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Abstract

Petroleum is the largest energy source consumed in the US R®alatyne oil exploration,
transportationtefining, and consumption process resalthe release of a larganountof oil into
marine environmentil spills alsofrequently occudue toaccidentalwell blow-outs or tanker
spills, andail dispersantare used asommon countermeaswsér mitigating suchoil spills.
Unfortunately, there is no quick alav-costway to measure dispersant concentration in seawater;
the effects of oil dispersants on the sedirestociated transport of oil marineenvironments
arealsonot well known Furthermorethe effects and mechanisms of dispersants on the photolysis
of oil contaminants still need to be studiédaddition to accidental spillg,largeamount ofoil-
contaminatedvastewater has been produdsdthe petroleumindustry, which are highly toxic,

andthese wastes shoue properly treated.

In the first part of this study (Chapter 2hew methodased on surface tension measurement
was developedo determinghe Corexit EC9500Aconcentrationn seawater. The mebd can
accurately analyze Corexit EC9500A in the concentration range o238% mg/L. Minor
variationsin solution salinity, pKl and dissolvedorganic matter had negligible effects on the
measurements. This simple, fast, economical method offers a eemvanalyticalmethodfor

quantifying complex didispersantslissolved inseawater



In the second part of this study (Chapter 3), the effects of three model oil dispéCeaaist
EC9527A Corexit E@500Aand SPC1000on thesettlingof fine sediment articles, as well as
particlefacilitated distribution and transport of oil components in sedirseatvater systems were
investigated.All three dispersants enhancée settling of sediment particles (the nonionic
surfactants, Tween 80 and Tween 85, [ay roles in promoting particle aggregation). Yet, the
effects varied with environmental factors (pH, salirdigsolved organic matteand temperature).
Notably, ptal petroleum hydrocarbofBAHsand alkanes the sediment phase weatematically

increased in the presence of Corexit EC9527A

In the third part of this study (Chapter 4)eteffects of oil dispersants on the photodegradation
of anthracene and 9,ADMA were studied undesimulatedsolar light All three testedlispersarg
promoteal the photalegradatiorrate of tested PAHK erosene, span 80 and tweena8&the key
dispersant componenthat promote the photodegradatiosie The dissolved oxygemplays
different roles in the photiegradationof anthracene and 9,ADMA. The photalegrad#on
pathwayof anthracene and 9,ADMA showed no differencén the presence or absence aof

dispersantThe dispersant components undergo photodegradatider solar light

In the fourth part of this study (Chapter 5new classof platinumdeposited anatafexa
titanate nanotube@NTs) were preparedand the #ects of Pt form, i.e., reduced state of Pt(0)
and oxidized state of Pt(IV), on photocatalydictivity were comparedThe materiad showed
higher phenanthrene degradati rate than TiO. (P25) Both mechanisms of the enhanced

photocatalytic activity were studieBurthermorethenanotube canbe separatetthroughgravity-



sadimentation andreused in multiple cycles of operations withdo$s inthe 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 GulCoast regiorfApergis and Payne 201LMuring the exploration, transportation,
refining, consumption, or waste management, oil may be releasedvatty from routine or
accidental releasg$song et al. 2019alIn history, huge amounts of oil have been acdalgn
released into the environment, especially the marine environment. For exti@apkesiq1977),

Ixtoc 1 (1979),Antonio Gramsc(1979), Exxon ValdeZ1989), Nakhodka(1997),Hebei Spirit

(2007) andDeepwater HorizoiDwH) oil spill (2010) are the st known oil spill{Gesteira and
Dauvin 200QJung et al. 2005 The wastewater fromil industry, such as oil field wastewater and
refinery wastewater, are rich in oil components, which can cause severe pollution if discharged

into theenvironmentvithout proper treatmeigAsatekin and Mayes 200®IcCormack et al. 2001
1.1.1. Oil spill
The oil spillsfrequently happexue to well blowouts (e.glxtoc 1, DwH oil spill) or tanker

spills (e.g.Exxon ValdezHebei Spirif Prestige andTorey Canyoroil spill). The spilled oil can

spread expansively depending tixte, wind, and current when theyccur offshore and cause



widespread damage to the marine environment.mMd& 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 theffshoreoil rig, oil continuedto bereleagdinto the open ocean
for 9 monthsThe spilled oil was dispersed by current and wind and formed a brown and orange
waterin-oil emulsion near the well hegBatton et al. 1981 This accidenhad beerconsidered

as the largest offsine oil spill until theDwH oil spill.

In April 2010, theDwH oil platform exploded and sank about 41 miles off the Louisiana coast,
andapproximately655,000 tonsf crude oil werereleased into the Gulf of Mexico within 87 days,
which is the worst marineil spill in the US history(McNutt et al. 2012 The crude oil was
released from the Macondo wélkkad (1500 m depth), and the long travel distandbé surface
greatly enhanced the partitioning of hydrocarbons into the aqueous (ftexaty et al. 2012
Together with the application afispersantthe amount of spilled oil in the water column was
greatly increased. After thgwH oil spill, the progression of spilled oil along with tsiéectiveness

and toxicity of oil dispesantwereextensively studiedCornwall 2015KIleindienst et al. 2015a

In March 1967, the tankeForrey Canyorran aground on eeefand spilled approximately
60,000 tons of crude oil in the ocean near the England @O&utllivan and Richardson 1967
Large quantities of detergent were used to emulsify the spilled oil; this is considered as the first
time alargea mo u nt o f Adi s p eisirdegrate spilles ails Howesee, dhe toxic
detergent led to widespread environmental damagenaivatedresearches to develop new
dispersants with lower toxicitff.essard and Demarco 2000

2



In March 1989, th&xxon Valdenpil spill released ca34,000 ton®f Alaska North Slope crude
oil into the Prince William Sound, which affected ca. 2000 miles of coa¢ifialmkoff and Pegau
2014). It was considered as the largest oil spill in the US at that(timsardona et al. 20}3The
relativdy 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 ¢lpaaperation.
Bioremediation was extensively used to naturally degrade thesadualnd mitigate the negative

ecological impact on the intertidal communit(sagg et al. 1994

In November 2002, theankerPrestigebroke in two and released approximaté®000 tons
of heavyfuel-oil into the ocean off the Galicia coast (NW Spain). The windsaadurrentmoved
ca. 60,000 tons of emulsified oil to the NW Spanish coast, and polluted more than 800 km of the
coastlingGonzélez et al. 2006Researchers found that the spilled oil had undergtme degree
of natural weathering even 1 year after the spill, indicating that the heavyedétisdy persistent

in the environmentDiez et al. 200y

In December 2007, thidebei Spiritoil spill released approximately 10,900 tons of Middle
East crude oils off the west coast of the Republic of Kasach polluted ca. 375 km of coast.
The wide geographic spread of crude oil extensively damagethahieulture resourceand
fishery industries in the polluted ar@&im et al. 2013p. This spill reveals the importance of
interwoven physical, chemical and biological processes in regulating the fate and transport of

crude oil throgh the ocean environmefReddy et al. 201)2



1.1.2. Oil contaminated wasteater from industry

For the oil industry, the productionotdnso f gas ol i ne witéndofwateims u me
the US; for over 55% of the oil from Canadian Oil Sandstd&n® of water will be consumed for
producing oneton of gasoline(Kujawski 2009. Therefore, shuge amount of wastewater is
producedby the oil industry. Among the different stages of oil refinement, thelrdling and

refinery processsproducea the most wastewater.

The ol drilling operationgenerate alarge amounof wastevater. An example of this would
be the drilling and fracturingf a well whichconsums approximately19,000 ons of water.
Accordingly huge amounts of wastewatare produced, which generally contains oil or gas,
throughout the productive lifetime of the wé@lickenbottom et al. 20)3An avelge refinery
consumes 2.5 t@of water for processing onert of crude oi(Stepnowski et al. 2002Data from
the iteratue shows that theglobaly produced wastewaté&om the oil and gas indust@mounts
to around30 million tons per day, which is approximately 3 times the amount of oil prod@cgd (
million tondday), and the volume ajeneratd wastewater istill 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, toludheneéme,
and xylenes (BTEX), aliphatic fraction (e.dranded and cycloalkanes and saturated
hydrocarbons), angolycyclic aromatic hydrocarbon®AHS). The oil components, especially
PAHSs, are of acute toxicity and high persistence, winakesthe wastewater difficult tbetreaed

by biological method§Steprowski et al. 2002



1.1.3. Oil components andoxicity

Crude oil is a mixture of hydrocarbons, metals, and polar comp@¢8mdanzhenkov and Idem
2003. Hydrocarbons including saturated compounds (i.e. paraffing isoparaffins, and
cycloparaffins), aromatics (i.enonocyclic 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 ofoihéHarvey 199) PAHs are known
as environmental persistent contaminants with toxic, carcinogenic, and mutagenic properties.
Sixteen of the parent PAHs are listad priority pollutants by United States Environmental
Protection Agency (US EPAUS EPA 2014 The abundance of alkylated PAHs is much higher
than their parent PAHs in crude,oifhich amount to 8@0% of the total PAHSLiu et al. 2012a
Wu et al. 2012 and they are even more toxic than their parent PARscotte et al. 2011
However, most studidgaveonly focused on the 16 parent PAHs specified in the priority @oitat

list, and neglected the alkylated PAHSs.

Crude oil in marine environments is harmful to the aquatic species due toxihity of the
oil components, e.d?AHs, and the suffocation effects of the viscouqlaih and Mendelssohn
2012. The toxicity of crude oil to fish andtherorganisms heibeen found talependon the
composition of thenixture of hydrocarbond.ow molecular weight (LMW) oil components, e.g.
naphthalene, GC10 aliphatic ar@cutely toxic to fish byarcosishut contribute little to chronic
toxicity since they ardiighly volatile and easy to diluten water(Skadsheim et al. 2000The
medium molecular weight (MMW) oil components are respon$ibléne chronic toxicity of crude

oil to aquaticspecieqSkadsheim et al. 20D0For instance, alkylated PAHs with three or four



rings were implicated as the primary compounds of oil toxicitiggdevelopmenof fish embryos

and may be related to the recruitment failure of fish where the spawning is found to be bffected
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 byodlighicroorganisms to readbxic

concentrationgWu et al. 201

Dispersionof oil into droplets can increase the surface area of oil exposed to water, thereby,
promoting the partitioning of oil components into thaterphase. The application of chemical
dispersant will greatly diffuseil into droplet and increase the dissotv®il components in the
waterphase, thereby increatiee toxicity of oil to theaquatic speciefleindienst 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 oilgere found to dramatically increased the toxicity, by 35 to 300

fold or greater.

1.2. Application of oil dispersants

Dispersantsare amixtureof nonionic and anionic surfactaas well as organisolvens (Place
et al. 2010. Take Corexit EC9500A as an examplbe tmajor nonionic surfactants this
dispersant include ethoxylated sorbitan monoand trioleates and sorbitan monooleate
(commercially known as Tween 80, Tween 85, and Spara&d)the major anionic surfactant is
sodium dioctylsulfosuccinatg DOSS) The solverd are a mixture of ralkanes ranging from
nonando hexadecanencludingDi(Propylene Glycol) Butyl EthefDPnB),Propylene Glycol2-

butoxyethanol etqMill et al. 1981, Place et al. 2000



Oil dispersants have been widelpplied to disintegrate spilled oil slicks into fine droplets,
thereby faciliating dispersion of oil intevater column and accelerating the natuasienuation
processs (Griffiths 2012 Lessard and Demarco 2Q0Rrince et al. 2016 When applied, oil
dispersargembed themselves at the interfaces between oil and water due to the amphiphilic nature
of the surfactant molecules, whitdwerstheinterfacial tensiorandfacilitates the formation and
entrainment of small (<0 pum) oilsurfactantdropletsinto the water columriClayton 1993

Singer et al. 1996

Qil dispersants &ave beenemployed in several major oil spill accidents, and over the years,
this approach has evolved into a major countermeasungigate the adverse effects of oil spills
(Griffiths 2012 Lessard and Demarco 2000he appearance tdw toxicity andhigh-efficiency
dispersant formulations makes the application of dispersants a major counterrteastigate
the adverse effects of oil spil{&riffiths 2012. Application of modern dispersants began in the
Torrey Canyoroil spill in 1967, where 1000 tons of dispersants (primarily BP10@2¢applied
to treat the spilled Kuwait crude ¢bouthward 1978 Since then, application of dispersants has
evolved to bea common countermeasure for mitigating oil spillhile the search for more
effective and less toxic oil dispersants remaiosve (Lessard and Demarco 2000n 1996, 12
tons of Corexit EC9500A was applied during thea Empresspill in the UK (Lessard and
Demarco 200Q)representing the firgteld application of this popular oil dispersant. In 1997, 10
tons of Corexit EC9500A was used in fBiaptain Spill in the North Sea to disperse 650 tons of
spilled crude oil. In 1998, ~11.5 tons @brexit EC9527A was sprayed in the offshore pipeline

spill in Texas(Lessard and Demarco 200@uring theDwH oil spill, BP applied approxnately



8000 tonsof Corexit EC9500A and EC952 74 the surface5100 ton¥ and wellheadZ900 bns)
(Kujawinski et al. 201}, representing the single largest apalion of oil dispersants inhistary.
The wide application ofhe dispersard, especially since the 201WwvH oil spill, has triggered
extensiveinvestigatios into their effectiveness, axicity, environmental fate and transport

(Anderson 2011GoodbodyGringley et al. 2013Moles 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 dispersantssahants,but also due to
proprietary and incomplete information on the type and quantity of the dispersant components. For
instance,temost common practice for analyzing Corexit ECO5@Avaterhas beeno analyze
just one orpossibly a few of thé&ey dispersantomponentsghat can be quantified following the
standard method¢Kujawinski et al. 201l According to the EPA method for detecting
dispersarg in water (USEPA 201), DOSS and DPnBare analyzedoy LC/MS/MS (Liquid
Chromatograpiy with Tanden-Mass Spectrometry(detection limis = 20 and 125 ng/L,
respectively), andhe other solventomponentssuch asPropylene Glycol an@-Ethylhexano|
aresolventextracted anthendetermined by GC/MS (Gas Chromatograhgss Spectrometry)
(detection limits= 10 and 50Q g/L, respectively. Researchers have also reported methodséor
analysis ofnonionic surfactantsFor example, Twae80 can be analyzday using HPLGMS
(detection limit= 0.01f g/L) (Christiansen et al. 2011m et al. 2008 Scelfo and Tjeerdema

(199)) propoed a method taneasurethe ethoxylated sorbitan estefanionic surfactastin
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Corexit EC9527A)xoncentratiorby incorporating iorpair formationwith bis (ethylenediaminge
copper (ll), then extractingnd analyzindgoy flame atomic absorption spectroscopy. Similarly,
Kasahara et al(1995 developed a spectrophotometric method by using a trifluoromethyl
derivative asa counter ion for extraction anguantification ofanionic surfactants in seawater.
However, hese methods bear the following drawbacks: 1) They are quite costly, and/artame
laborconsuming, 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 unédatoesnponents in a

dispersant are neglected.

To quantify the concentration of Corexit EC952&hd Corexit EC9500A in aqueous
solutions, Mitchell and Holdway (2000 applied a UWVis spectr@copic method, where the
concentration is measuratla wavelength of 230 nm. Theea measured¢oncentration ranged
from O to 280mg/L for CorexitEC9527A and 0 to 450ng/L for CorexitEC9500A. 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 th¥ig'gpectraConsequently, more rapid
and econonaal 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 irFigure 1-1) (Joye 201% The light fractions of crude oil, withtaoiling point below



250°C, can be volatilized quickly after the oil reachesdhiavater interfacéKiruri et al. 2013.
Photodegradation is a vehicle for transforming the oil components to acidic and phenolic
compounds or even G{Board and Board 2003bhowever, some intermediates produced by the
phoblysis process can be more toxic than thginal oil (Board and Board 2003
Biodegradation processareimportant for the weathering of crude oil aar@also considered as

a remediation methador spilled oil. However, the emulsification of spilled oil will make it less
likely to be bioavailabléPrince et al. 2003Formation of oitsediment aggregates (OSAs) and tar
balls during the oil weathering process involved in the adsorption of PAHs and other oll
componentgKiruri et al. 2013, and the settling process of OSéamn transport oil components to

the bottom of the ocean.
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Application of oil dispersant reduces the risk of oil slicks reaching the coastal areas and
physical contaminatiofAlmeda et al2014), but results in elevated oil droplet concentrations in
the watercolumn. For example, the volatile aromatic hydrocarbons in an oil plume during the
DwH oil spill reached 139 pg/(Hazen et al. 200)0The high oil droplet concentration is favorable
for the formation oil sediment aggregates (OS/&x)ng et al. 20194awhich can not oyl alter the
settlingbehavior but also alter the distribution and transport of important oil compounds that are
associated with the aggregat&iyomarch et al(1999 foundthat the presence of tlehemical
dispersantlinipol IP9Q enhanced the formation of OSAs. Their wave tank experiment showed that
approximately 80% odil wasentrained in th®©SAs which subsequentlsettled to the bottom of
the tank.Our recent work also showed thitie Corexit EC9500Apromotel the formation of
marine oil snow (MOS) anthe partitioning of oil componentato MOS(Fu et al. 2014p Large
guantities of crde 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 proce¢Board and Board 2003&u et al. 2014al uo et al. 2008Mackay
and Hickie 200D Therefore, thesettling 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 particlesand howsuch particlefacilitate oil transport affects the fluxes and fate of oil

componentgAllan et al. 2012

1.5. Photodegradation of oil componentand the effects of dispersants

Photalegradations considered as a major abiotic procaf$sctingspilledoil attenuation(Fu

et al. 2014aNicodemet al. 200). Undersolarlight, the chromophores compounds in oil absorb
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solar radiation which initiates the photochemical reactions, resulting in the chemical
transformation or evemineralizationof oil component¢D'Auria et al. 2008 The primary action

spectrum for the photooxidation reactionuid t r avi ol et ( U V(pharkar gt lalt (o =
2015, but which only takes up approximately 5% of the total solar kgletrgy. Some crude oll
compounds can absorb visible |1 gh¢(Malgkhet@ai 700 n

2000.

The photolysis of oil components, e.g. PAHSs, involves both direct photolysis and indirect
photolysis(Shankar et al. 20)5For direct photolysis, the pollutantsbaorb solaradiation and
undergachemicalreaction, but it is limited by the amount of light screening of the aquatic system
(Glover et al. 2014Zepp and Cline 1977Indirect photolysis of PAHs involvebe excitation of
photosensitizes, e.g.chromophorialissolved organic matte€DOM) or nitrate (NQ), resulting
in the production of reactive inter mé@)ates,
s uper oX)jtriplet excittddDOM ((CDO M A()am et al. 2008 which react with pollutants.

CDOM is the primary photosensitizer to prodé@eand3C D O M Asurfacewater,andis usually

t he mai n s(bachandcMcNeill 2006Takeda et al. 2004/ione et al. 2006)

The extent of photodegradation depends on the spectrum, incident light intensity, optical
properties of water, theresencef photosensitizers and oil comtanants themselvg€oleman et
al. 2003. In a marine environment, the natural substances are found to either accelerate or
decelerate the photolysis rate of oil components. For instance, somedulstignces can absorb
solar irradiation and be excited into their triplet states, wiatsfer energy to £10 produceO;

(Minella et al. 2013) The low molecular weight humic acid is found to be more effecive
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producing'Oz under light irradiationNlinella et al. 2013)PAHs are known as good sensitizers
for the production ofO.. The transformation afroundtriplet state oxygen into the reactive singlet
state {O2) needs more than 94 kJ/mahdthe excited PAHSs, in both singlet and triplet state,
the sufficient energy level for exciting oxygé@viurov and Carmichael 1993ong et al(2012
studied thgophotochemical formation ok O Hom effluent organic matter in treatedistewater,
and found that the nitrate and dissolved organic matter in the water phase are soemEOf

A O Huring the photolysis process.

The presence of surfactants or dispersants inathueousphase are reported to alter the
photooxidation rate of oil componensn (200]) studiedthe photodegradation of phenanthrene
and pyrene under UV light in the presence of surfactants (LIFOS), and found the monomeric
surfactants enhanced the photolysis of PAHSs, but he did not reveal the mechanism for the
accelerated PAHs photolysis. Gong et(aD15 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 dpt studie
and their roleon 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 laugeamount 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 extriaatierheen applied

to removal PAHs inwater (Abdelwahab et al. 2009 However, thee methods are always
associated with problems such as low efficiency, high investment, high energy or material
consumption, etqAbdelwahab et al. 2009The photocatalytic degradation of PAHs, especially
under solar lightis considered as @romising route for the removal of PAHs from water

(Hoffmann et al. 1996

Many photocatalysts, e.g. TiQ ZnO, BiVQy, have been investigated for photocatalytic
degradation of PAHs in waté@iKohtani et al. 2005Vela et al. 201 Ireland et al(1995 applied
TiO2 to photocatalyticallydegrade 16 PAHSs iwaterby UV light and found the degradation rates
of PAHs were relatively slow. Pal and Sha(@900 supportedoorous TiQ particles onglass
substrate to promote the phototaytic activity, which showed elevated degradation efficiency
for naphthalene and anthracene removathimwater phase Vela et al.(2012 compared the
effectiveness of ZnO and TiOfor photocatalytically degrading a mixture of 5 PAHs in
groundwater under natursiinlightand f ound 7115 min and 18176
for ZnO and TiQ to remove 90% of the PAHs. Kohtani et@005 compared th effects of pure
and Agloaded BiVQ on the photocatalytic degradation of 9 PAHs under visible light irradiation
and found that both catalysts enhanced the photodegraddtficency, and the loading of Ag

accelerated th& O production.

TiO2 is themost popular terogeneous photocatatyfor organic pollutant removal; it has the
advantages dbw cost, nontoxicityas well asexcellent activities and stabilitieSince Fujishima

and Honda1972 discovered the photocatalytic splitting water on TiQ in 1972 interest in
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applicationof TiO. asa photocatalyshassignificantly increased, anil has become the most
widely used photocatalyst faenvironmentalapplication(Sires and Brillas 2012Theron et al.
2008. Generally, he photocatalytic efficiencyf TiO: is affectedby two inherent limitations: 1)
easy recombination of phoigenerated holes and electrofpalato et al. 200Q and 2) ow
visible/solar energy utilization efficiencfLiu et al. 2015aVeldurthi et al. 201p The large
intrinsic band gaps of Ti&X3.2 eV for anatase and 3.0 eV for rutitetrictsthe lightharvesting
as the useful UV radiation only accosifdr about 5% of sunlightradiation,and the visible light
includes45% of the energfAfzal et al. 2013Shankar et al. 201Shannon et al. 2008Therefore,
efforts have been devoted to retard the recombination of eldwdierpairs,and enhance the
photocatalytic activity of Fbased catalysts under visible ligBtoong et al. 201,35ungSuh et al.
2004 Veldurthi et al. 2015 Zhao etal. 201§. Noble metal ions(eg. Pt, Au, Ag, etc.)
doping/depositingis widely appliedto facilitate the electrorhole separation andromot the
production ofreactive oxygen specieRQS (Malato et al. 2009Pan et al. 2016 Meanwhile,it
also facilitates thabsorption of visible light by narrowing the absorptimend gap¢Burgeth and
Kisch 2003. Among the commonly used noble metals, Pt is one of the mostdopadtsfor
modifying TiO; and titanatgLiu et al. 201). It can providehe highest SchottkBarrier among
the metal typethat facilitate electron captuasd praluce longer electrehole pair separatioife
time (Li and Li 2003. Meanwhile, the incorporation of Pinto TiO. can creat a defect energy
level, whichextendvisible light absorptior(Li and Li 2003. Previous studiesevealthat the Pt
metal depositedTiO> induceda faster photocatalytic oxidation rate ofccesol than TiQ (P25)
(Chen et al. 2007and Pt(IV) modified TiQis found to be more active than Ti(25) upon UV

irradiation for 4chlorophenol degradatidiBurgeth and Kiscl2002. However, to the best of our
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knowledge, the effects of RPorms (reduction state of Pt(0) and oxidation state of Pt(6v))

modifying TiO; or other TiQ based materialare not welinvestigatedn previous studies.

1.7. Objectives

The key reseah objectives weréo: 1) establish a quick andw-costmethod 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 sedmieas pa
and sedimenrassociated 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:

1 Propose and test a nemethod to determine dispersant concentration in seawater;

1 Test the accuracy of the new method under various environmental conditions, e.g. pH,
salinity, DOM concentration;

1 Test the effects of three model dispersants on the settling velocity of suspetidezhse
particles, find the most effective ingredients for enhancing the settling performance and
elucidate the mechanism;

1 Evaluate the effects of dispersants on the transport of sedassmtiated oil components;

1 Evaluate the effects of oil dispersant&ldahe dispersant components on the photolysis of
anthracene and its alkylatéwbmolog (9,10-dimethylanthracene) under simulated solar

light;
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1 Elucidate the mechanisms of anthracene and@yh@thylanthracene photodegradation
the presence/absence ofpiissant;

1 Synthesize a new class of platimditanate nanotube for catalytically degrading
phenanthrene in the aqueous phase, and find the optimal synthesis condition;

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

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

1.8. Organizations

This dissertation includes six chaptarsd the appendix pamach chapteis formattedas a
standalonegpaperin the styleof Water Researckxcept for Chaptel (General Introduction) and
Chapter 6 (Conclusions and Suggestions for Future Rese&hbbpter 1 gives a general
introduction of the background and outlines the objectives of this disser@liapter 2 describes
a new method thatetermine the Corexit EC9500A concentration in seawater by measuring the
surface tension of the solutioBhapter 3 investigates the effects of oil dispersants on the settling
behavior of suspended sediment particles as well as on the distribution and transpairtaitio
and key oil components in sedimagawateisystemsand explores the effects of dispersants
under various environmental conditio@hapter 4 investigates the effects of oil dispersants on
the photodegradation of anthracene arid-dimethylanthacenan the marine environment. The
photodegradation mechanisms and pathways are elucid&tegpter 5 investigates the
photocatalytic degradation of phenanthrene by a new class-adp@sited titanate nanotubes
undersimulatedsolar light, the mechanismare investigated and reusability of this material is

evaluatedChapter 6 gives a summary of the key conclusions of allrdsearcland suggestions
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for future work.Theappendix part describes the feasibilignd efficiency of thearboxylmethyl
cellulosestabilized zerevalent iron (ZVI1) nanoparticles for reductive removal of nitrobenzene in
agueous 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 TensionBasedMethod for Measuring Oil Dispersant Concentration

in Seawater

Many methods have been applied for determining the dispersant concentratioaquebas
phase, g. LC/MS/MS, GC/MS, HPLEMS. However, these methods bear the drawbacks of high
cost, the results for individual components
whole, the undisclosed components in a dispersant are often neghecked excessive timand
laborconsumptionin thissection 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. 2016Rahsepar et al. 20L6The application of modern dispersantghn in the
Torrey Canyoroil spill in 1967, where Q00 tons of dispersanfprimarily BP1002)were applied
to mitigatethe spilledKuwait crude oil(Southward 1978 Since thenapplication of dispersast
has evolvedo bea commoncountermeasurtr mitigating oil spilk, while the searclior more
effective and less toxioil dispersardremains activélLessard and Demarco 200th 1996, 12

tons of Corexit EC9500Awas appliedduring the Sea Empresspill in the UK, representinghe
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first field applicationof this popular oil dispersaijtessard and Demarco 2000) 1997, 10 tos
of Corexit EC9500Avasused in the&CaptainSpill in theNorth Sedo disperses50 tors of spilled
crude oil.In 1998,~11.5tonsof Corexit EC9527A wssprayedn the offshore pipeline spill in
Texas(Lessard and Demarco 200During the Deepwater HorizqidwH) oil spill in the Gulf of
Mexico in 2010, BP applied approximateBOOO tonsof Corexit EC9500Aand EC9527A

(Kujawinski et al. 201}, representingtesingle largesapplication oil dispersarg in the history.

Corexit EC9500As a mixture of nonionic and anionic surfactaas well as organisolvens
(Place et al. 2000 The major nonionic surfactants include ethoxylated sorbitan mand
trioleatesand sorbitan monooleate (commercially knovenTaveen 80Tween 85 and Span 80),
and the major anionic surfactant is sodidiwctylsulfosuccinat¢éDOSS) Table 2-1 gives detailed
information onthe compositions of Corexit EC9500Ahe solverg area mixture of ralkanes
ranging from nonane to hexadecanecluding Di(Propylene Glycol) Butyl Ethe(DPnB),
Propylene Glycoland2-butoxyethano(Mill et al. 1981 Place et al. 20)0The wide application
of the dispersantespecially since the 20IDwH oil spill, has triggereaxtensiveinvestigatiors
into its effectivenesgoxicity, and environmental fate and transg@mderson 201,1Goodbody

Gringley et al. 2013Violes et al. 2002
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Table 2-1. Characteristics of surfactant compositions in the oil dispersant Corexit EC96004 et al. 20140JSEPA 201).

lonic Molecular  Critical micelle
Surfactants oroperty Molecular formula weight concentration Chemical structure
(g/mol) (CMC) (mg/L)
Polyoxyethylene (20 14 (Yeom et al. HOKOG LOJEOH
sorbitan monooleat Neutral  CedHi240z 1310 1995 L o %H]‘NO
) N ]
(Tween 80) O[/V d-1 a+h+o+d = 20
Pol hylene(20) ° g
olyoxyethylene
y. 4 .y 23 (Wan and 04/\0]@ o~} =
sorbitan trioleate Neutral CgoH10808 (C2H4O)n b m
Lee 1073 LR iINNCSe
(Tween 85 [O\d\dOH n=2+b+c+d
i
Sorbitan monooleat 35000(ROSS and (IZH2 O—C —CH, (CH,); CH, CH=CHCH,(CH,),CH,
Neutral  Cz4H140s 428.60 . HomC O
(Spand0) Olivier 1959 H
HO “oH

Sodium diatyl o 00

. o 578  (Yehia "0 L~ [~
sulfosuccinate (SDS: Anionic  CyoHs7/NaO:S 444.56 19925 0 o
or DOSS) 0 \/E/v
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Yet, it has been challenging to quantitatively analyze oil dispersants conveniently and
economically. This is not only due toet 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 instanbe,nhost common practice for analyzing Corexit EC9500A
in waterhas beemno analyze one @ome of the&key dispersantomponentshat can be quantified
following the standard method&ujawinski et al. 201l According tothe EPA method for
detectingdispersard in water (USEPA 2010, DOSSand DPnBare analyzedy LC/MS/MS
(Liquid Chromatograppwith Tanden-Mass Spectrometryletection limis = 20and125ng/L,
respectively) andthe other solventomponentssuch asPropylene Glycol and-Ethylhexanol
aresolventextracted anthendetermined by GC/MS (Gas Chromatograitgss Spectrometry)
(detection limits= 10 and 50Q g/L, respectively. Researchers have also reported methodbéor
analysis ® nonionic surfactantsFor instance, Tween 80 can be analybgdising HPLGMS
(detection limit= 0.01f g/L) (Christiansen et al. 2011Im et al. 2008 Scelfo and Tjeerdema
(1997 developed a method to monitor the anionic surfactatitoxylated sorbitan estersj
Corexit EC9527Ay incaporating ionpair formation with bigthylenediamingcopper (I1), then
extracting and analyzingthe complex by flame atomic absorption spectroscopy. Similarly,
Kasahara et al(1995 developed a spectrophotometric method by using a trdlaethyl
derivative asa counter ion for extraction anguantification ofanionic surfactants in seawater.
However, these methods bear the following drawbacks: 1) they are quite costly, and/antime

laborconsuming, especially for the LC/MS/MS meth&yithe 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 EC952&hd Corexit EC9500A in aqueous
solutions, Mitchell and Holdway (2000 applied a UWVis spectr@opic method, where the
concentration is measuredla wavelength of 230 nm. Theean concentration ranged from 0 to
280mg/L for CorexitEC9527A and 0 to 450ng/L for CorexitEC9500A. However, the effects of
water chemistry and environmental conditionglmviability of the methods were not addressed,
though such factors are known to alter the-UN¥ spectra.Consequently, more rapid and
economical analytical methods have been desired by the oil spill research community and relevant

industries.

It has bea observed thatsfacetension(g is correlated with the concentration of a surfactant
(Fu et al. 2015Menge et al. 2009Myers 1999. Specifically,Menger et al. (2009) obsesd that
whengis plotted againgh[surfactant, the curve can be divided into three distinct regidigure
2-1): Region A: g slightly decreaseswith increasingsurfactant concentration; Regidt g
decreases sharply and almdisearly with increamg surfactant concentratioandRegionC: the
slopeabruptlylevels off(i.e., gremains nearly constardj thesurfactant concentration above the
CMC value Conventionally, tiis assumed thahe surfactant is saturatatithe air/water interface
throughoutRegion A (Perez et al. 1998/ader 1960, which allows the calculation of the area
permolecule via theclassicGibbs equatiorfMenger et al., 20091n an effort to determine the
CMC value of oil dispersants, Gong et &2014b) observed that the Corexit EC9500A
concentration is linearly correlatedgof 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 surfactension of a dispersant solution.
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Figure 2-1. Three regions of a typical surface tension vs In[surfactant]jglenger et al. 2009

Based on thé&near correlationbetweero and dispersartoncentratior{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 ECOs88AIsed as the model
dispersant and Gulf coast seawater as the prototype solution matrix. The specific objectives were
to: 1) establish the linear correlation betwegand In [dispersant concentration], &sess the
effects of environmental factors,ch assalinity, pH, and dissolved organic matter (DQMh 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 adil spill and marine pollution.
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2.2. Experimental methods

2.2.1. Materials

Seawatersamplewas collectedat the Grand Bay area, ALUSA in the Gulf of Mexico
(N30.37873, W88.30679)t was stored in sealed containers at 4f@ filtered through 0.2¢m
membrane to remove suspended sdiefore useMarinesedimentvascollected fom the Ocean
Springs National Seashore Pavs, USA(N30.39772, W88.79175The sediment was classified
as loamy sand sediment and the orgamitter content is 1.6% (sediment analysis was performed
by the Soil Testing Laboratory at Auburn University, more physicochemical characteristics of

sediment a& shown inTable 2-2.

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

pH2  SOMP Cation Exchange Taxonomy* Sand®  Siltd Clay?
Capacity % % %
%
Meq/100g
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

4419 182.7 3145 9.1 87.7 3.23 5.2 3.9 41184 731

2Sediment pH was measured on a 1:1 sediment:water mixture via the Reference Soil Test Methods
(UGA 1983.

b SOM (soil organic mattenyvas obtainedby thermogravimetric methg@avies 1974

¢ Sediment texture was conducted following the hydrometer m¢Bmgdyoucos 196Q2
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d Categorized based on USBExefinition.

Note: Metal contents were measured per EPA method 3050B. Soil calcium, magnesium,
potassiumand sodium were first extracted per the Mehlich 1 procedure, filtered through a #1
gualitative filter paper, and then determined P usinga Varian VistaMPX Radial

Spectrometer.

All chemicals used in this study were of analytical or higher gradeyarelised as received,
including umic acid (Fluka Chemie, Switzerland), sodium hydroxide (NaOH, Fisher Scientific,
Fair Lawn, NJ, USA)and tydrochloric acid (HCI, 36£8.0%, Mallinckrodt Chemical, St. Louis,
MO, USA). Corexit EC9500Awas acquired per courtesy bfalco CompanyNaperville, IL,
USA). A Corexit EC9500Astock solution was preparatl1 g/Lby mixing Corexit EC9500A and
seawater ira glasdlask undermagneticstirring for 1 h, and therthe desiredvorking solutions
(up t0200 mg/L) were obtainedby diluting the stock solutiorwith seawaterSerial dilutionwas

avoided taeducecumulative error(Scelfo and Tjeerdema 1991

2.2 2. Effects of environmental factors

Effects of environmental factors on the viability of the surimresion based method were
assessed atrioussolutionsaliniies pH andDOM concentrationsThe pH of the seawater was
adjustedusingHCI (0.5 M) orNaOH (0.5 M) solution fromthe initial 7.9 to the final value .0,
7.0 0r9.0. Different DOM concentratianwereachieved bydiluting a DOM stock solution(550
mg/L as TOC) which was obtained by dissolvinghe standardhumic acidinto seawaterThe

salinity effects were tested using artificially prepared seawater at various salinity levels (0, 1%,
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2%, and 4%¢éxpressed as wt.@f sal) following the method by Kester et §1.967). The effects
of the environmental factors on the surface tension measurement as well agromfdg (C is
the dispersant concentration) correlations were evaluated by measurindrif€] curves under

various pHgsalinityand DOM levels.

In marine oil spill studies, mixed sedimesgawater systems are often encountéZéado 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 witlthe sedimentat asedimentseawateratio of 16 g40 mLon a
rotator at 50 rpm for 48 h; theseparat¢he solid and liquid bycentrifugation (1359%g for 5 min)
andcollect the supernatant. The sediment amended seawater (i.e., the supernatant) had a salinity

of 3.5wt.%, pH 7.0, a DOM concentration of 2 mg/L as TOC

2.2.3. Analytical methods

A Du Nouy Tensiometer (CSC scientific 70535 series, Fairfax, VA, USA) wsasl to
determine the surface tensiontleédispersant solutia The Du Nody ringnethod(Tuckermann
2007 has beercommonlyused to measure the surface tension of solutibne details o the
measuringprinciple andprocedure can be found elsewhét@inkenheimer and Wantke 1981
Nouy 1925. Briefly, a platinum ring, whiclis linkedwith a balance arm, is slowly lifted from the
surface of a liquid, then the force required toaliréhe surface (overcome the surface tension) is
measuredTo this end, each 20 mL of a dispersant solution was add#@ix 15 mm glas®etri

dishes The samples were kestill in thedishes for30 minto assure the systeequilibriumwas
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achievedi.e., the chemical potential at the interface is equal to that of the bulk sof{E&stoe
and Dalton 2000 The ensiometer wasalibratedon adaily basis,andall measurments were
performel in duplicate ancat 25 £ 1 °C. A Dohrmann Phoenix 8000 TOC Analyzer (Tekmar
Dohrmann, Cincinnati, OH, USAyas used to analyze DOIlsind Corexit EC9500A as total

organic carbon (TOC).

2.3. Results and discussion

2.3.1. Analysis of dispersant samples

Figure 2-2 shows thechange of surface tension as a function of In[dispersant]. The general
trend wassimilarto the corelation of surface tension vs dispersant concentrationragune 2-1.
When the dispersant concentration is lower than 0.2 m{dL In C <-1.6) (Region A) the
dispersant hdilittle effect on surface tensiohpwever, in Region B where tlogspersant is >0.2
mg/L but <CMC (23.5 mg/L)the surface tension decreasgwrply andinearly with increasg
dispersant concentratiowith a slope K) of -7.8; the linear correlation reains in region C

(dispersant EMC) but with a much loweslope (k = -2.0).
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Figure 2-2. Correlation of equilibrium surface tension vs. In[Corexit EC9500A] in seawater.

Experimental conditionsemperature = 2% 1 °C; pH = 7.9; salinity = 3.15 %; DOM = 0.2 mg/L.

The resulting correlation equations are as follows:
r X3 W v @h2 mown 18T 0.2 mg/L<C<23.5mg/l) (Eg.2-1)

r ¢8td W 1 8h2 mooh T8t ¢C>23.5mg/L) (Eq. 2-2)

whereC is the dispersant concentration (mg/L) &3ds the coefficient of determinatiofihe low
p valuesindicatethat changes in the predictor varialy ére strongly associated with changes in

the response variable)(

According to theGibbs equatior{fAdamson 200]1Li et al. 2013, the change in the surface

tension with surfactant activiig described by
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A 24B 3Al A (Eq. 2-3)

wheres is the surface excess component, A is the activiy of the component in the aqueous

phaseRis the universal gasonstant, and is temperature (K).

When the concentration is beldive CMC value,the activity can be approximatedth the

concentration fononionic surfactantf.i et al. 213). Thus,the Gibbs equation can be written as

— 2483 (Eq. 2-4)

whered is the surfactant concentratioh, JA 1 & is the slope ofhe g-InCi curves.

In accord witht h e  gulatiorg~gure 2-2 indicates that there exist three distinct levels of
surfaceexcess of the dispersant with three different slopes that correspond to the three regions.
The observatioragrees with the repodecorrelationsin various surfactant systemé.opez

Cervantes et al. 201Reichert and Walker 201Simister et al. 1992

The observedy- In[C] curve mimics an Shaped adsorption isotherm (Gong et(@0148.
In the low concentration range (Region A), the dispersant components prefer to partition into the
solution phase more than timerface, which can be attributed to the enhanced dissolution effect
of the mixed surfactants and-solvents. As a result, a very flat slope was evident. In Region B,
aggregates of the surfactants are forii@&ahg et al. 2014kand the partition becomes inaseingly
more favorable toward the interface, resulting in the sharp changglofGi. At dispersant

concentrations near or above the CMC (Region C), micelles (mainly the neutral surfactants) are
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formed andthe surfactastprefer topartition intothe mcelles thanaccumulateon the interface

(Li et al. 2013 Menger et al. 2009 Consequently, the slope of thg-dIn[C] line is abruptly
changedlt is also noteworthy that the CMC valu&78 mg/L) for the anionic surfactant (DOSS)
(Yehia 1992ais much higher than those for the Aionic surfactants (e.g23 mg/Lfor Tween 85
and14 mg/Lfor Tween 80. Namely, no micelles of the anionic surfactants are likely formed under
the experimental conditions. Therefore, thechreducedslope in Region C than in Region B is

attributed to the formation of micelles of the Aonic surfatants.

The findings indicate that despite being a complex mixture of surfactants and solvents, Corexit
EC9500A behaves | i ke a | umpteettmpedCMC walodseflecte d fi s u |
the collective effect of the surfactants andsotvents the mixture CMCfor the dispersanivas
nearly the same as that (23 mg/L)Tateen 85slightly higher than that (14 mg/L) of Tween 80,
but much lower than that (578 mg/L) BOSS(Gong et al. 2014h suggeshg that Tween 85
plays a predominant role in the mixadcelles(Ahn et al. 201Q) which can be attributed to its

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

The correléion curve(Eqg. 2-1) can be used to conveniently determiheconcentration of
Corexit EC9500AIn the concentratiorrangefrom >0.5 to <23 mg/Llby simply measuring the
surface tensiomsing a simple and lowost interfacial Tensiometefhe detection limit may be
lowered if the correlation line in Region A is determined accurately, which may need a more
sophisticated Tensioater. Wherthe dispersant concentratiaabove the CMCE(Q. 2-2 can be
used, or alternatively, the solution candi@ted to the concentrationindow that is suitable for

Eqg. 2-1.
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The g- In[C] correlation in Region B was highleproducible experimental results showed
that the elative standard deviatiomas within 3% from 5 replicate measurements. Based on 10
replicate measurements of blank and Corexit EC9500A sarftdess 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 decreastacetension of the
dispersant solutioriThe effect ismoresignificantwhenthe salinitywasincreased from 0 to 1%.
This phemmenon can be interpreted by the inceebsurfactant adsorption onthe air/water
interface with the increase of electrolyte concentrgfianetal. 2013 known as t he fs.
effect (Prosser and Franses 2003imilar findings were also reportdyy Persson et a(2003,
who studied the correlation betwesmrfacetensionconcentratiorof surfactant sdium dodecyl
sulfate(SDS) at variouNaCl concentrationsTherefore, proper standard curves will need to be
developed to assure the consistent salinity between samples and the standards. It is noteworthy
that despite the diffent levels of surface tension at different salinities, the correlation lines appear
parallel to each other, i.e., they have nearly the same slope. Therefore, thetesatee curve

may be scaled for measuriggt various salinities by correcting thefdience in the intercept.
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Figure 2-3. Equilibrium surface tension vs. In [Corexit EC9500]various levels of salinities.
Experimental conditionsorexit EC9500A concentration = 2 to 20 mg/lseawater;gmperature

=25+ 1°C. Data were plotted as mean of duplicates, and error bars indicate standard error range.
2.3.2.2 Effects opH

Figure 2-4 shows that thg- In[C] correlation remained statistically unchanged0.05)when
the solution pH was raised from 7.9 to 9.0; howetrez,surface tensiotropped significantly as

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

Experimental condition€orexit EC9500A concentration = 2 to 2@/L in seawater; temperature

=25+ 1°C; salinity = 3.15 %; DOM = 0.2 mg/L.

The anionic surfactante., DOSS,of Corexit EC9500Aundergoes increasing protonation as
pH decreaseqUnderberg and Lingeman 1983While fully deprotonatedDOSS is rather
hydrophilic (Yates and von Wandruszka 199%he protonation at lowepH rendersthe
hydrophilic heads dDOSSless polar. As a result, more surfactant moleaulgsate to the surface
resulting in decreased surface tension at lowerRire 2-4 alsoindicates that the pH effect is

more profoundat lower dispersant concentratson
2.3.2.3 Effects oDOM

Figure 2-5 showsthat the presence of DOM at 5 mgis TOQ significantly decreased the

surface tension, and the effect was more evident at lower dispersant concentratrogi <2
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Figure 2-5. Equilibrium surface tension vs. In[Corexit EC9500A] at various DOM levels
(measured as TOC). Experimental conditions: Corexit EC9500A concentration = 2 to 20 mg/L in

seawatertemperature = 25 +%C; 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 ex¥esss and von Wandruszka 1999
The Szyskowski equatioumann et al. 201,0ron Szyszkowski 1908s oftenused to describe
the effectsof organic compoundsuchas carboxylic acidsalcoholsand esters,on the surfae

tension of aqueous solutions.

rr 3 24ip - (Eq. 2-5)
wherer andr aresurface tensiofor solutionandpure waterrespectivelyz  is the maximum
surface exces< is the solutg DOM) concentrationandy is the inverse Langmuir adsorption

coefficient. This equation predicts that increasing DOM decrease®scetension of a solution.
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Lee and Hildemanii2013 measuredhe surface tension of humic acid solutsoat 20°C, and
obtained the  and valuesby fitting the experimental surface tensidataover a range of
solute concentrations, whese = 2.93 + 0.35x18 mol/n?, 1 = 966 + 267403 g/kg. At low
DOM concentratios, DOM affect the surface tensiomainly by altering thesurface excess of
surfactarng, while at elevatedOM concentratios, DOMmay reduce both surface excess ted

activity of surfactarg resulting in a loweb.

2.3.2.4 Effects of soluble components from marine sediment

In sedimemnwater systems, it has been challenging to measure dispersant concentration due to
interferencdrom the soluble components from the sedimEigjure 2-6 shows &ects of sedirent
extracts on the surface tensi@ompared 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 mgfH but
decreased from 7.9 to about 7.0. It is evident fleigure 2-6 that the effect of the sediment
extracts on the surface tension measurement was statistically insignificsh0b) despite the

variations of thevaterchemistryconditions.
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Figure 2-6. Equilibrium surface tension vs. In[Corexit EC9500A] in seawater and sediment

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

25+ 1°C; pH = 7.9 = 0.5salinity = 3.15 %.

Taken together the results, the surface tension measurements will not be affected when the
changes in salinitypOM and pH are within the following limits: salinity chang@.3 %, DOM
<1.3 mg/L as TOC, and.0 ¢pH ¢9.0. Separatgg- In[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 methedsameCorexit EC9500A
solutions at thedispersantoncentratios of 1, 5, 10, 15, and 20 mg/L were analyzed this
method and by direct TOC analysiBable 2-3 gives the resulting dispersant concentration
obtained independently with the two methotise results show that the differences in the mean

concentrations obtained by the two methods aresstaily insignificant (p<0.05) except for the
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case of 1 mg/Land in all cases, the measurement errors were within 8dfethe true values.
Between the two methodd)e relative standard deviation thfe surface tensiomasedmethod

rangel from 2% to5%, compared to from 4% to %3for the TOCbased methqadndicating that

the new the method is of higher precisiéih 1 mg/L, the TOC methot not accuratewhile the
surface tension method remained robust. The fluctuatiaihe results measured by thi©C

method can be attributeid: 1) accumulation of the dispersant components at the samter
interface, which affects the consistency in sampling of the water for TOC analysis but not for the
surface tension measurement, 2) adsorption of the surfactatite sampling devices and TOC
analyzer, and 3) incomplete catalytic conversion of the organic carbon by the UV/persulfate based
TOC analyzer. Indeesve observedong and graduatails of the TOC evolution curve, suggesting

thatsome thecomponents ilCorexit EC9500A are persistent to the {g®rsulfateoxidation.

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

analysis and by the surface tension based meklauberof replicate measurements = 5.

Corexit EC9500A

concentration (mg/L)

5 10 15 20

Measured by surface tensic
(ma/L) 0.98+0.05 5.16+0.14 9.65+015 15.40+024 20.06+039
mg

Relative standard deviatic

(%)

Measured by TO@mg/L)  0.81+0.43 5.42+055 9.14+0.92 15.09+0.55 20.51+2.12
Relative standard deviatic

(%)

10 10 4 10
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24. Conclusiors

Oil dispersants ara 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 In[dispersant concentration]. Compared to conventn@tiabds, 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 wholmoStmiitabledispersant
concentration range 85 to 23.5 mg/L However,dispersanbf lower or higher concentrations
than the optimum window may be accommodated by use of separate sgrldE@iilines and/or
through proper concentration or dilution of the samples. Small changes in solution salinity
<0.3%), pH (7.019.0), and DOM (<1.5 mg/L as T
measurements, and thus, the correlation equations. While the method is most sensitive to salinity
changes, the correlation lines appear parallel to each othariatis salinity levels, and so, the
correlation equation at one salinity level can be scaled to others by correctingutigeiercept
In caseof radicalchangesn water chemistry and environmental conditions, separate correlation
curves can be redy 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 seawatesediment systems. The method accuracy was confirmed by comparingevitoC

analysis. Although the method was demonstrated using Corexit ECH@iAe prototype oil
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dispersant, the method may be extended to other oil dispersants and surfastantthe ongoing
active research activities in the field, this new analyneaihod provides a convenient and useful
alternative meandor 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 onSettling of Marine Sediment Particles and

Particle-AssociatedT ransport of Oil Components

This chapter investigates the effects and mechanisms of oil dispersantssetilihg offine
marine sediment particleBloreover, the effects of dispersdatilitated particlesedimentation on

the transport of important oil cqgronents in the water column arealuated

3.1. Introduction

Oil dispersargareamixture of surfactants and hydrocarboased solventPispersants have
been widelyused to disintegrate spilled oil slEkto fine droplets, thereby facilitating dispersion
of oil into watercolumn and accelerating the natuatienuatiorprocesss(Griffiths 2012 Lessard
and Demarco 20Q00il dispersants &ive beenemployed in several major oil spill accidents, and
over years, this approach has evolved into a major counterméasuiteggate the adverse effects
of oil spills (Griffiths 2012 Lessard and Demarco 20060r examplesapproximatelyl2 tons of
Corexit EC9500A wasapplied in theSea Empresspill in the UKin 1996(Lessard and Demarco
2000) andapproximatelyl1.5 tons of Corexit EC9527&assprayed in the pipeline spill offshore
in Texas in 1998 (Lessard and Demarco 2000rhe singlelargest application was carried out

during the Deepwater Horizon(DwH) oil spill, where approximatelyy800 tonsof Corexit
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EC9500A andeC9527A were appliedon the surface (~5000 tonand deepwater 2800 tong

(Gong et al. 2014&ujawinski et al. 2011

Researchers have studid#te adsorptionof surfactants on minera(guerstenau 200Q2but
very few have addressed effects of dispersants on the satty behaviorsof suspended
particulae matter (SPMpr fine sediment particles marine systes) Adsorption of dispersant
components, e.g. surfactants) the sediment particlasay alter the surfacepotential of the
particles Thiscan destabilizand coagulatthe particlesvia inducing theiaggregationwhich can

alsoenhance particleettling(Paria and Khilar 2004

Application of oil dispersantesults in elevated coantrations ofoil dropletsin the water
column, for examplehe volatile aromatic hydrocarbons in an oil plume durindivéd oil spill
reachedl39 ug/L (Hazen et al. 2000 The high oil droplet concentration is favorable for the
formationoil sediment aggregates (OSAGong et al. 20194awhichcan not only alter the settling
behavior, but also facilitate distribution and transport of important oil compounds that are
associateavith the aggregates$suyomarch et a1999 foundthat the presence of tlehemical
dispersantinipol IP90 enhancedhe formation of OSAs, and approximately 80%odf was
entrained in th®©SAS which subsequentlgettled down to the bottom of the tadiring wave
tank experimentsRecent work also showed thtae presence dforexit EC9500Apromotes the

formation of marine oil snow (MOS) and sorption of oil components onto O &t al. 2014p

The DwH oil spill gushedapproximately655,000 tonof crude oil into the Gulf of Mexico
ecosystemgAllan et al. 2012, of which 25500 tonsof polycyclic aromatic hydrocarbons (PAH
werereleasedReddy et al. 2012 During the spill, the concentration BAHsS near the wellhead
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reached as high as189 mg/L(Allan et al. 2012 Diercks et & 2010. As PAHs can strongly
interact with suspendedsedimentparticles,a large portion of PAHs can badsobed on, or
incorporated in the OSAs. Consequently, the formatdnOSAs and subsequent particle
settling/transport in the marine environment alarthedistribution transporand environmental
fateof PAHs and other important oil compone(Bsuloubassi et al. 2008uijdgeest 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 iRfsHbe
sediment phase; on the other hahd, particlefacilitated transport pr@sscanfacilitatetransport

of PAHSs tothe sea bottomsurfaceor nearshore areal addition, as PAHs persist much longer

in the sediment phase than at the sea suffdaemyama et al. 1999sediment adsorption may
prolong thdife time of PAHSs in the ecosystemé/hile awedth of information on the adsorption

of oil component®nto sediments has been repoii@do et al. 200,/Tremblay et al. 200Zhao

et al. 2013, little is known aboueffects of dispersants or dispersed oiltbe transport ofine
sedimeniarticles and how such partidiacilitatedoil transport affecthe fluxes and fate adil
componentgAllan et al. 2012 As oil spills often occur in, or can reach, nearshore and estuarine
zones, where the concentrationsospended sediment palgsis usually high(NRC 2003, the
oil-particleinteractionsmay play evermore profoundolesin these more ecologically sensitive

areas

Environmental conditions, such as ps#élinity, temperatureand DOMare known taaffect
settling of suspended particle&retzschmar et al1998 investigatedhe influenceof pH and

humic acid on the coagulation of kaolinitethgdynamic light scatteringechniqueand observed
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thatat pH<5.8 the interparticlattractiveforcespredominaten suspension systespresuling in

a destabilization of the particleslumic acidwasreported torendera suspensiosystemmore
stable due tothe combination otlectrostaticand steric stabilizatioreffects (Heil and Sposito
1993a b, Kretzschmar et al. 1993However, knowledge has been lacking on the effects of such
environmental parameters in the presence of oil dispersants, espéoallgil dispersants affect

the settling properties of suspended parialeder various environmentabnditions.

The overall goal of this study was tgstematially investigateeffects of three model oll
dispersants (Corexit EC9527A, Corexit EC9500A, and SPC100@heosettling behaviorof
sedimentparticles and how such dispersgatticle interactions affect droution and transport
of key oil componentsThe specific objectives wer®: 1) determine the settling kinetics of
representative sediment particles in the presence of the model dispersants; 2) elucidate the
mechanisms underlying the partiglespersaninteractions; 3) test the dispersant effects under
various environmental conditions, suchp$ salinity, DOM, andtemperatureand 4) explore
how dispersantacilitated particle sedimentation affects distribution and transpartmdgrtant oil

componergin sedimerdwatersystems

3.2. Materials and methods

3.2.1. Materials

The following chemicalganalytical grade or highewere used as receiveuaimic acid (Fluka
Chemie, Switzerland), sodium hydroxide (NaO&f)d NaNs (Fisher Scientific, Fair lawri\J,

USA), hydrochloric acid (HCI, 361538.0%, Mallinckrodt Chemical, St. Louis, MO, USA),
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phenanthrenend pyrene (98%, Alfa Aesar)The dispersants Corexit EC9500A and Corexit
EC9527A were obtained per courtesy of Nalco Compatapérville, IL, USA), and SPC000
was purchased fronUS Polychemical Corprate (Chestnut Ridge, NY, USA)The key
compositions of the Corexit dispersants, suciinasen 85 Tween 80, Dioctyl sulfosuccinate
sodium salt (DOSS) and-utoxyethanol, were purchased from VWR Corporate (BadPA,
USA). A standard reagent of 16 EPA listed PAHSs, and a standardlkdnes mixtures (G€40),
Pristane and Phytane, and two internal standards (fludtifeo r P A H sandeostree fo- U

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

A surrogatelLouisiana Sweet Crude (LSC) oil was acquibgctourtesy of BRHouston, TX,
USA). This oil is considereghysically chemically, and toxicologically similar to the Macondo
Well crude oil inthe Mississippi Canyon Rick 252. Artificially weathered oil was prepared
according to the evaporation method by Sorial e{2804. Briefly, air was bubbled from the
bottom of a graduated cylinder filled with 1.0 L of crudeatib constarfiow rate of ~2 L/min.
The volume and weight of crude oil remaining in the cylindererecorded as a function of time.
After 10 daysof the weathering prosg the oil massliminished from 807 to 608.5 g (4.6

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

Water accommodated oil (WA@nd dispersed WAO (DWAQyereprepared according to
the establishednethod (Singer et al. 2000 In brief, 3000 mL glass aspirator bottles with hose
bibs at the base fitted with silicone tubing and hose ckamgpre filled with2,000 mL seawater
One mLof theweathered oil was added into the seawater surface, then sealed and magnetically

stirredfor 18 hoursThe stirring intensity was controlled to yiedd?5% vortexThe mixture was
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then gravitysettled for 6 hours,and therthe WAO fraction was carefully collected through the
bottom bib and stored in amber badtleithout headspace. DWAO was prepared in a similar
mannerexcept a dispersant was addedhe seawateat adispersanto-oil ratio (DOR) of 1:20

after the 25% vortex was established.

Seawater was collected from the Grand Bay ,af¢a(N30.37873, W88.30679)The seawater
sample was filtered with 0.32m pore size membrane and preseraed °C with NaNs of 200

mg/L to inhibit microbial activitiesThe salient features of the seawater were as follows: pH = 7.9,
DOM = 0.77 mg/L (agotal organic carbonT(OC)), and salinity = 3.15 wt.%l'he PAHS in the
seawater were not detected. Three model sedenegferred to as GB, OS and EIWR were
collected respectivelyfrom the Grand Bay, AL (N30.37873, W88.30679), the Ocean Springs
National Seashore Park, MS (N30.39772, W88.791aJt he EI mer 6s | sl and
(EIWR), LA (N29.17764, W90.07401The sediment samplegrecollected at the depth of@0

cm, thoroughlymixedand wetsieved througl2 mm openings to remove thtant debris and large
objects and then andried for 1 week. The dried aggregates were then crussieg ceramic
mortar andpestle,and sieved through 0.84 mm openings, and the subsamples (i.e. particles of
¢0.84 mm) were ovedried for 6 h at 80C, which alsanactivated the sediment microorganisms
The salient physical and chemical properties of the sediments were tedtesl $gil Testing
Laboratory at Auburn Universifythe details on the analytical methods have been described

elsewherdGong et al. 201@2

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

Sample pH SOM CEC Taxonomy Sand Silt Clay
name

% Meq/100g % % %
GB 6.0 3.1 19.6 Sandy Loam 56.5 335 10.0
(O 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 Ca K Mg Na Al Zn Fe Mn B P
name

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 167015 204.0 17.2 191.7 18.6 9.2 15.7

0S 4419 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 34 2320 34.0 2.9 61.5

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

3.2.2. Effects ofdispersants on sediment settling

The settlingrate of the sedimentparticleswastested in 48anL amber bottles witlPTFE
lined caps.First, each bottle was filled witBOO mL seawategnd then &nown mass (1.2 t4.2
g, depending othe sediment typeof a sedimentvas added into the seawater (the sediment mass
was adjusted to achieve an equal initial turbidityl80 + 24 NTU for the suspensions).h€
sedimentseawater suspensions were then thoroughly miyeldand shakingJpon addition of a
known @ncentratiofup to 20 mg/L)of a dispersant, the bottlesere placesn an orbital shaker

(Excella E5 Platform ShakeNew Brunswick scientificNJ, USA operatedat 200 rpm for 12
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hours,and then at 50 rpm fodO0 minutesto allow complete contacts betweéhe dispersant
molecules and sediment particl&be fully mixed suspensionsere then allowetb stand stilko

initiate quiescent gravity settling of the particles. At predetermined tisa@spleg4 mL each)

were takerfrom thecenter (6 cm from theusface)of the suspensiongnd then measured ftre
turbidity change over timelt should be noted that it took about 15 seconds to obtain a stable
turbidity reading. In addition to the three dispersants,efifiects ofkey individual dispersant
componets, includingthree surfactants (Tween 80, Tween 8%)3% and one solvent (2
butoxyethanol)werealsotested to assess th@wdividual effects on the settling performande.

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 meanof duplicates and error bars were cédded as standard deviation to indicate data

reproducibility.

Gordon(1970 showed that the suspended particles are numerically most abundant at the size
(diameter) of <% m in the ocean. Fdhe sediment particles involved, it takes ~40 min for the 7
t m particles to settle fromsurfaceto below the sampling poing~6 cm) (See Section 3.2.3).
Therefore, the 4@nin sedimentation efficiencyrgo) was used to compare settling rates of particles

under various conditions.

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

Assuming the density of all suspended particles is uniforndaed not change, the particle

size was calcul ated according to Stokesd | aw:

whereV is the settling velocity of sediment particle (mfg)s thegravitationalacceleratior{9.8
m/<), 1 p is thedensityof the particles (280kg/n?), 4 1 is the density of the seawater (1024 k)/m

ande is thedynamic viscosity(9.594x 10* kg/m-s).Ris the radius of the sediment particle (m).

From the calculation, the particles wittametet ar ger t han 82 em wi | |

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 compatting particle settling rates in the pH range of 4

to 9.2, where pH was adjusted usdilyte (0.5M) NaOH or HCI solutios. The effect ofsalinity
wastestedby using synthetic solutions containing 0 to @13% N&Cl (in this case deionized water

was usell To test the effect of DOM, aommercialhumic acidwas addedto the seawater to
achievea DOM concentratiorof 10 mg/L as TOCThe effect of temperaturgas testeat 4 °C
simulating the deepwater temperatarel 25 °C for surface watetemperaturdLiu 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

alsoconducted 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 PAHshénanthrene and pyréniey sedimentwas
carried out to evaluate the adsorption rate and sedifaeilitated transport of oil compoundehe
tests were carried out using 480 amber glass bottles capped with Tefloved septa. First, 3.6
g of sediment (OS) eremixed with 300 mL seawaten ieach bottle, and then an aliquot of the
Corexit EC9527A solution was added to reach a dispersant concentration of 10 mg/Lth&hen,
sorption was initiated by adding an aliquot of the PAH stock solutions into the sedieaevdter
suspensions, which rdged in an initial phenanthrene concentration of 600 pg/L or pyrene
concentration of 40 pg/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 centrifug@d at 300
rpm (1359 xg) 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 um Anopore syringe
filter (Whatman® Anotop 10, Germany). Thdrite was analyzeir the PAHs The addition of
methanol prevent8AHs sorption on the filter. For comparison, the same tests were also carried

out without dispersant.

The effects of oil dispersants thresedimentfacilitatedtransport of crude oil and PAHs from
water column to bottom sediment were tested through the same batch settling test procedure.
Briefly, 60 pL of the oil sample was addénl 300 mL sedimeniseawatemixture in 480 mlL-
amber glass bottles. Then, an aliquot of the Corexit EC9527A stock solution wasaddei@ve
a dispersant concentration of 10 mg/L, or a dispeiteaoil ratio (DOR) of 1:20. Then the bottles

were mixedon an orbital shakdor 12 hours and settled for 8 hours. The remaining surface oil,
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settled sediment, and the water column werausged 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 withdichloromethanethe remaining sediment phase was then obtairpeuh
thawing the mixtureThe water column and sediment samples were extracted three times using
dichloromethanéZhang et al. 2010 and the totgbetroleum hydrocarbons (TRH PAHsandn-

alkanes in the extracts were determingginggas chromatograpkHjame ionization detectoGC-

FID) or gas chromatographyass spectrometrgsC-MS) (Section3.2.6). Control tests indicated

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

sediment phase.

3.2.6. Analytical methods

The turbidityof the sediment suspensions was measured astACH 2100N Turbidimeter
(HachCompany, Colorado, USA), with a detection limit of 0.5 NTU. The hydrodynamic diameter
and zeta potential of suspended particles were deterrbypeatynamic light scattering (DLS)
(Zetasizer Nano ZS, Malvern Instruments Ltd, Malvern, Southborough, MA, US&Ba. TOC
was measured by a Tekmar Dohrmann Pheonix 800®ergulfate TOC analyzer (Mason, OH,
USA) with a detection limit of @mg/L. TPHswere analyzedn ar Agilent 6890 GGFID (Agilent
Technologies Inc., Santa Clara, CA, USAth an Agilent 7683 autosampleand a30 mx0.25
mm i .d. ( O0.-2MS capittaryfcalumnideliurhiwas used as toarrier gas. Thajector
and detector temperatgravere 290 and 300 C, respectively. Theoven temperaturewas
programmedsfollows: hold at 50°C for 3 min; ramp to300 °C at 6 °C/min and hold for 16 min.

Each1.0 eL samplewas injected in the splitless mode with 1 min purge ©if.n-alkanegC9
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C40) and 16 EPA listed PAHs were analyZelbwing a modified GC-MS method(Fu et al.

2014h Liu et al. 2012p using a Agilent 7890A GC coupled with the 5975C Series,M&h a

DB-EUPAH column (30 mx0.18 mmx0.14 mm)eklmwasused ashe carrier gas at a flow rate

of 0.OmL/minEach2 . 0 €L sampl e was i nj eThe oeedtemperatdirte 3 mi r
was programmeds follows 2 minhold at40 °C ramp to300 °C at 8 °C/mirandhold for 10 min.

The cetection was conducted by a mass selective detector (MSDgM@tronimpact ionization

(El) in the selected ion monitoring (SIM) modindividual n-alkanes and PAHswvere identified

based on the mass to charge ratio (m/z)rabehtion time. External céibration was performed

based orafive-point calibration curve for individual component

Phenanthrenand pyrene in seawater weyeantifiedusingan HPLC systemHP series 1100,
Hewlett PackardCA, USA) with a Zorbax SBC18 column.The mobile phase caisted of a
mixture of acetonitrile and Bwater (70:30v/v) with 0.5wt.% phosphoric acidthe flow ratewas
set atl mL/min, and he sample injection volumgas8 0 Thie UV detectowavelength was
250 nm for phenanthrene and 240 nm for pyrene, anchétieod afforded a detection limit &f

Mg/L for bothPAHSs
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3.3. Results and discussion

3.3.1 Effect of dispersant on sedimentsettling

Figure 3-1 presens thesettlingkinetics of the three sedimenits the pesence of the three
model dispersant§igure 3-1a andb show that all three dispersants accelerated the satilieg
of GB andOSsedimerd significantly (0 <0.05) For GB the effectdor the three dispersants were
nearly equl where theR4o increased from 7.4% toca. 88.3% in the presence of dispersants
(Figure 3-1a). However, he effectof dispersanten OSvariedslightly, athough the steady state
turbidity lewvels were about the sanéigure 3-1b). The presence of Corexit EC9500A, Corexit
EC9527A and SPC 1000 increased Raefrom 66.2% (as control) to 83.3%, 88.5%, and 84.7%,
respectively. Corexit EC9527Appeared to be most effaet on enhancing the settling velocity
of the patrticles, followed by Corexit EC9500A (a sister produitbwever,Figure 3-1c shows
thatthe effect ofCorexit EC9500A was more profound than Corexit EC9527&A SIRC100®n
enhancing the settling rate of EIWR sediment particles. Among the three sedime&i¥)VR
sedimentisplayed thdastest settling ratethan the othesedimentsn the absence of dispersant

(theR4o values are 77%, 66.2%, 81.6% for GB, OS, EIWR sediments, respectively).

54



0.5 4
0.5 ; () K (b)
= —&— Control 5 0.4 1 —h— Conrrfll
% 0.4 -“ — M — Corexit EC9500A ;E' ] 3 — = Corex?tECS‘SIJOA
B ) Corexit EC9527A 2 1 - (S:;(rﬁcgcslsm
g o3{l- -+ SPC 1000 g 031l
= I iy
= 1 = 0z
g 02 {3 £
B B
E 0.1 E 0.1
0 T T T T 0 T T T T 1
0 100 200 300 400 500 0 100 200 300 400 500
Time (min) Time (min)

0.5
(©
= 0.4 —&— Control
o
= —-a-— Corexit EC9500A
-g o3 11 Corexit EC9527A
= &k - -+ SPC1000
=
= 0.2 {
=
=
E 0.1
0 r T r r |
0 100 200 300 400 500

Time (min)

Figure 3-1. Effects of three commercial oil dispersants on the settling kinetitisreé 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 GBs classifiedas sandy loam, OS as loasgnd, EIWR as sand. The

SOM, silt and clay contents in sediments follow the sequehdeB >OS >EIWR, which agree
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with the notion thathe 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 thraeghostatic 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
(JonesHughes and Turner 2003Based 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 mixturethe 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 mostgaitacakter

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 suspeshe d sedi ment particles was(Eg32,cul ate
and is shown irFigure 3-2. The results indicate that the addition of the dispersant enhanced
aggregation of the fine particles, e.g. the percentage of particles #&t® pm decreased from
22.6% to 12.4% for GB seauient, 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.

56



0.6

0.6
—&— Control
0.5 () —&— Control 05 | (b) ——A—— Corexit EC95004
- SPC 1000
SFPC 1000 - 8- Corexit EC9527A
0.4 4 ——A—- Corexit EC9500A 0.4
— 8- Corexit EC9527A

= =]
g 0.3 1 E 0.3 4
N N

0.2 0.2 1

0.1 1 0.1 1

0 0
0 6 0 1 2 3 4 5 6
Radius of particles (um) Radius of particles (um)
0.6
—=#— Control
sl © SPC 1000
-8~ Corexit EC9527A

0.4 4 ——4A—— Corexit EC9500A
;" 0.3 1
>~
=

0.2 -

0.1

0
0 1 2 3 4 5 6

Radius of particles (um)

Figure 3-2. Effects of three commercial oil dispersants on the particle size distribution of three
marine sediments: GB at 4 g(&a), OS at 12 g/l(b), and EIWR at 14 g/l(c). M, is the total mass
of all particles, and/; refers to the mass of particles wittdiusless than the correspondingaxis

value.

As the most salient dispersangffects were observed for ti@S sediment withCorexit

EC9527A more detailed investigation was carried out with OS and Corexit EC9527A
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subsequently to further explore the mechasismthe dispersaiatccelerated settling of suspended

sediment particles.

Figure 3-3 shows effectsf various levels of Corexit EC952 7 thesettling of the sediment
particles The presence of @hd 5mg/L of the dispersarnhcreasd R from 66.2%to 72.1% and
82.8%,respectivelyHowever, further increasing the dispersant concentration to 20shgiked
insignificantadditionaleffect The observatiomdicateghat thelO mg/L dispersant concentration
represents a saturation level shogithe maximum effectFigure 3-3b shows that in@asing the
dispersant concentration from 0 t0 thg/L modestly suppressed the zeta potential of the particles
from -15.5 t0-13.5 mV (p<0.05), indicating that the decrease in the surface potential, and thus,
decreased in the electrostatic stability, pldya minor but significant rolgHunter 2013. Figure
3-4 shows the size and settling velocity distributions of suspepd#gttlesas a function of the
dispersant concentration, and the daticate thaincreasinghe dispersantoncentration up to
10 mg/L progressivelgnhanced aggregation of the fine particles, eghe presence & and10
mg/L of Corexit EC9527A, the percentage of particléth r <2.9 um decreased from 338to
27.9% and 13.0%, and that for particles with0.00005 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 EC9527Aa), andzeta potential of the sedimesuspensioiib). Experimental conditions:

OS sediment = 12 g/L, seawater volume = 300 mL, pH =7.3 £ 0.3.
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Figure 3-4. Particle size distributiofa) and settling velocitylistribution curvgb) of suspended

sedi ment particles (0OS) in the presdpixctee of
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total mass of all particles, amdl refers to the mass of particles with radius or settling velocity less

than the correspondingaxis value.

Corexit EC9527A is a mixture of both anionic (35%) and nonionic (48%) surfactadivent
(Bruheim et al. 19909 It contains the saesurfactants as Corexit EC9500A, and a solvent 2
butoxyethanolwhich is not an ingredient in Corexit EC950Q&ong et al. 2014lZhao et al.
20195. Figure 3-5a shows thandividual effects ofthe threekey surfactants (Tween 80, Tween
85, and DOSS) of the Corexit dispersantand the solvent (Dutoxyethanol) on the settling
performance of the sediment particlde nonionic surfactantse. Tween 85 and Tween 80
displayed the most prominent enhancement o$étieability while theanionic surfactant DOSS
had negligible effecBetween 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 leng{18)(Cirin et al. 2012Mahdi et al. 2011 ConsequentlyJween 8%offers
higher affinity for SOM, andhus, was foundhore effectiven enhancing thearticle aggregatian
2-butoxyethanol was also able to accelerate the settling velticdyghto a lesser extent than the
nor-ionic surfactantswhich partiallyexplains the greater effect of EC9527A over EC9500A
Figure 3-5b showsthat the presence of the two nonionic surfactants suppréssedta potential

by ~5mV, while DOSSexhibited anegligible effect.
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Figure 3-5. Settling kinetics of OS sediment in the presence of individual key dispe
componentga), and effects of individual dispersant componentzetapotential of sedimen
suspensiolfb). Experimental conditions: sediment dosage = 15 g/L, dispersant componen

mg/L, pH=7.3+0.2.

Both Tween 80 and Tween 85 contain hydrophilic ethyleneajljhiead and hydrophobic
alkyl tails. Theseamphiphilic molecules can bind with sediment minerals @M through
electrostatic and hydrophobic interactiqdeshi et al. 2008Shen et al. 201Zhou et al. 201},
andcan act as a bridging agdaffacilitate flocculation of fine particles. In addition, tlaesorbed
nonionic surfactant layer on chadgparticles may shieldthe surface electrical potential atidis
diminish the electrostatic repulsion between the partickesth beingconducive to particle
aggregationRufier et al.(2011) studiedthe effect of surfactants on hydrophobically -@agpped
poly(ethylene oxide¥elfassembledggregatedy using smatangle neutrorscattering(SANS),
andfoundthatthe addition of a nonionic surfactantreased thaggregabn. 2-butoxyethanol

(CH3(CH2)30(CH).0H) behaves as an alcohtbiat lowers the surface tension and reduces the
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surface chargef particlegKline and Kaler 1994 It wasreportedhatincreasng 2-butoxyethanol
concentration could convette strongnterparticle repulsivéorceto hard sphere attractiverce

(Kline and Kaler 199% 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.
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Figure 3-6. Averagehydrodynamic 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.

Totest effects of the dispersant components on aggregationfofehsediment particles, the

hydrodynamic size of the suspended particles of riDwas monitoredusing the Malvern
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Zetasizer The suspended particles were obtained by taking the superfrataint sediment
seawater mixture after 80 mmfigravity settling (initialOS= 15 g/L).Figure 3-6 shows the effects
of various dispersant componelit® mg/L) on the hydrodynamic diameter of the particles when

the particles wer mixedwith the dispersant componeriits 12 h.

Figure 3-6 showsthat thepresence of Tween 85, Tween &®d2-butoxyethanol increased
the average hydrodynamic particle size from 1.26 (control) to 1.89, ar881.96 pm
respectively, which is corstent with the zeta potentiplofile (Figure 3-5). However,although
DOSS had little effect onthe zeta potentia(Figure 3-5), it also increased the average
hydrodynamic size ofhe sediment particlegshough to a lesser extent. Tldan be due to the
opposing effects of the tail and heafdDOSS while the surfactant chain tends to bridge the fine
particles(Gupta et al. 2014 the charged head tends to resist the aggregation of the paftiates.
comparison ofFigure 3-5 and Figure 3-6 reveab 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 increasdatie hydrodynamic size to that comparable to Tween 85 or Tween 80,
the settleabilityenhancement was not as significant as by the surfactagted 3-5a). In fact,
the solvent barely altered the zeta potentiagjjre 3-5b). This observation indicates that the
hydrodynamic size alone may not refléce settleability other factors such as the density and

shapes of the aggregates should also be taken into account.

The settling velocityv) of fine sediment articles is depena# on the balance between the

drag and gravitational forces the particés as depicted biq. 3-3 (Khelifa and Hill 2008.
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8 (Eq. 3-3)

. . y .
1 - OJHOA; O—0A
l
where[ is the dimensionlessarticleshapeactor, g is the gravitational acceleratio/§fy Cq is
the dimensionless drag coefficiebis the effective density of the particter excess densitfrp
- rw) with rp andr beingthe densiesof theparticle and solution (kg/f) respectively, an® is
the equivalent sphericaliameterof the partick (m). C4 can be determined byhe empirical

correlationequation
# —p MR ° ) (Eq. 3-4)

whereRe is the Reynolds number.

Eq. 3-3 andEq. 34 are in accord with the classic Stokes law, where the size and density of
particles goverihe settling velocityKhelifa and Hill 2009. Thedispersant componemntsaynot
increase the density of the particles, rather, they can praimt@ggregation of small particles
through interparticle bridging and/or by lowering the interpartiegfrilsive electrical doublayer
forces.Given the rather negative zeta potentiad aoating 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 (Rednjan et
al. 2004 Shen et al. 2097 Thereforeformationof the dspersantissociated aggregatsdikely

to be reversible.
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3.3.2 Effects of dispersant under variousenvironmental conditions
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Figure 3-7. Influence of pH on settling kinetics of OS sediment: without disper@nivith
Corexit EC9527A(b), and zeta potential of the sediment particles as a function ofcpH

Experimental conditions: Corexit EC9527A = 10 mg/L, sediment (OS) =12 g/L.

Figure 3-7 shows the attling kinetis and zeta potential of sedimegpdrticlesas a function
of pH with or withoutdispersantThe resultsshowthat regardless of the dispersant, the fastest

particle settlingwas observedt the acidic pH 4.02Rs0 = 88.4% with dispersant and 89.5%
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without dispersant), whereas the slowssttlingwas atpH 7.23 (Rso = 75.9% and 68.8%,
respectively) The dispersanincreaseRuo from 68.7% to 75.9% at pH 7.23 afidm 75.5% to

80.0% at pH 9.2but had little effect at pH 4.0Figure 3-7c shows that the dispersahad
negligibleeffect on thezeta potentiain the broad pH range except at pH 7 anth@icating 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 settlinfppmance of sediment particles

The awater and sediment contaihigh concentrations ofetalions, e.g. Mg+ and C&"
concentration are 1250 and 360 mg/L in the seawater, 314.5 and 441.9 mg/kg in the OS sediment.
As pH risesmore precipitates of metal hydroxides and carbonates will fosultirgg in lowered
zeta potentiaFor instance, based on the Visual MINTEQ (version 3.1) calculatioff, bégomes
oversaturated at pH >1@here brucite Mg(OH)is formed. The dramatic drap solublemetal
concentrations at pH >10 was confirmed by dlyeanalyzing the soluble metal concentrations.
Consequentlythe unusually high pH of th@oint of zerocharge(pHpz¢) shown inFigure 3-7c
may not indicate the true valder the sedimen{Yukselen and Kaya 2003The high mel
concentrations can also be responsible for the weakened effect of the dispersant on the zeta

potential

Figure 3-8 confirmsthe conventional notiothat increasing electrolyte (NaCl) contation
greatly acceleratgzarticle aggregation andcreases theettling velocity of suspended solids in
the absence of dispersaffso = 56.6%, 64.4% and 66.8% at 0, 1.0, and Bt®6 of NaC]|
respectively. However the electrolyte effects differed notabitythe presence of the dispersant

First, thepresence of NaCl and the dispersant synergistically enhancedttliegand increased
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Rsoto 79.0% evermt 10 wt.% of NaCl which is in accord with the dble-layer theory; Second,
further increasing the salt to 3wt.% showed negligible further effect, indicating that the
dispersant molecules shieltisome of the negative sites on the sediment particles from interacting

with counter ions in the solutiongi,thedispersant may alleviate the ionic strength effect
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Figure 3-8. Settling kinetics of OS sediment particles at various NaCl concentrations in the

absencéa) or presencéb) 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 settlings:eafeom 71.7%
to 66.6%. However, the presence of hueod accelerated thigso from 78.6% to 83.1% in the
presence oflispersantHumic acid hastrongaffinity to the surface of clay and metal oxide
particles(Tombacz et la 2004, the sorption of humic acid renders a more negatively charged
particle surface, and thus stronger repulsive forces and greater particle Sfabilityawa et al.
2009 Kretzschmar et al. 1997 However, the presencef dispersantand humic acid

synergistically accelerated the settling rate, which can be dueitecteased uptake of dispersant
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on sedimentvith sorbedhumic acid (Alila et al. 2007)The elevated dispersant eadiment in

turn masked the electrical pattial from the dissociated organic acid functional grorgms)lting

in elevatedaggregation of the sediment particles.
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Figure 3-9. Settling kinetics of OS sediment particles with humic acid in theradega) or
presenceb) of dispersant Corexit EC9527&xperimental conditions: OS sediment = 12 g/L,

Corexit EC9527A = 10 mg/L, pH = 7.3 £ 0.2, temperature =25 £ 1 °C.

Seawater temperature varies widely framrfaceto bottom.Figure 3-10 compares the
dispersant effects & and 25°C, representing bottom and surface seawater temperaithes
dispersanshowsnegligible effect onalteringsettlingof the sedimenat 4 °C, but increasedrso
from 73.6% to 83.4% &5 °C. The hindered dispeast effects ad °C can beprimaiily attributed
to thereduced adsorption of naanic surfactants by sedimembcreasing temperatuiecreasely
desolvateshe head group, renderiiitgess hydrophilic and moreompact, and thus increases the

surface actiity and saturatioradsorption valueg¢Paria and Khilar 2004 Zhao et al.(2015
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reported that the adsorption of dispersant (Corexit EC9500A) by marine sediftewa4 much

lower than at 22C.
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Figure 3-10. Settling kinetics of sediment particles at 4 (&, 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 #ects of WAO and DWAO on thsettleabilityof the sedimenparticles
The presence of WAO increasBghfrom 70.0% to 74.1%and the addition of /AO increased
Rso from 70.0% to 81.0%The very subtleeffect of WAO is associated with the very limited
solubility of oil (<2 mg/L), whereas theuch pronounce@npact of DWAO isattributedto: 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 facilitetéormation of GAs (Wang et al.
2013. The final turbidity for the suspension with DWAO appeared slighgidr, which can be
attributed to the distributed oil droplets and some giladicles that are lighter and less settable.

Fu et al.(2014D studied the effects of oil and dispersant Corexit EC9500fmnationof MOS,
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and found that both the dispersant and oil promotedotineation of MOS. The researchers also
observed that dispersant may facilitate sorption of oil components onto(Xig@Set al. 2015

which in turn promotes further aggregation and facilitates transport of the oil components
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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 sedimentfacilitated distribution and transport of oil
components
PAHs and other oil components are subject to sorption to sedimemigsarkor 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 facilitatethe vertical transport of sedimeassociated 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). Experiméal conditions: initial phenanthrene = 600 ug/L, initial pyrene = 40
Mg/L, sediment (OS) = 12 g/L, pH = 7705, 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 dersion can dramatically promote partitioning of oil into the sediment phase.
The sedimenfacilitated transport of dispersed oil may partially account for the oil in the bottom
sediment observed following tievH oil spill (White et al. 201R 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 sediressris
the primary role of the dispersant is to facilitate transferring oil from the water surface to the

sediment phase rather than in the water coldfarthermore, it might be conceived that in some
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circumstances dispersants and selected sedimemntlgmmay be applied simultaneously as a

rapid and emergency approach to mitigate impacts! spill.
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Figure 3-13. TPH distributions on seawater surface, in seawater column or sediment in various
systems: seawater and (), seawater, oil and sediment without dispergptand seawater, oil
and sediment witldispersant(c). Experimental conditionssediment (OS) =12 g/L, Corexit

EC9527A = 10 mg/L, pH #.3 £ 0.2,0il dosage = 60 pL oil in 300 mL seawater for all the cases.

Oil dispersarg are known tdacilitate formationof small oitsurfactaniaggregateshereby
dispersing more oil intthe water column(Paris et al. 2012 Gong et al(20140 reportedthat
dispersannot onlyenhance dissolution,but alsopromotes sediment uptake ajil components.
Payne eal. (1989 proposed an equation to characterize the loss rate of free oiltdrdpke to

collision and adherence to SPM.

dChit=-1.3 Rfu 7 # 3 (Eq. 35)
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where C = concentration of oil droplets (mg/LE = concentration of SPM (mg/L), = SPM
Afshape, si ze, anREthse energyldissipagian rateqperfmiass of iflued) whnd

the kinematic viscosity of the water.

FromEg. 3-5, the removal of the dispersed oil droplets from the water column by sediment is
primarily attrbuted to the high sediment concentration (12 g/L). Furthermore, taking into account
the dynamic particle aggregation, the initially sorbedioipletsand dispersant molecules create
an even more favorable condition for attracting more oil from the watamn, resulting irthe

formationof even larger otkediment aggregat¢Bandara et al. 201

A Surface
OWater Colum
O Sediment

Figure 3-14. Total PAHs distributions on seawater surface, in seawater column or sediment in
various systems: seawater and @), seawateroil and sediment without dispersa(t), and

seawater, oil and sediment withispersant(c). Experimental conditions: sediment (OS)

73



concentration = 12 g/L, Corexit EC9527A = 10 mg/L, pH = 7.3 £ 0.2, oil dosage = 60 pL oil in

300 mL seawater for all theses.

Figure 3-14 shows that the presence difpersanincreased the tot&AHs content in the
sediment phase from 11.4% to 86.7%, and®AElsconcentration in the water column from 7.7%
to 9.4%, which is aesistent with the distributions of TPHs. Similar disperdgaatiitated sediment
uptake was also observed for the oil alkafegure 3-15shows thathe presence dhedispersant
increased alkanes ithe sediment phase from 7.3% to 93.3%.light of the extremely low
solubility of alkanes, the dispersdiatilitated formation of fineoil droples is critical for the

substantiakedimenuptake of alanes.

BSurface
OWater Column
BSediment

Figure 3-15. Total alkanes distributions on seawater surface, in seawater column or sediment in
various systems: seawater and (@i}, seawater, oil and sediment without dispergant and

seawater, oil and sediment wittlispersant(c). Experimental conditionssediment (OS)
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concentration = 12 g/LlCorexit EC9527A = 10 mg/L, pH #3 = 0.2,0il dosage = 60 pL oil in

300 mL seawater for all the cases.

Figure 3-16 shows thanass distributions of 12 PAHSs 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 thdispersant and sedimerfigure 3-16a). In the water column, naphthalene stood
out as the most dominant PAHigure 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@l$etected 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 naphthalefleprene,and phenanthrene) were detectethmabsence
of dispersant, while the sediment uptake was dramatically increased for all PAHSs in proportion to
the distribution of PAHSs in the crude ollhe experimental results reveal the following findings:

1) in the absence of the dispersant, most AH® 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 oll
droplets are more prone to sediment adsorgiam et al. 20135 and 3) the dispersafdcilitated
adsorption is likely more effectively for the larger and more hydrophobic PAHs, which are

inherently lippphilic.
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