factors on the surface tension measurement as well as on the g - ln[C] (C is 

the dispersant concentration) correlations were evaluated by measuring the g - ln[C] curves under 

various pH, salinity and DOM levels.  

In marine oil spill studies, mixed sediment-seawater systems are often encountered (Zhao et 

al. 2015). To determine the effects of possible sediment exudates, surface tension was also 

measured using sediment amended seawater. The sediment amended seawater was prepared as 

follows: first, mix seawater with the sediment at a sediment/seawater ratio of 16 g/40 mL on a 

rotator at 50 rpm for 48 h; then separate the solid and liquid by centrifugation (1359 ×g for 5 min) 

and collect the supernatant. The sediment amended seawater (i.e., the supernatant) had a salinity 

of 3.5 wt.%, pH 7.0, a DOM concentration of 1.3 mg/L as TOC.  

2.2.3. Analytical methods 

A Du Noüy Tensiometer (CSC scientific 70535 series, Fairfax, VA, USA) was used to 

determine the surface tension of the dispersant solutions. The Du Noüy ring method (Tuckermann 

2007) has been commonly used to measure the surface tension of solutions. The details on the 

measuring principle and procedure can be found elsewhere (Lunkenheimer and Wantke 1981, 

Noüy 1925). Briefly, a platinum ring, which is linked with a balance arm, is slowly lifted from the 

surface of a liquid, then the force required to break the surface (overcome the surface tension) is 

measured. To this end, each 20 mL of a dispersant solution was added in 60 × 15 mm glass Petri 

dishes. The samples were kept still in the dishes for 30 min to assure the system equilibrium was 
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achieved, i.e., the chemical potential at the interface is equal to that of the bulk solution (Eastoe 

and Dalton 2000). The tensiometer was calibrated on a daily basis, and all measurements were 

performed in duplicate and at 25 ± 1 oC. A Dohrmann Phoenix 8000 TOC Analyzer (Tekmar 

Dohrmann, Cincinnati, OH, USA) was used to analyze DOM and Corexit EC9500A as total 

organic carbon (TOC). 

2.3. Results and discussion 

2.3.1. Analysis of dispersant samples 

Figure 2-2 shows the change of surface tension as a function of ln[dispersant]. The general 

trend was similar to the correlation of surface tension vs dispersant concentration as in Figure 2-1.  

When the dispersant concentration is lower than 0.2 mg/L (or ln C <-1.6) (Region A), the 

dispersant had little effect on surface tension; however, in Region B where the dispersant is >0.2 

mg/L but <CMC (23.5 mg/L), the surface tension decreased sharply and linearly with increasing 

dispersant concentration with a slope (k) of -7.8; the linear correlation remains in region C 

(dispersant >CMC) but with a much lower slope (k = -2.0). 
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Figure 2-2. Correlation of equilibrium surface tension vs. ln[Corexit EC9500A] in seawater. 

Experimental conditions: temperature = 25 ± 1 oC; pH = 7.9; salinity = 3.15 %; DOM = 0.2 mg/L.  

The resulting correlation equations are as follows: 

 ɾ χȢψϽÌÎ# υψȢψȟ2 πȢωωυȟὴ πȢππρ  (0.2 mg/L <C <23.5 mg/L) (Eq. 2-1) 

 ɾ ςȢπϽÌÎ# τπȢτȟ 2 πȢωφτȟὴ πȢππσ  (C >23.5 mg/L)   (Eq. 2-2) 

where C is the dispersant concentration (mg/L) and R2 is the coefficient of determination. The low 

p values indicate that changes in the predictor variable (C) are strongly associated with changes in 

the response variable (ɔ). 

According to the Gibbs equation (Adamson 2001, Li et al. 2013), the change in the surface 

tension with surfactant activity is described by 
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Äɾ 24 ВɜÄÌÎÁ                                                                                       (Eq. 2-3) 

where ɜ is the surface excess of component i, Á  is the activity of the component in the aqueous 

phase, R is the universal gas constant, and T is temperature (K). 

When the concentration is below the CMC value, the activity can be approximated with the 

concentration for nonionic surfactants (Li et al. 2013). Thus, the Gibbs equation can be written as 

 
24Вɜ                                                                                                     (Eq. 2-4) 

where ὅ is the surfactant concentration, ÄɾȾÄÌÎὅ  is the slope of the g -lnCi curves. 

In accord with the Gibbôs equation, Figure 2-2 indicates that there exist three distinct levels of 

surface excess of the dispersant with three different slopes that correspond to the three regions.  

The observation agrees with the reported correlations in various surfactant systems (Lopez-

Cervantes et al. 2013, Reichert and Walker 2013, Simister et al. 1992).  

The observed g - ln[C] curve mimics an S-shaped adsorption isotherm (Gong et al., (2014b). 

In the low concentration range (Region A), the dispersant components prefer to partition into the 

solution phase more than the interface, which can be attributed to the enhanced dissolution effect 

of the mixed surfactants and co-solvents. As a result, a very flat slope was evident. In Region B, 

aggregates of the surfactants are formed (Gong et al. 2014b) and the partition becomes increasingly 

more favorable toward the interface, resulting in the sharp change of dg/ln[C]. At dispersant 

concentrations near or above the CMC (Region C), micelles (mainly the neutral surfactants) are 
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formed, and the surfactants prefer to partition into the micelles than accumulate on the interface 

(Li et al. 2013, Menger et al. 2009). Consequently, the slope of the dg - ln[C] line is abruptly 

changed. It is also noteworthy that the CMC value (578 mg/L) for the anionic surfactant (DOSS) 

(Yehia 1992a) is much higher than those for the non-ionic surfactants (e.g., 23 mg/L for Tween 85 

and 14 mg/L for Tween 80). Namely, no micelles of the anionic surfactants are likely formed under 

the experimental conditions. Therefore, the much-reduced slope in Region C than in Region B is 

attributed to the formation of micelles of the non-ionic surfactants. 

The findings indicate that despite being a complex mixture of surfactants and solvents, Corexit 

EC9500A behaves like a lumped or combined ñsurfactantò. While the lumped CMC value reflects 

the collective effect of the surfactants and co-solvents, the mixture CMC for the dispersant was 

nearly the same as that (23 mg/L) of Tween 85, slightly higher than that (14 mg/L) of Tween 80, 

but much lower than that (578 mg/L) of DOSS (Gong et al. 2014b), suggesting that Tween 85 

plays a predominant role in the mixed micelles (Ahn et al. 2010), which can be attributed to its 

much large size, special molecular structure and possibly high fraction in the dispersant. 

  The correlation curve (Eq. 2-1) can be used to conveniently determine the concentration of 

Corexit EC9500A in the concentration range from >0.5 to <23 mg/L by simply measuring the 

surface tension using a simple and low-cost interfacial Tensiometer. The detection limit may be 

lowered if the correlation line in Region A is determined accurately, which may need a more 

sophisticated Tensiometer. When the dispersant concentration is above the CMC, Eq. 2-2 can be 

used, or alternatively, the solution can be diluted to the concentration window that is suitable for 

Eq. 2-1. 
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The g - ln[C] correlation in Region B was highly reproducible; experimental results showed 

that the relative standard deviation was within 3% from 5 replicate measurements. Based on 10 

replicate measurements of blank and Corexit EC9500A samples (Harris 2010), the detection limit 

with Eq. 2-1 was determined at 0.5 mg/L. 

2.3.2. Effects of environmental factors on surface tension analysis 

2.3.2.1. Salinity 

Figure 2-3  shows that the solution salinity can significantly decrease surface tension of the 

dispersant solution. The effect is more significant when the salinity was increased from 0 to 1%. 

This phenomenon can be interpreted by the increased surfactant adsorption onto the air/water 

interface with the increase of electrolyte concentration (Xu et al. 2013), known as the ñsalting outò 

effect (Prosser and Franses 2001). Similar findings were also reported by Persson et al. (2003), 

who studied the correlation between surface tension-concentration of surfactant sodium dodecyl 

sulfate (SDS) at various NaCl concentrations. Therefore, proper standard curves will need to be 

developed to assure the consistent salinity between samples and the standards. It is noteworthy 

that despite the different levels of surface tension at different salinities, the correlation lines appear 

parallel to each other, i.e., they have nearly the same slope. Therefore, the same standard curve 

may be scaled for measuring g at various salinities by correcting the difference in the intercept. 
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Figure 2-3. Equilibrium surface tension vs. ln [Corexit EC9500A] at various levels of salinities. 

Experimental conditions: Corexit EC9500A concentration = 2 to 20 mg/L in seawater; temperature 

= 25 ± 1 oC. Data were plotted as mean of duplicates, and error bars indicate standard error range.  

2.3.2.2. Effects of pH 

Figure 2-4 shows that the g - ln[C] correlation remained statistically unchanged (p >0.05) when 

the solution pH was raised from 7.9 to 9.0; however, the surface tension dropped significantly as 

the pH was lowered from 7.9 to 6.0. 
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Figure 2-4. Equilibrium surface tension vs. ln[Corexit EC9500A] at pH 6.0, 7.0, 7.9 and 9.0. 

Experimental conditions: Corexit EC9500A concentration = 2 to 20 mg/L in seawater; temperature 

= 25 ± 1 oC; salinity = 3.15 %; DOM = 0.2 mg/L. 

The anionic surfactant, i.e., DOSS, of Corexit EC9500A undergoes increasing protonation as 

pH decreases (Underberg and Lingeman 1983). While fully deprotonated DOSS is rather 

hydrophilic (Yates and von Wandruszka 1999), the protonation at lower pH renders the 

hydrophilic heads of DOSS less polar. As a result, more surfactant molecules migrate to the surface, 

resulting in decreased surface tension at lower pH. Figure 2-4 also indicates that the pH effect is 

more profound at lower dispersant concentrations. 

2.3.2.3. Effects of DOM 

Figure 2-5 shows that the presence of DOM at 5 mg/L (as TOC) significantly decreased the 

surface tension, and the effect was more evident at lower dispersant concentrations (<2 mg/L). 
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Figure 2-5. Equilibrium surface tension vs. ln[Corexit EC9500A] at various DOM levels 

(measured as TOC). Experimental conditions: Corexit EC9500A concentration = 2 to 20 mg/L in 

seawater; temperature = 25 ± 1 oC; pH = 7.9 ± 0.5; salinity = 3.15 %.  

Due to the amphiphilic characteristics of some components in DOM, such as humic acid, DOM 

can affect both the surfactant activity and the surface excess (Yates and von Wandruszka 1999). 

The Szyskowski equation (Aumann et al. 2010, von Szyszkowski 1908) is often used to describe 

the effects of organic compounds, such as carboxylic acids, alcohols and esters, on the surface 

tension of aqueous solutions. 

ɾ ɾ ɜ  24ÌÎρ                                                                       (Eq. 2-5) 

where ɾ and ɾ are surface tension for solution and pure water, respectively, ɜ  is the maximum 

surface excess, c is the solute (DOM) concentration, and ɼ is the inverse Langmuir adsorption 

coefficient. This equation predicts that increasing DOM decreases surface tension of a solution. 
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Lee and Hildemann (2013) measured the surface tension of humic acid solutions at 20 oC, and 

obtained the ɜ  and ɼ values by fitting the experimental surface tension data over a range of 

solute concentrations, where ɜ  = 2.93 ± 0.35×10-6 mol/m2, ɼ = 966 ± 267×10-3 g/kg. At low 

DOM concentrations, DOM affects the surface tension mainly by altering the surface excess of 

surfactants, while at elevated DOM concentrations, DOM may reduce both surface excess and the 

activity of surfactants, resulting in a lower ɔ.  

2.3.2.4. Effects of soluble components from marine sediment 

In sediment-water systems, it has been challenging to measure dispersant concentration due to 

interference from the soluble components from the sediment. Figure 2-6 shows effects of sediment 

extracts on the surface tension. Compared with the seawater, the salinity of sediment amended 

seawater increased from 3.15 to 3.50 %, DOM increased from 0.2 mg/L to 1.3 mg/L, but pH 

decreased from 7.9 to about 7.0. It is evident from Figure 2-6 that the effect of the sediment 

extracts on the surface tension measurement was statistically insignificant (p >0.05) despite the 

variations of the water chemistry conditions.  
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Figure 2-6. Equilibrium surface tension vs. ln[Corexit EC9500A] in seawater and sediment 

extracts. Experimental conditions: Corexit EC9500A concentration = 2 to 20 mg/L; temperature = 

25 ± 1 oC; pH = 7.9 ± 0.5; salinity = 3.15 %. 

Taken together the results, the surface tension measurements will not be affected when the 

changes in salinity, DOM and pH are within the following limits: salinity change <0.3 %, DOM  

<1.3 mg/L as TOC, and 7.0 ¢pH ¢9.0. Separate g - ln[C]correlation equations will need to be 

established or corrected when changes in the water quality parameters exceed these criteria. 

2.3.3. Accuracy of the method 

To confirm the accuracy of this surface tension based method, the same Corexit EC9500A 

solutions at the dispersant concentrations of 1, 5, 10, 15, and 20 mg/L were analyzed by this 

method and by direct TOC analysis. Table 2-3 gives the resulting dispersant concentration 

obtained independently with the two methods. The results show that the differences in the mean 

concentrations obtained by the two methods are statistically insignificant (p <0.05) except for the 



39 

 

case of 1 mg/L, and in all cases, the measurement errors were within 3.5% from the true values. 

Between the two methods, the relative standard deviation of the surface tension based method 

ranged from 2% to 5%, compared to from 4% to 53% for the TOC-based method, indicating that 

the new the method is of higher precision. At 1 mg/L, the TOC method is not accurate, while the 

surface tension method remained robust. The fluctuation of the results measured by the TOC 

method can be attributed to: 1) accumulation of the dispersant components at the water-air 

interface, which affects the consistency in sampling of the water for TOC analysis but not for the 

surface tension measurement, 2) adsorption of the surfactants on the sampling devices and TOC 

analyzer, and 3) incomplete catalytic conversion of the organic carbon by the UV/persulfate based 

TOC analyzer. Indeed, we observed long and gradual tails of the TOC evolution curve, suggesting 

that some the components in Corexit EC9500A are persistent to the UV-persulfate oxidation. 

Table 2-3. Comparison of Corexit EC9500A concentrations in seawater measured by TOC 

analysis and by the surface tension based method. Number of replicate measurements = 5. 

Corexit EC9500A 

concentration (mg/L) 
1 

 
5 10 15 20 

Measured by surface tension 

(mg/L) 
0.98±0.05 

 
5.16±0.14 9.65±0.15 15.40±0.24 20.06±0.39 

Relative standard deviation 

(%) 
5 

 
3 2 2 2 

Measured by TOC (mg/L) 0.81±0.43  5.42±0.55 9.14±0.92 15.09±0.55 20.51±2.12 

Relative standard deviation 

(%) 
53 

 
10 10 4 10 
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2.4. Conclusions 

Oil dispersants are a mixture of numerous known and unknown surfactants and solvents. 

Although highly desired, it has been challenging to quantify dispersant concentration in seawater 

and under various water chemistry and environmental conditions. This work proposed and tested 

a new method to determine the Corexit EC9500A concentration in seawater by measuring the 

surface tension of the dispersant solutions and by utilizing the linear correlation between surface 

tension and ln[dispersant concentration]. Compared to conventional methods, which often target a 

fraction of the dispersant components, this method is not only simple, fast, economical and viable, 

but also measures the collective effect of the dispersant as a whole. The most suitable dispersant 

concentration range is 0.5 to 23.5 mg/L. However, dispersant of lower or higher concentrations 

than the optimum window may be accommodated by use of separate standard g - ln[C] lines and/or 

through proper concentration or dilution of the samples. Small changes in solution salinity 

(<0.3%), pH (7.0ī9.0), and DOM (<1.5 mg/L as TOC) had negligible effects on the surface tension 

measurements, and thus, the correlation equations. While the method is most sensitive to salinity 

changes, the correlation lines appear parallel to each other at various salinity levels, and so, the 

correlation equation at one salinity level can be scaled to others by correcting the Y-axis intercept. 

In case of radical changes in water chemistry and environmental conditions, separate correlation 

curves can be readily constructed in accordance with the target sample conditions. Effects of 

extracts from typical marine sediments were negligible, thus, the method may be directly applied 

to seawater-sediment systems. The method accuracy was confirmed by comparing with the TOC 

analysis. Although the method was demonstrated using Corexit EC9500A as the prototype oil 



41 

 

dispersant, the method may be extended to other oil dispersants and surfactants. Given the ongoing 

active research activities in the field, this new analytical method provides a convenient and useful 

alternative means for researchers and practitioners for quantitative analysis of complex oil 

dispersants and surfactants in aquatic systems. 
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Chapter 3. Effects of Oil Dispersants on Settling of Marine Sediment Particles and  

Particle-Associated Transport of Oil Components  

 

This chapter investigates the effects and mechanisms of oil dispersants on the settling of fine 

marine sediment particles. Moreover, the effects of dispersant-facilitated particle sedimentation on 

the transport of important oil components in the water column are evaluated. 

3.1. Introduction  

Oil dispersants are a mixture of surfactants and hydrocarbon-based solvents. Dispersants have 

been widely used to disintegrate spilled oil slicks into fine droplets, thereby facilitating dispersion 

of oil into water column and accelerating the natural attenuation processes (Griffiths 2012, Lessard 

and Demarco 2000). Oil dispersants have been employed in several major oil spill accidents, and 

over years, this approach has evolved into a major countermeasure to mitigate the adverse effects 

of oil spills (Griffiths 2012, Lessard and Demarco 2000). For examples, approximately 12 tons of 

Corexit EC9500A was applied in the Sea Empress spill in the UK in 1996 (Lessard and Demarco 

2000); and approximately 11.5 tons of Corexit EC9527A was sprayed in the pipeline spill offshore 

in Texas in 1998 (Lessard and Demarco 2000). The single-largest application was carried out 

during the Deepwater Horizon (DwH) oil spill, where approximately 7800 tons of Corexit 
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EC9500A and EC9527A were applied on the surface (~5000 tons) and deepwater (~2800 tons) 

(Gong et al. 2014a, Kujawinski et al. 2011).  

Researchers have studied the adsorption of surfactants on minerals (Fuerstenau 2002), but 

very few have addressed effects of oil dispersants on the settling behaviors of suspended 

particulate matter (SPM) or fine sediment particles in marine systems. Adsorption of dispersant 

components, e.g. surfactants, on the sediment particles may alter the surface potential of the 

particles. This can destabilize and coagulate the particles via inducing their aggregation, which can 

also enhance particle settling (Paria and Khilar 2004).  

Application of oil dispersant results in elevated concentrations of oil droplets in the water 

column, for example, the volatile aromatic hydrocarbons in an oil plume during the DwH oil spill 

reached 139 µg/L (Hazen et al. 2010). The high oil droplet concentration is favorable for the 

formation oil sediment aggregates (OSAs) (Gong et al. 2014a), which can not only alter the settling 

behavior, but also facilitate distribution and transport of important oil compounds that are 

associated with the aggregates. Guyomarch et al. (1999) found that the presence of the chemical 

dispersant, Inipol IP90, enhanced the formation of OSAs, and approximately 80% of oil was 

entrained in the OSAs, which subsequently settled down to the bottom of the tank during wave 

tank experiments. Recent work also showed that the presence of Corexit EC9500A promotes the 

formation of marine oil snow (MOS) and sorption of oil components onto MOS (Fu et al. 2014b).  

The DwH oil spill gushed approximately 655,000 tons of crude oil into the Gulf of Mexico 

ecosystems (Allan et al. 2012), of which  25500 tons of polycyclic aromatic hydrocarbons (PAHs) 

were released (Reddy et al. 2012). During the spill, the concentration of PAHs near the wellhead 
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reached as high as 0.189 mg/L (Allan et al. 2012, Diercks et al. 2010). As PAHs can strongly 

interact with suspended sediment particles, a large portion of PAHs can be adsorbed on, or 

incorporated in the OSAs. Consequently, the formation of OSAs and subsequent particle 

settling/transport in the marine environment can alter the distribution, transport and environmental 

fate of PAHs and other important oil components (Bouloubassi et al. 2006, Zuijdgeest and Huettel 

2012). For instance, adsorption of PAHs onto sediment particles may mitigate the peak 

concentration of PAHs in the water column by transferring significant amounts of PAHs into the 

sediment phase; on the other hand, the particle-facilitated transport process can facilitate transport 

of PAHs to the sea bottom, surface or nearshore areas. In addition, as PAHs persist much longer 

in the sediment phase than at the sea surface (Harayama et al. 1999), sediment adsorption may 

prolong the life time of PAHs in the ecosystems. While a wealth of information on the adsorption 

of oil components onto sediments has been reported (Guo et al. 2007, Tremblay et al. 2005, Zhao 

et al. 2015), little is known about effects of dispersants or dispersed oil on the transport of fine 

sediment particles and how such particle-facilitated oil transport affects the fluxes and fate of oil 

components (Allan et al. 2012). As oil spills often occur in, or can reach, nearshore and estuarine 

zones, where the concentration of suspended sediment particles is usually high (NRC 2005), the 

oil-particle interactions may play even more profound roles in these more ecologically sensitive 

areas.  

Environmental conditions, such as pH, salinity, temperature, and DOM are known to affect 

settling of suspended particles. Kretzschmar et al. (1998) investigated the influence of pH and 

humic acid on the coagulation of kaolinite by the dynamic light scattering technique, and observed 
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that at pH <5.8 the interparticle attractive forces predominate in suspension systems, resulting in 

a destabilization of the particles. Humic acid was reported to render a suspension system more 

stable due to the combination of electrostatic and steric stabilization effects (Heil and Sposito 

1993a, b, Kretzschmar et al. 1993). However, knowledge has been lacking on the effects of such 

environmental parameters in the presence of oil dispersants, especially, how oil dispersants affect 

the settling properties of suspended particles under various environmental conditions. 

The overall goal of this study was to systematically investigate effects of three model oil 

dispersants (Corexit EC9527A, Corexit EC9500A, and SPC1000) on the settling behaviors of 

sediment particles and how such dispersant-particle interactions affect distribution and transport 

of key oil components. The specific objectives were to: 1) determine the settling kinetics of 

representative sediment particles in the presence of the model dispersants; 2) elucidate the 

mechanisms underlying the particle-dispersant interactions; 3) test the dispersant effects under 

various environmental conditions, such as pH, salinity, DOM, and temperature; and 4) explore 

how dispersant-facilitated particle sedimentation affects distribution and transport of important oil 

components in sediment-water systems. 

3.2. Materials and methods 

3.2.1. Materials 

The following chemicals (analytical grade or higher) were used as received: humic acid (Fluka 

Chemie, Switzerland), sodium hydroxide (NaOH) and NaN3 (Fisher Scientific, Fair lawn, NJ, 

USA), hydrochloric acid (HCl, 36.5ī38.0%, Mallinckrodt Chemical, St. Louis, MO, USA), 
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phenanthrene and pyrene (98%, Alfa Aesar). The dispersants Corexit EC9500A and Corexit 

EC9527A were obtained per courtesy of Nalco Company (Naperville, IL, USA), and SPC1000 

was purchased from US Polychemical Corporate (Chestnut Ridge, NY, USA). The key 

compositions of the Corexit dispersants, such as Tween 85, Tween 80, Dioctyl sulfosuccinate 

sodium salt (DOSS) and 2-butoxyethanol, were purchased from VWR Corporate (Radnor, PA, 

USA). A standard reagent of 16 EPA listed PAHs, and a standard of n-alkanes mixtures (C9-C40), 

Pristane and Phytane, and two internal standards (fluorine-d10 for PAHs and 5 Ŭ-androstne for n-

alkanes) were purchased from Supelco (Bellefonte, PA, USA). 

A surrogate Louisiana Sweet Crude (LSC) oil was acquired by courtesy of BP (Houston, TX, 

USA). This oil is considered physically, chemically, and toxicologically similar to the Macondo 

Well crude oil in the Mississippi Canyon Block 252. Artificially weathered oil was prepared 

according to the evaporation method by Sorial et al. (2004). Briefly, air was bubbled from the 

bottom of a graduated cylinder filled with 1.0 L of crude oil at a constant flow rate of ~2 L/min. 

The volume and weight of crude oil remaining in the cylinder were recorded as a function of time. 

After 10 days of the weathering process, the oil mass diminished from 807 to 608.5 g (by 24.6 

wt.%), and the density of the oil increased from 0.807 to 0.834 g/cm3. 

Water accommodated oil (WAO) and dispersed WAO (DWAO) were prepared according to 

the established methods (Singer et al. 2000). In brief, 3,000 mL glass aspirator bottles with hose 

bibs at the base fitted with silicone tubing and hose clamps were filled with 2,000 mL seawater. 

One mL of the weathered oil was added into the seawater surface, then sealed and magnetically 

stirred for 18 hours. The stirring intensity was controlled to yield a 25% vortex. The mixture was 
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then gravity-settled for 6 hours, and then the WAO fraction was carefully collected through the 

bottom bib and stored in amber bottles without headspace. DWAO was prepared in a similar 

manner except a dispersant was added in the seawater at a dispersant-to-oil ratio (DOR) of 1:20 

after the 25% vortex was established. 

Seawater was collected from the Grand Bay area, AL (N30.37873, W88.30679). The seawater 

sample was filtered with 0.22 ʈm pore size membrane and preserved at 4 oC with NaN3 of 200 

mg/L to inhibit microbial activities. The salient features of the seawater were as follows: pH = 7.9, 

DOM = 0.77 mg/L (as total organic carbon (TOC)), and salinity = 3.15 wt.%. The PAHs in the 

seawater were not detected. Three model sediments, referred to as GB, OS and EIWR were 

collected, respectively, from the Grand Bay, AL (N30.37873, W88.30679), the Ocean Springs 

National Seashore Park, MS (N30.39772, W88.79175), and the Elmerôs Island Wildlife Refuge 

(EIWR), LA (N29.17764, W90.07401). The sediment samples were collected at the depth of 0-60 

cm, thoroughly mixed and wet-sieved through 2 mm openings to remove the plant debris and large 

objects, and then air-dried for 1 week. The dried aggregates were then crushed using ceramic 

mortar and pestle, and sieved through 0.84 mm openings, and the subsamples (i.e. particles of 

¢0.84 mm) were oven-dried for 6 h at 80 °C, which also inactivated the sediment microorganisms. 

The salient physical and chemical properties of the sediments were tested by the Soil Testing 

Laboratory at Auburn University, the details on the analytical methods have been described 

elsewhere (Gong et al. 2012).  

Table 3-1 gives the physicochemical characteristics of the sediment samples. 
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Table 3-1. Physicochemical characteristics of the sediment samples.  

Sample 

name 

 

pH SOM CEC Taxonomy Sand Silt Clay 

 % Meq/100g   % % % 

GB 6.0 3.1 19.6 Sandy Loam 56.5 33.5 10.0 

OS 6.4 1.6 6.6 Loamy Sand 81.6 15.3 3.2 

EIWR  7.9 0.8 8.9 Sand 87.2 11.5 1.3 

Sample 

name 

 

Ca K Mg Na Al  Zn Fe Mn B P 

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

GB 767.6 646.6 1209.3 16701.5 204.0 17.2 191.7 18.6 9.2 15.7 

OS 441.9 182.7 314.5 4118.4 87.7 5.2 73.1 3.9 3.23 9.1 

EIWR  1140.6 247.5 309.2 3894.0 54.0 3.4 232.0 34.0 2.9 61.5 

Note: SOM = organic matter, CEC = cation exchange capacity.  

3.2.2. Effects of dispersants on sediment settling 

The settling rate of the sediment particles was tested in 480-mL amber bottles with PTFE 

lined caps. First, each bottle was filled with 300 mL seawater, and then a known mass (1.2 to 4.2 

g, depending on the sediment type) of a sediment was added into the seawater (the sediment mass 

was adjusted to achieve an equal initial turbidity of 180 ± 24 NTU for the suspensions). The 

sediment-seawater suspensions were then thoroughly mixed by hand shaking. Upon addition of a 

known concentration (up to 20 mg/L) of a dispersant, the bottles were placed on an orbital shaker 

(Excella E5 Platform Shaker, New Brunswick scientific, NJ, USA) operated at 200 rpm for 12 



49 

 

hours, and then at 50 rpm for 10 minutes to allow complete contacts between the dispersant 

molecules and sediment particles. The fully mixed suspensions were then allowed to stand still to 

initiate quiescent gravity settling of the particles. At predetermined times, samples (4 mL each) 

were taken from the center (6 cm from the surface) of the suspensions, and then measured for the 

turbidity change over time. It should be noted that it took about 15 seconds to obtain a stable 

turbidity reading. In addition to the three dispersants, the effects of key individual dispersant 

components, including three surfactants (Tween 80, Tween 85, DOSS) and one solvent (2-

butoxyethanol) were also tested to assess their individual effects on the settling performance. In 

all cases, control tests were carried out without dispersant but under otherwise identical conditions. 

To assure data quality, all experiments were conducted in duplicate. In all figures, data were plotted 

as mean of duplicates and error bars were calculated as standard deviation to indicate data 

reproducibility. 

Gordon (1970) showed that the suspended particles are numerically most abundant at the size 

(diameter) of <7 ʈm in the ocean. For the sediment particles involved, it takes ~40 min for the 7-

ʈm particles to settle from surface to below the sampling point (~6 cm) (See Section 3.2.3). 

Therefore, the 40-min sedimentation efficiency (R40) was used to compare settling rates of particles 

under various conditions. 

 

  

Ὑ
    

  
      

(Eq. 3-1) 
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3.2.3. Particle size distribution and settling velocity distribution curve of suspended sediment 

Assuming the density of all suspended particles is uniform and does not change, the particle 

size was calculated according to Stokesô law: 

      6
 

 
Ç2    (Eq. 3-1) 

where V is the settling velocity of sediment particle (m/s), g is the gravitational acceleration (9.8 

m/s2), ɟp is the density of the particles (2380 kg/m3), ɟf is the density of the seawater (1024 kg/m3), 

and ɛ is the dynamic viscosity (9.594 × 10-4 kg/m·s). R is the radius of the sediment particle (m). 

From the calculation, the particles with diameter larger than 82 ɛm will settle from the surface 

layer to below the sampling point (depth of 6 cm) within 15 seconds.  

3.2.4. Effects of environmental factors, WAO and DWAO on settling of sediment particles 

The effect of pH was evaluated by comparing the particle settling rates in the pH range of 4 

to 9.2, where pH was adjusted using dilute (0.5 M) NaOH or HCl solutions. The effect of salinity 

was tested by using synthetic solutions containing 0 to 3.5 wt.% NaCl (in this case deionized water 

was used). To test the effect of DOM, a commercial humic acid was added to the seawater to 

achieve a DOM concentration of 10 mg/L as TOC. The effect of temperature was tested at 4 °C 

simulating the deepwater temperature and 25 °C for surface water temperature (Liu et al., 2012). 

All the experiments were carried out in the presence or absence of a dispersant (Corexit EC9527A). 

To assess effects of WAO and DWAO on sediment settling, the batch settling experiments were 

also conducted using 300 mL of the WAO or DWAO solution. 
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3.2.5. Effects of dispersant on sorption and transport of oil and PAHs 

Adsorption kinetic tests of two model PAHs (phenanthrene and pyrene) by sediment was 

carried out to evaluate the adsorption rate and sediment-facilitated transport of oil compounds. The 

tests were carried out using 480-mL amber glass bottles capped with Teflon-lined septa. First, 3.6 

g of sediment (OS) were mixed with 300 mL seawater in each bottle, and then an aliquot of the 

Corexit EC9527A solution was added to reach a dispersant concentration of 10 mg/L. Then, the 

sorption was initiated by adding an aliquot of the PAH stock solutions into the sediment-seawater 

suspensions, which resulted in an initial phenanthrene concentration of 600 µg/L or pyrene 

concentration of 40 µg/L. The bottles were mixed on an orbital shaker operated at 200 rpm. At 

predetermine times, samples (3 mL each) were withdrawn from the bottles and centrifuged at 3000 

rpm (1359 ×g) for 5 minutes to separate the solids from the solution. The supernatant was then 

mixed with methanol (v/v = 1:1), and the mixture was filtered through a 0.2 µm Anopore syringe 

filter (Whatman® Anotop 10, Germany). The filtrate was analyzed for the PAHs. The addition of 

methanol prevents PAHs sorption on the filter. For comparison, the same tests were also carried 

out without dispersant. 

The effects of oil dispersants on the sediment-facilitated transport of crude oil and PAHs from 

water column to bottom sediment were tested through the same batch settling test procedure. 

Briefly, 60 µL of the oil sample was added to 300 mL sediment-seawater mixture in 480 mL-

amber glass bottles. Then, an aliquot of the Corexit EC9527A stock solution was added to achieve 

a dispersant concentration of 10 mg/L, or a dispersant-to-oil ratio (DOR) of 1:20. Then the bottles 

were mixed on an orbital shaker for 12 hours and settled for 8 hours. The remaining surface oil, 
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settled sediment, and the water column were separated as follows: first ~90% water was pipette-

sampled from the water column; then, the mixture was frozen, which allowed the surface oil phase 

to be collected with dichloromethane; the remaining sediment phase was then obtained upon 

thawing the mixture. The water column and sediment samples were extracted three times using 

dichloromethane (Zhang et al. 2010), and the total petroleum hydrocarbons (TPHs), PAHs and n-

alkanes in the extracts were determined using gas chromatography-flame ionization detector (GC-

FID) or  gas chromatography-mass spectrometry (GC-MS) (Section 3.2.6). Control tests indicated 

that the liquid-liquid extraction recovered >95% of the oil compounds in water, and >90% in the 

sediment phase.  

3.2.6. Analytical methods 

The turbidity of the sediment suspensions was measured using a HACH 2100N Turbidimeter 

(Hach Company, Colorado, USA), with a detection limit of 0.5 NTU. The hydrodynamic diameter 

and zeta potential of suspended particles were determined by dynamic light scattering (DLS) 

(Zetasizer Nano ZS, Malvern Instruments Ltd, Malvern, Southborough, MA, USA) at 25 ᴈ. TOC 

was measured by a Tekmar Dohrmann Pheonix 8000 UV-Persulfate TOC analyzer (Mason, OH, 

USA) with a detection limit of 0.2 mg/L. TPHs were analyzed on an Agilent 6890 GC-FID (Agilent 

Technologies Inc., Santa Clara, CA, USA) with an Agilent 7683 autosampler and a 30 m×0.25 

mm i.d. (0.25 ɛm film) HP-5MS capillary column. Helium was used as the carrier gas. The injector 

and detector temperatures were 290 and 300 °C, respectively. The oven temperature was 

programmed as follows: hold at 50 °C for 3 min; ramp to 300 °C at 6 °C/min and hold for 16 min. 

Each 1.0 ɛL sample was injected in the splitless mode with 1 min purge off. Oil n-alkanes (C9-
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C40) and 16 EPA listed PAHs were analyzed following a modified GC-MS method (Fu et al. 

2014b, Liu et al. 2012b) using an Agilent 7890A GC coupled with the 5975C Series MS, with a 

DB-EUPAH column (30 m×0.18 mm×0.14 mm). Helium was used as the carrier gas at a flow rate 

of 0.9 mL/min. Each 2.0 ɛL sample was injected with 3 min solvent delay. The oven temperature 

was programmed as follows: 2 min hold at 40 ºC; ramp to 300 ºC at 8 ºC/min; and hold for 10 min. 

The detection was conducted by a mass selective detector (MSD) with electron impact ionization 

(EI) in the selected ion monitoring (SIM) mode. Individual n-alkanes and PAHs were identified 

based on the mass to charge ratio (m/z) and retention times. External calibration was performed 

based on a five-point calibration curve for individual components. 

Phenanthrene and pyrene in seawater were quantified using an HPLC system (HP series 1100, 

Hewlett Packard, CA, USA) with a Zorbax SB-C18 column. The mobile phase consisted of a 

mixture of acetonitrile and DI-water (70:30 v/v) with 0.5 wt.% phosphoric acid, the flow rate was 

set at 1 mL/min, and the sample injection volume was 80 ɛL. The UV detector wavelength was 

250 nm for phenanthrene and 240 nm for pyrene, and the method afforded a detection limit of 2 

µg/L for both PAHs. 
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3.3. Results and discussion 

3.3.1. Effect of dispersants on sediment settling 

Figure 3-1 presents the settling kinetics of the three sediments in the presence of the three 

model dispersants. Figure 3-1a and b show that all three dispersants accelerated the settling rates 

of GB and OS sediments significantly (p <0.05). For GB, the effects for the three dispersants were 

nearly equal, where the R40 increased from 77.4% to ca. 88.3% in the presence of dispersants 

(Figure 3-1a). However, the effects of dispersants on OS varied slightly, although the steady state 

turbidity levels were about the same (Figure 3-1b). The presence of Corexit EC9500A, Corexit 

EC9527A and SPC 1000 increased the R40 from 66.2% (as control) to 83.3%, 88.5%, and 84.7%, 

respectively. Corexit EC9527A appeared to be most effective on enhancing the settling velocity 

of the particles, followed by Corexit EC9500A (a sister product). However, Figure 3-1c shows 

that the effect of Corexit EC9500A was more profound than Corexit EC9527A and SPC1000 on 

enhancing the settling rate of EIWR sediment particles. Among the three sediments, the EIWR 

sediment displayed the fastest settling rate than the other sediments in the absence of dispersant 

(the R40 values are 77.4%, 66.2%, 81.6% for GB, OS, EIWR sediments, respectively). 
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Figure 3-1. Effects of three commercial oil dispersants on the settling kinetics of three marine 

sediments: GB at 4 g/L (a), OS at 12 g/L (b), and EIWR at 14 g/L (c). Experimental conditions: 

initial turbidity = 180 ± 24 NTU in all cases, Corexit EC9527A = 5 mg/L, pH = 7.0 ± 0.5, 

temperature = 25 ± 1 °C. 

Table 3-1 shows that GB is classified as sandy loam, OS as loamy sand, EIWR as sand. The 

SOM, silt and clay contents in sediments follow the sequence of: GB >OS >EIWR, which agree 
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with the notion that the initial turbidity of sediments is primarily due to suspended silt and clay 

particles. 

Surfactants (the major dispersant components) can be adsorbed on sediment particles through 

hydrophobic interactions between the surfactant tail and SOM or through electrostatic interactions 

between the surfactant heads and the mineral functional groups of sediments. The adsorption is 

more favored with smaller particles or larger surface area and/or higher sediment SOM content 

(Jones-Hughes and Turner 2005). Based on particle size, GB and OS are expected to take up more 

dispersants than EIWR; on the other hand, based on the SOM content and the actual sediment 

dosage in the mixtures, the total SOM in the OS system was the highest (0.192 g/L), followed by 

GB (0.124 g/L) and then EIWR (0.112 g/L). The fact that the dispersants showed the most effect 

on the settling of OS and least on EIWR indicates that SOM content is the most critical parameter 

governing the dispersant effect.  

The settling velocity distribution of suspended sediment at various dispersant concentrations 

was calculated based on the sampling depth (6 cm) and settling time, and the corresponding size 

distribution of suspended sediment particles was calculated according to Stokesô law (Eq. 3-2), 

and is shown in Figure 3-2. The results indicate that the addition of the dispersant enhanced 

aggregation of the fine particles, e.g. the percentage of particles with r <2.9 µm decreased from 

22.6% to 12.4% for GB sediment, 33.8% to 11.5% for OS sediment, 18.4% to 15.9% for EIWR 

sediment in the presence of Corexit EC9527A at 5 mg/L. 
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Figure 3-2. Effects of three commercial oil dispersants on the particle size distribution of three 

marine sediments: GB at 4 g/L (a), OS at 12 g/L (b), and EIWR at 14 g/L (c). Mo is the total mass 

of all particles, and Mi refers to the mass of particles with radius less than the corresponding x-axis 

value.  

As the most salient dispersant effects were observed for the OS sediment with Corexit 

EC9527A, more detailed investigation was carried out with OS and Corexit EC9527A 
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subsequently to further explore the mechanisms on the dispersant-accelerated settling of suspended 

sediment particles. 

Figure 3-3 shows effects of various levels of Corexit EC9527A on the settling of the sediment 

particles. The presence of 2 and 5 mg/L of the dispersant increased R40 from 66.2% to 72.1% and 

82.8%, respectively. However, further increasing the dispersant concentration to 20 mg/L showed 

insignificant additional effect. The observation indicates that the 10 mg/L dispersant concentration 

represents a saturation level showing the maximum effect. Figure 3-3b shows that increasing the 

dispersant concentration from 0 to 20 mg/L modestly suppressed the zeta potential of the particles 

from -15.5 to -13.5 mV (p <0.05), indicating that the decrease in the surface potential, and thus, 

decreased in the electrostatic stability, played a minor but significant role (Hunter 2013). Figure 

3-4 shows the size and settling velocity distributions of suspended particles as a function of the 

dispersant concentration, and the data indicate that increasing the dispersant concentration up to 

10 mg/L progressively enhanced aggregation of the fine particles, e.g., in the presence of 2 and 10 

mg/L of Corexit EC9527A, the percentage of particles with r <2.9 µm decreased from 33.8% to 

27.9% and 13.0%, and that for particles with v <0.00005 m/s decreased from 47.5% to 37.1% and 

20.0%, respectively.  
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Figure 3-3. Settling kinetics of OS sediment particles in the presence of various concentrations of 

Corexit EC9527A (a), and zeta potential of the sediment suspension (b). Experimental conditions: 

OS sediment = 12 g/L, seawater volume = 300 mL, pH = 7.3 ± 0.3.  

 

  

Figure 3-4. Particle size distribution (a) and settling velocity distribution curve (b) of suspended 

sediment particles (OS) in the presence of dispersant Corexit EC9527A at 0 20 mg/L. Mo is the 
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total mass of all particles, and Mi refers to the mass of particles with radius or settling velocity less 

than the corresponding x-axis value.  

Corexit EC9527A is a mixture of both anionic (35%) and nonionic (48%) surfactants in solvent 

(Bruheim et al. 1999). It contains the same surfactants as Corexit EC9500A, and a solvent 2-

butoxyethanol, which is not an ingredient in Corexit EC9500A (Gong et al. 2014b, Zhao et al. 

2015). Figure 3-5a shows the individual effects of the three key surfactants (Tween 80, Tween 

85, and DOSS) of the Corexit dispersants and the solvent (2-butoxyethanol) on the settling 

performance of the sediment particles. The nonionic surfactants, i.e. Tween 85 and Tween 80, 

displayed the most prominent enhancement of the settleability, while the anionic surfactant DOSS 

had negligible effect. Between the two nonionic surfactants, Tween 85 has three hydrophobic tails 

(three C18 tails) per molecule, while Tween 80 has only one hydrophobic tail per molecule with 

the same chain length (C18) (Cirin et al. 2012, Mahdi et al. 2011). Consequently, Tween 85 offers 

higher affinity for SOM, and thus, was found more effective in enhancing the particle aggregation. 

2-butoxyethanol was also able to accelerate the settling velocity, though to a lesser extent than the 

non-ionic surfactants, which partially explains the greater effect of EC9527A over EC9500A. 

Figure 3-5b shows that the presence of the two nonionic surfactants suppressed the zeta potential 

by ~5 mV, while DOSS exhibited a negligible effect.  
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Figure 3-5. Settling kinetics of OS sediment in the presence of individual key dispersant 

components (a), and effects of individual dispersant components on zeta potential of sediment 

suspension (b). Experimental conditions: sediment dosage = 15 g/L, dispersant components = 10 

mg/L, pH = 7.3 ± 0.2. 

Both Tween 80 and Tween 85 contain hydrophilic ethylene glycol heads and hydrophobic 

alkyl tails. These amphiphilic molecules can bind with sediment minerals and SOM through 

electrostatic and hydrophobic interactions (Joshi et al. 2008, Shen et al. 2011, Zhou et al. 2011), 

and can act as a bridging agent to facilitate flocculation of fine particles. In addition, the adsorbed 

nonionic surfactant layer on charged particles may shield the surface electrical potential and thus 

diminish the electrostatic repulsion between the particles, both being conducive to particle 

aggregation. Rufier et al. (2011) studied the effect of surfactants on hydrophobically end-capped 

poly(ethylene oxide) self-assembled aggregates by using small-angle neutron scattering (SANS), 

and found that the addition of a nonionic surfactant increased the aggregation. 2-butoxyethanol 

(CH3(CH2)3O(CH2)2OH) behaves as an alcohol that lowers the surface tension and reduces the 
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surface charge of particles (Kl ine and Kaler 1994). It was reported that increasing 2-butoxyethanol 

concentration could convert the strong interparticle repulsive force to hard sphere attractive force 

(Kline and Kaler 1994). The observation indicates that the enhanced settling by the Corexit 

dispersants is primarily attributed to the effects of the nonionic surfactants along with the solvent, 

whereas the anionic surfactant DOSS tends to maintain the same surface potential due to its 

negative heads. 

 

Figure 3-6. Average hydrodynamic particle size of suspended particles in the presence of various 

key dispersant components. Dispersant components concentration was 10 mg/L. Experimental 

condition: pH = 7.3 ± 0.3. 

To test effects of the dispersant components on aggregation of the finer sediment particles, the 

hydrodynamic size of the suspended particles of <10 mm was monitored using the Malvern 
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Zetasizer. The suspended particles were obtained by taking the supernatant from a sediment-

seawater mixture after 80 min of gravity settling (initial OS = 15 g/L). Figure 3-6 shows the effects 

of various dispersant components (10 mg/L) on the hydrodynamic diameter of the particles when 

the particles were mixed with the dispersant components for 12 h. 

Figure 3-6 shows that the presence of Tween 85, Tween 80, and 2-butoxyethanol increased 

the average hydrodynamic particle size from 1.26 (control) to 1.89, 1.98, and 1.96 µm, 

respectively, which is consistent with the zeta potential profile (Figure 3-5). However, although 

DOSS had little effect on the zeta potential (Figure 3-5), it also increased the average 

hydrodynamic size of the sediment particles, though to a lesser extent. This can be due to the 

opposing effects of the tail and head of DOSS: while the surfactant chain tends to bridge the fine 

particles (Gupta et al. 2014), the charged head tends to resist the aggregation of the particles. The 

comparison of Figure 3-5 and Figure 3-6 reveals that despite the modestly increased 

hydrodynamic particle size, DOSS did not significantly promote the settling rate, suggesting that 

the aggregates associated with DOSS are more loose and fluffy. Likewise, although the presence 

2-butoxyethanol increased the hydrodynamic size to that comparable to Tween 85 or Tween 80, 

the settleability enhancement was not as significant as by the surfactants (Figure 3-5a). In fact, 

the solvent barely altered the zeta potential (Figure 3-5b). This observation indicates that the 

hydrodynamic size alone may not reflect the settleability, other factors such as the density and 

shapes of the aggregates should also be taken into account. 

The settling velocity (v) of fine sediment particles is dependent on the balance between the 

drag and gravitational forces on the particles as depicted by Eq. 3-3 (Khelifa and Hill 2006). 
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(Eq. 3-3) 

where ʃ is the dimensionless particle-shape factor, g is the gravitational acceleration (m/s2), Cd is 

the dimensionless drag coefficient, Ўʍ is the effective density of the particle, or excess density (rp 

- rw) with rp and rw being the densities of the particle and solution (kg/m3), respectively, and D is 

the equivalent spherical diameter of the particle (m). Cd can be determined by the empirical 

correlation equation: 

      # ρ πȢρυ 2 Ȣ )                                                               (Eq. 3-4) 

where Re is the Reynolds number. 

Eq. 3-3 and Eq. 3-4 are in accord with the classic Stokes law, where the size and density of 

particles govern the settling velocity (Khelifa and Hill 2006). The dispersant components may not 

increase the density of the particles, rather, they can promote the aggregation of small particles 

through interparticle bridging and/or by lowering the interparticle repulsive electrical double-layer 

forces. Given the rather negative zeta potential and coating of the bulky surfactant molecules on 

the particle surface, the particle aggregation falls into the unfavorable collision domain, i.e., the 

aggregation is due to the secondary energy minimum according to the DLVO theory (Redman et 

al. 2004, Shen et al. 2007). Therefore, formation of the dispersant-associated aggregates is likely 

to be reversible.  
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3.3.2. Effects of dispersant under various environmental conditions 

  

 

 

Figure 3-7. Influence of pH on settling kinetics of OS sediment: without dispersant (a), with 

Corexit EC9527A (b), and zeta potential of the sediment particles as a function of pH (c). 

Experimental conditions: Corexit EC9527A = 10 mg/L, sediment (OS) = 12 g/L. 

Figure 3-7 shows the settling kinetics and zeta potential of sediment particles as a function 

of pH with or without dispersant. The results show that regardless of the dispersant, the fastest 

particle settling was observed at the acidic pH 4.02 (R40 = 88.4% with dispersant and 89.5% 
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without dispersant), whereas the slowest settling was at pH 7.23 (R40 = 75.9% and 68.8%, 

respectively). The dispersant increased R40 from 68.7% to 75.9% at pH 7.23 and from 75.5% to 

80.0% at pH 9.2, but had little effect at pH 4.02. Figure 3-7c shows that the dispersant had 

negligible effect on the zeta potential in the broad pH range except at pH 7 and 8, indicating that 

the zeta potential is important to the settling performance of sediment at neutral pH, but not the 

only factor that alters the aggregation and settling performance of sediment particles.  

The seawater and sediment contain high concentrations of metal ions, e.g. Mg2+ and Ca2+   

concentration are 1250 and 360 mg/L in the seawater, 314.5 and 441.9 mg/kg in the OS sediment. 

As pH rises, more precipitates of metal hydroxides and carbonates will form, resulting in lowered 

zeta potential. For instance, based on the Visual MINTEQ (version 3.1) calculation, Mg2+ becomes 

oversaturated at pH >10, where brucite Mg(OH)2 is formed. The dramatic drop in soluble metal 

concentrations at pH >10 was confirmed by directly analyzing the soluble metal concentrations. 

Consequently, the unusually high pH of the point of zero charge (pHpzc) shown in Figure 3-7c 

may not indicate the true value for the sediment (Yukselen and Kaya 2003). The high metal 

concentrations can also be responsible for the weakened effect of the dispersant on the zeta 

potential.  

Figure 3-8 confirms the conventional notion that increasing electrolyte (NaCl) concentration 

greatly accelerates particle aggregation and increases the settling velocity of suspended solids in 

the absence of dispersant (R40 = 56.6%, 64.4% and 66.8% at 0, 1.0, and 3.5 wt.% of NaCl, 

respectively). However, the electrolyte effects differed notably in the presence of the dispersant: 

First, the presence of NaCl and the dispersant synergistically enhanced the settling and increased 
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R40 to 79.0% even at 1.0 wt.% of NaCl, which is in accord with the double-layer theory; Second, 

further increasing the salt to 3.5 wt.% showed negligible further effect, indicating that the 

dispersant molecules shielded some of the negative sites on the sediment particles from interacting 

with counter ions in the solution, i.e., the dispersant may alleviate the ionic strength effect.  

  

Figure 3-8. Settling kinetics of OS sediment particles at various NaCl concentrations in the 

absence (a) or presence (b) of dispersant Corexit EC9527A. Experimental conditions: OS sediment 

= 12 g/L, Corexit EC9527A = 10 mg/L, pH = 7.3 ± 0.2. 

Figure 3-9 shows that the presence of humic acid decreased the settling rate (R40) from 71.7% 

to 66.6%. However, the presence of humic acid accelerated the R40 from 78.6% to 83.1% in the 

presence of dispersant. Humic acid has strong affinity to the surface of clay and metal oxide 

particles (Tombacz et al. 2004), the sorption of  humic acid renders a more negatively charged 

particle surface, and thus stronger repulsive forces and greater particle stability (Furukawa et al. 

2009, Kretzschmar et al. 1997). However, the presence of dispersant and humic acid 

synergistically accelerated the settling rate, which can be due to the increased uptake of dispersant 
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on sediment with sorbed humic acid (Alila et al. 2007). The elevated dispersant on sediment in 

turn masked the electrical potential from the dissociated organic acid functional groups, resulting 

in elevated aggregation of the sediment particles.  

  

Figure 3-9. Settling kinetics of OS sediment particles with humic acid in the absence (a) or 

presence (b) of dispersant Corexit EC9527A. Experimental conditions: OS sediment = 12 g/L, 

Corexit EC9527A = 10 mg/L, pH = 7.3 ± 0.2, temperature = 25 ± 1 °C. 

Seawater temperature varies widely from surface to bottom. Figure 3-10 compares the 

dispersant effects at 4 and 25 °C, representing bottom and surface seawater temperatures. The 

dispersant shows negligible effect on altering settling of the sediment at 4 °C, but increased R40 

from 73.6% to 83.4% at 25 °C. The hindered dispersant effects at 4 °C can be primarily attributed 

to the reduced adsorption of non-ionic surfactants by sediment. Increasing temperature increasely 

desolvates the head group, rendering it less hydrophilic and more compact, and thus increases the 

surface activity and saturation adsorption values (Paria and Khilar 2004). Zhao et al. (2015) 
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reported that the adsorption of dispersant (Corexit EC9500A) by marine sediment 4 oC was much 

lower than at 21 oC. 

  

Figure 3-10. Settling kinetics of sediment particles at 4 °C (a), and 25 °C (b) with or without 

dispersant. Experimental conditions: sediment (OS) = 12 g/L, Corexit EC9527A = 10 mg/L, pH 

7.3 ± 0.2. 

Figure 3-11 shows effects of WAO and DWAO on the settleability of the sediment particles. 

The presence of WAO increased R40 from 70.0% to 74.1%, and the addition of DWAO increased 

R40 from 70.0% to 81.0%. The very subtle effect of WAO is associated with the very limited 

solubility of oil (<2 mg/L), whereas the much pronounced impact of DWAO is attributed to: 1) 

with the dispersant, much more oil was dispersed, and thus much more oil was adsorbed on the 

particles, and 2) DWAO and elevated oil uptake can facilitate the formation of OSAs (Wang et al. 

2013). The final turbidity for the suspension with DWAO appeared slightly higher, which can be 

attributed to the distributed oil droplets and some oiled-particles that are lighter and less settable. 

Fu et al. (2014b) studied the effects of oil and dispersant Corexit EC9500A on formation of MOS, 
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and found that both the dispersant and oil promoted the formation of MOS. The researchers also 

observed that dispersant may facilitate sorption of oil components onto MOS (Xue et al. 2015), 

which in turn promotes further aggregation and facilitates transport of the oil components. 

 

Figure 3-11. Effects of WAO and DWAO on settling of OS sediment particles. Experimental 

conditions: sediment (OS) = 12 g/L, pH = 7.3 ± 0.2, temperature = 25 ± 1 °C. 

3.3.3. Effect of dispersant on sediment-facilitated distribution and transport of oil  

components 

PAHs and other oil components are subject to sorption to sediment particles. For instance, 

Figure 3-12 shows that the OS sediment particles can rapidly adsorb both phenanthrene and 

pyrene. Given that the dispersant enhances settling of suspended particles, the dispersant would 

also facilitate the vertical transport of sediment-associated oil components to the seafloor.  
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Figure 3-12. Sorption kinetics of phenanthrene and pyrene in the presence or absence of dispersant 

(Corexit EC9527A). Experimental conditions: initial phenanthrene = 600 µg/L, initial pyrene = 40 

µg/L, sediment (OS) = 12 g/L, pH = 7.0-7.5, temperature = 25±1 °C. Control tests were carried 

out without sediment. 

Figure 3-13 shows the equilibrium distributions of oil (as TPHs). In the presence of the 

dispersant, oil in the sediment phase was increased from 6.9% (no dispersant) to 90.1%, which 

reveals that oil dispersion can dramatically promote partitioning of oil into the sediment phase. 

The sediment-facilitated transport of dispersed oil may partially account for the oil in the bottom 

sediment observed following the DwH oil spill (White et al. 2012). Interestingly, the oil content in 

the water column was increased only modestly from 3.7% to 5.4%, compared with 2.8% without 

dispersant and sediment. This observation clearly reveals that when sufficient sediment is present, 

the primary role of the dispersant is to facilitate transferring oil from the water surface to the 

sediment phase rather than in the water column. Furthermore, it might be conceived that in some 
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circumstances dispersants and selected sediment particles may be applied simultaneously as a 

rapid and emergency approach to mitigate impacts of oil spill.  

  
 

Figure 3-13. TPH distributions on seawater surface, in seawater column or sediment in various 

systems: seawater and oil (a), seawater, oil and sediment without dispersant (b), and seawater, oil 

and sediment with dispersant (c). Experimental conditions: sediment (OS) = 12 g/L, Corexit 

EC9527A = 10 mg/L, pH = 7.3 ± 0.2, oil dosage = 60 µL oil in 300 mL seawater for all the cases.  

Oil dispersants are known to facilitate formation of small oil-surfactant aggregates, thereby 

dispersing more oil into the water column (Paris et al. 2012). Gong et al. (2014b) reported that 

dispersant not only enhances dissolution, but also promotes sediment uptake of oil components. 

Payne et al. (1989) proposed an equation to characterize the loss rate of free oil droplets due to 

collision and adherence to SPM. 

dC/dt = -1.3ɻʀȾʉ Ⱦ#3                                                                                                
(Eq. 3-5) 
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where C = concentration of oil droplets (mg/L), S = concentration of SPM (mg/L), ɻ = SPM 

ñshape, size, and stickingò coefficient, ʀ = the energy dissipation rate (per mass of fluid), and ʉ = 

the kinematic viscosity of the water.  

From Eq. 3-5, the removal of the dispersed oil droplets from the water column by sediment is 

primarily attributed to the high sediment concentration (12 g/L). Furthermore, taking into account 

the dynamic particle aggregation, the initially sorbed oil droplets and dispersant molecules create 

an even more favorable condition for attracting more oil from the water column, resulting in the 

formation of even larger oil-sediment aggregates (Bandara et al. 2011).  

  

 

Figure 3-14. Total PAHs distributions on seawater surface, in seawater column or sediment in 

various systems: seawater and oil (a), seawater, oil and sediment without dispersant (b), and 

seawater, oil and sediment with dispersant (c). Experimental conditions: sediment (OS) 
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concentration = 12 g/L, Corexit EC9527A = 10 mg/L, pH = 7.3 ± 0.2, oil dosage = 60 µL oil in 

300 mL seawater for all the cases.  

Figure 3-14 shows that the presence of dispersant increased the total PAHs content in the 

sediment phase from 11.4% to 86.7%, and the PAHs concentration in the water column from 7.7% 

to 9.4%, which is consistent with the distributions of TPHs. Similar dispersant-facilitated sediment 

uptake was also observed for the oil alkanes. Figure 3-15 shows that the presence of the dispersant 

increased alkanes in the sediment phase from 7.3% to 93.3%. In light of the extremely low 

solubility of alkanes, the dispersant-facilitated formation of fine oil droplets is critical for the 

substantial sediment uptake of alkanes.  

  

 

Figure 3-15. Total alkanes distributions on seawater surface, in seawater column or sediment in 

various systems: seawater and oil (a), seawater, oil and sediment without dispersant (b), and 

seawater, oil and sediment with dispersant (c). Experimental conditions: sediment (OS) 
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concentration = 12 g/L, Corexit EC9527A = 10 mg/L, pH = 7.3 ± 0.2, oil dosage = 60 µL oil in 

300 mL seawater for all the cases.  

Figure 3-16 shows the mass distributions of 12 PAHs of the oil in the three phases (surface 

oil, water column and sediment). Evidently, the surface oil phase was nearly depleted in the 

presence of the dispersant and sediment (Figure 3-16a). In the water column, naphthalene stood 

out as the most dominant PAH (Figure 3-16b), which can be attributed to its higher solubility (or 

weaker interactions with the sediment and dispersant); in addition, significant amounts of fluorene 

and phenanthrene were also detected in the water column, which can be attributed to their relatively 

lower adsorbability and higher concentrations in the crude oil. In the sediment phase, only small 

amounts of PAHs (mainly naphthalene, fluorene, and phenanthrene) were detected in the absence 

of dispersant, while the sediment uptake was dramatically increased for all PAHs in proportion to 

the distribution of PAHs in the crude oil. The experimental results reveal the following findings: 

1) in the absence of the dispersant, most oil PAHs prefers to stay in the surface oil phase; 2) the 

presence of the dispersant splits the PAHs from the bulk oil phase and PAHs in the dispersed oil 

droplets are more prone to sediment adsorption (Kim et al. 2013a); and 3) the dispersant-facilitated 

adsorption is likely more effectively for the larger and more hydrophobic PAHs, which are 

inherently lipophilic. 
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