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ABSTRACT

Dispersants are used to remove oils slicks fromssei@ces and to generate small oil-droplet
dispersions, which may result in enhanced biodedmaa of the oil. In this study,
dispersibility and biodegradation of chemically plissed oils with different physical-
chemical properties (paraffinic, naphthenic andhatipnic) were compared in natural
temperate SW at 13°C. All selected oils were chaltyicdispersible when well-known
commercial dispersants were used. However, intatfsansion (IFT) studies of the dispersed
oils showed different IFT properties of the oil 8°C, and also different leaching of the
dispersants from oil droplet surfaces. Biodegraasitudies of the chemically dispersed oils
were performed in a carousel system, with initisddman droplet sizes < 30 um and oil
concentrations of 2.5-2.8 mg/L. During biodegraalati oil droplet concentrations were
rapidly reduced, in association with the emergesfcmacroscopic 'flocs'. Biotransformation
results showed that half-lives of semivolatile tatetractable organic carbon (TEOC), single
target 2- to 4-ring PAH, and 22 oil compound growsed as input data in the oil spill
contingency model OSCAR, did not differ significgnibetween the oils (P>0.05), white
alkanes half-lives differed significantly (P<0.03iotransformation was associated with
rapid microbial growth in all oil dispersions, inss®ciation withn-alkane and PAH
biotransformation. These results have implicatimmghe predictions of biodegradation of oll

slicks treated with dispersants in temperate SW.
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1. Introduction

The use of chemical dispersants is an importantatip@al tool for treatment of surface
or subsurface oil discharges in the marine enviemDispersants have been used in several
oil spill operations (Prince, 2015). Dispersantsravalso injected subsurface during the
Deepwater Horizon (DWH) blowout in 2010, to reduce oil surfacing g and Hazen, 2011;
Kujawinski et al., 2011), and subsequent strandirige oil.

Chemical dispersants are mixtures of surfactantssatvents, creating more hydrophilic
oil surfaces, and generating small oil dropletatw rising velocities in the seawater (SW)
column (Lessard and DeMarco, 2000; Prince, 201®vefal laboratory studies under
different environmental conditions have shown tihat use of chemical dispersants promote
oil biodegradation (Brakstad et al., 2014; McFadinal., 2014; Prince et al., 2013; Siron et
al., 1995; Venosa and Holder, 2007; Zahed et #1112 However, other studies have
suggested no or uncertain effects of dispersantsoibrbiodegradation after dispersant
treatment (Lindstrom and Braddock, 2002; Machaugleb al., 2003), or even inhibitory
impacts of dispersant components on oil biodegradatrates have been suggested
(Kleindienst et al., 2015; Rahsepar et al., 205@) eral biodegradation studies of chemically
dispersed oil have been performed with unrealibgichigh concentrations of oil or
dispersant, which may limit biodegradation due trient depletion (Lee et al., 2013), or
cause prolonged lag-periods due to toxic effectswés also observed that low oil
concentrations resulted in more efficient biodegteh of chemically dispersed oil than high
concentrations (Zahed et al., 2010). The surfacthmttyl sulfosuccinate (DOSS) of the
dispersant Corexit 9500, and the hydrocarbon fvaabif the dispersant used during the DWH
spill, have also been shown to be biodegradablé eririchment cultures from Gulf of
Mexico (GoM) SW at 25°C or 5°C (Beelum et al., 20C2mpo et al., 2013).

It is important that the oil is dispersed to snwll-droplet dispersions for efficient
biodegradation. It was recently shown that hydrooas in oil dispersions with median
droplet diameters of 10-30 um are rapidly biodegdanh Norwegian or GoM, using a fresh
paraffinic oil (Brakstad et al., 2014; Brakstadakt 2015a; Hu et al.,, 2017; Wang et al.,
2016). However, non-dispersed oil emulsions am@lgdiodegradable, with the exceptions
of oil compounds dissolving to the SW (Braksta@let2014). Slightly weathered emulsions
may be dispersible under breaking wave conditibg,the generated droplets are large (>
100 um) (Daling et al., 2014). Biodegradation adsth large droplets is therefore expected to
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be poor or negligible (Brakstad et al., 2014). Brsant treatment will result in breaking of
the emulsions at various degrees, resulting in rg¢ioas of dispersions (Strgm-Kristiansen et
al., 1997), and the conditions for biodegradatidlhlve improved.

The ability of an oil to disperse is important the ability of the oil to biodegrade. The
dispersibility of the oil may depend on its physichemical properties at different weather
and temperature conditions. For instance wax-rith lbave shown poorer dispersibility
properties than paraffinic, naphthenic, and asphaitoil in SW, especially in cold SW when
or the wax solidifies (Stram-Kristiansen et al.9T® Data on the dispersibility of an oil are
therefore important both for decision of using digants after an oil spill, and as a
background for predicting its biodegradability ate oil spill.

Dynamic models are used to predict the fate ofoihafter a spill, and for the estimation
of the efficiency of oil spill operations. One bietse models is the three-dimensional OSCAR
model (Reed et al., 1995). In this model, experit@emiotransformation rates of oil
compound groups have been included as part ofatieepredictions (Brakstad and Faksness,
2000; Reed et al., 2001). These compound groupsgept a boiling point range of +160 to >
500°C, covering more than 80 % of most light cdscording to the true boiling point curve
(Pasquini and Bueno, 2007). The biodegradationsrated in the OSCAR model were
originally derived from paraffinic oils with simitgphysical properties, using mechanically
prepared dispersions (Brakstad and Faksness, 2@)0jlegradation data are therefore
required for chemically dispersed oils with diffetg@roperties, as part of the fate predictions
after dispersant oil spill treatment.

The main objective of this study was to comparedispersibility and biodegradation of
North Sea crude oils with different properties, whigeated with common commercial
chemical dispersants. The selected oils includetl paraffinic, naphthenic and asphaltenic
oils, and biodegradation was performed in natuval & a temperature relevant for North Sea
summer conditions (13°C). The results from thiggubwould also address if generic rather
than oil-specific biodegradation data were needwdofl spill models like OSCAR, when

predicting the fate of an oil spill treated witlspiersants at conditions relevant for this study.
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2. Materialsand Methods
2.1 Crude oils, dispersants and seawater

Norwegian crude oils, representing paraffinic (fgted C), naphthenic (Troll C) and
asphaltenic (Grane) oils were used in this studbl@ S1, Supplementary Information). In
addition, an expected asphaltenic oil (Balder) ptbto be a blend of asphaltenic (40%) and
paraffinic (Ringhorne (60%) oils (Table S1). Alloivere heated prior to use (50°C, 1 hour)
to melt wax generated during storage. Water-infailo) emulsions (50 or 75 % SW) of
evaporated (250°C) or photo-oxidized (xenon higkspure lamp, IR and UV filters [sunlight
conditions]; 20 h) Stafjord C or Troll C oils wepeepared in rotating centrifuge funnels as
previously described (Daling et al., 1990). Propsrof fresh and evaporated/photo-oxidized
oils are described in Table S1.

Three commonly used commercial dispersants, SlioggNS (Dasic International
Ltd., Romsey, Hampshire, UK), Corexit 9500A (NakEnvironmental Solutions LLC, Suger
Land, Tx, USA), and Finasol OSR-52 (Total Speciaids, Paris, France), were included in
this study. Slickgone NS is an approved disper&anseveral European countries, including
use as a secondary tool in oil spill operationgt@ Norwegian Continental Shelf. Corexit
9500A was injected at the wellhead during the DespwHorizon spill in 2010, but also on
surfaced oil during the spill (Atlas and Hazen, ZOKujawinski et al., 2011). Finasol OSR-
52 is a common dispersant approved for use in akgeuntries worldwide.

Natural SW was collected from a depth of 80 m (lelbermocline) in a Norwegian
fijord (Trondheimsfjord; 63°26'N, 10°23'E), outsidhe harbour area of Trondheim. The SW is
supplied via a pipeline system to our laboratoras] the water source is considered to be
non-polluted and not influenced by seasonal vamati with a salinity of 34%.. Inorganic
nutrient analyses of the SW showed 130 pg/L nititeate, 3 pug/L ammonium and 16 pg/L
orto-phosphate (Brakstad et al., 2015a).

2.2 Digpersibility testing

Oil dispersibility was tested with the three digaerts by high energy, according to the
Mackay-Nadeau-Steelman (MNS) method (Mackay andoSZ€©81), generating breaking
waves during dispersion. The test system and mdthsdecently been described (Daling et
al., 2014). Both fresh oils and w/o emulsions cdpwated (250°C+) or photo-oxidized oils

were included (Daling et al., 1990). Fresh oil8(@) or emulsions (8 g emulsion with 50% or
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75% (w/w) SW) were applied to 6 L SW, and dispetsaapplied on the oil surface at
dispersant-to-oil ratios (DORs) of 1:100 (freshspibr 1:25 (emulsions). The oils and
dispersants were allowed to mix for 1-2 minutese ®xperiments were performed with
continuous breaking wave conditions (generated Ibwibg air across the SW surface) at
13°C for up to 6 hours. Samples were then collettwd the water column at different times
during the experiments (5, 15, 30, 60, 130, 240, 260 minutes) for measurements of oil
droplet concentrations and size distributions bylo Counter (see below).

Standard dispersibility testing of Troll evaporat@dphoto-oxidized emulsions (see
above) with 50% (w/w) SW were tested with Slickgdite, Corexit 9500A and Finasol OSR-
52 (DOR 1:25) in the MNS system for 120 minutesl3dtC. Dispersant efficiency was
determined by UV spectrophotometry (410 nm), anlddooplet concentrations and size

distributions by Coulter Counter (see below).

2.3 Interfacial tension (IFT) measurements

IFT measurements were performed in a Spinning Orepsiometer (SVT-20N with
SVTS 20 control and calculation software DataPlsydiestruments GmbH, Filderstadt,
Germany)with a heating/refrigerated circulator for temparat control (F12-ED, Julabo
GmbH, Seelbach, Germany). Prior to each measurethertapillary tube was rinsed three
times with dichloromethane (DCM) and deionized watben dried (N gas), and finally
rinsed three times with the SW. The capillary wasetully filled with the SW (outer phase
liquid) to ensure absence of air bubbles, the spea of the capillary closed with a septum,
and the fast exchange capillary inserted into teasuring cell.

Crude oil (10-30 pL), premixed with dispersant (DQRO0O0) or without dispersant,
was injected into the stationary capillary tubeaby ml syringe with a long needle. Rotation
was then immediately started. Rotation speed deggkiod the IFT of the droplet, ranging
from 500-900 r.p.m. (low IFT) to 3000-5000 r.p.nmigh IFT). IFT measurements were
initiated immediately after preparation of the detpn the capillary. During first 5 minutes,
IFT was measured after every 5 seconds and aftetRf was recorded after interval of 30
seconds. The measurements were run over night’&t B3 the IFT remains stabilized after
2-4 hours depending upon the type of oil samples.

2.4  Biodegradation experiments
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Biodegradation experiments were performed with dbalty dispersed oils in natural
SW at 13°C for up to 64 days. The SW was not anckndth additional mineral nutrients.
Fresh oils were premixed with dispersant (DOR 1)1@Qcept the most viscous oil (Grane,
see Table S1, Supplementary Information), whichuireq a DOR of 1:50 for efficient
dispersibility). An emulsion of Statfjord oil (75 %w/w) SW content) was pre-mixed at a
DOR of 1:25.

Dispersions of fresh oils were prepared in an @dptet generator, as previously
described (Brakstad et al., 2015a; Brakstad eR@l6; Nordtug et al., 2011). In this system,
stock solutions of small oil-droplet dispersionsrevgenerated. Stock dispersions were first
made with median oil droplet sizes of 10-30 um aadhinal concentrations of 200 mg/L oil
in filtered SW (filtered with 1 pm exclusion limit)rhe droplet concentrations and size
distribution were measured by Coulter Counter asedy(see below). The Coulter Counter
data were then used to dilute the stock dispersiorfinal concentrations of 2-3 mg/L in
natural SW in glass flasks (2 L; Schott; baked aatbclaved). The flasks were completely
filled with the diluted dispersions (no headspat®)avoid any evaporation during the
biodegradation period, and sealed with PBT screms.cBispersions of oil emulsions were
prepared in the MNS-system, as described aboveefrhisions of were prepared with 75%
(w/w) water from evaporated (200°C+) Statfjord @€ dihe dispersions were prepared with
Slickgone at a DOR of 1:25. After 2 hours of contios wave actions, oil droplet
concentrations and median droplet sizes in the Mi$em were determined by Coulter
Counter analyses, and measured concentrationstosildite the dispersions to 2-3 mg/L in

natural SW, as described above for the oil dragdeterator system.

The flasks with diluted dispersions from the oibpliet generator or the MNS-system
were mounted on a carousel system, which was slostéted around the carousel axis (0.75
r.p.m), to reduce droplet rising (Brakstad et20]5a; Brakstad et al., 2016). The flasks were
incubated with continuous rotation at 13°C for a4 days. Sterilized dispersions were also
prepared (100 mg/L Hg@)l in addition to experimental blanks (flasks welled natural SW
without oil). Flasks (triplicate) with dispersioria natural SW, sterilized controls (1-2
replicates) and experimental blanks (1 replicategrew sacrificed for chemical and
microbiological analyses after incubation in 0 @®minutes), 3, 7, 14, 21, 28 and 64 days.
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25 Analyses

2.5.1 Oil droplet analyses

Oil droplet concentrations and size distributionsrevdetermined by Coulter Counter
measurements (Beckman Multisizer 4; Beckman Couter, Brea, CA, U.S.A) fitted with
100 um or 280 um apertures, for measurement ofl@sopithin a diameter range of 2.0-60
pm or 5.6-100 um. respectively. Filtered (0.22 |8y was used as electrolyte. All droplet
sizes reported here are expressed as median draplheter on droplet volume if not
otherwise mentioned. Particle calibration was vedibefore analyses by a control samples of
Coulter CC Size Standard L10 (aperture 100 um) 30 (@perture 280 um) polystyrene

particles (Beckman).

2.5.2 Chemical analyses

Samples of dispersions and SW were solvent-sohestitacted with DCM for
measurements of semivolatile organic compounds (V@ gas chromatograph coupled to
a flame ionization detector (GC-FID; Agilent 6890hth 30 mDB1 column; Agilent
Technologies) was used for quantification ofy-Css total extractable organic carbon
(TEOC), and saturates separated by boiling pomgea (C11-C12, C13-C14, C15-C16, C17-
C18, C19-C20, C21-C25, C25-C40 [C25t}Terphenyl (10 pg/ml) was used as surrogate
internal standard (SIS), andh-androstane as recovery internal standard (RIS)gefed
analytes were quantified in a gas chromatograplpleduto a mass spectrometer (GC-MS;
Agilent 6890 plus GC coupled with an Agilent 5973 Dl detector, operated in Selected lon
Monitoring [SIM] modus; Agilent Technologies). GC8analyses includedC;o-nCse
alkanes, decalines (C10 saturates), phenols, 3-ring polycyclic aromatic hydrocarbons
(PAH) and 1%4(H),213(H)-Hopane (30ab Hopane), as recently describedk@d@ad et al.,
2014; Brakstad et al., 2015a). Deuterated SIS-PA&plithalene, phenanthrene, chrysene,
perylene; 50-250 pg/ml) and RIS-PAH (acenaphthéoerene; 100 pg/ml) were included
for analyses. The response values for individuedetaanalytes were determined, with a
signal-to-noise ratio of 10 as the lower detectiomt, and a lower limit of detection (LOD)
of 0.01 pg/L was defined for individual oil compalsn Experimental blanks (deionized
water) and a QA oil spike (a standard fresh paraffoil) were included in analyses of all test
batches for GC-FID and GC-MS analyses. In additso@A PAH spike was included in all
GC-MS test batches.
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2.5.3 Temperature, dissolved oxygen, nutrients, and microbial concentrations

Air and SW temperatures were measured throughxperienental periods and were
shown to be within 13+2°C during the experimentst (shown). Dissolved oxygen was
measured by a dissolved oxygen meter (YSI, InclloXeSprings, OH) and was never lower
than 50 % saturation at the end of the experim@rds shown). Mineral nutrients were not
analyzed, but results from previous studies hawswvehthat the oil concentrations used in
these studies did not result in mineral nutrieriictency (Brakstad et al., 2015a).

Microbial cell concentrations were quantified byflejorescence microcopy analyses
of samples stained by the nucleic acid stain 4a@lino-2-phenylindol (Porter and Feig,
1980). Most-probably number (MPN) calculations ettdrotrophic prokaryotes (HP) were
determined after incubation of dispersions in Maridroth 2216 at relevant temperature
(13°C) for 7 days, while MPN-determinations of dédgrading prokaryotes (ODP) were
performed in SW-based Bushnell-Haas broth by theemstscreen method (Brown and
Braddock, 1990), with 0.1 % (vol/vol) of respectigés as carbon sources at 13°C for 14
days. All dilutions and incubations for MPN-detenations were performed in 24-well tissue
culture plates with 2 ml volumes per well. At thedeof incubations fluorescein diacetate
(FDA) was applied to all wells with Bushnell-Haagdium (0.1 mg/well) and incubated for
60 minutes (room temperature) for observations efatmolic activity (Brown and Braddock,
1990).

2.6  Calculations and statistics

Depletion of oil compounds in natural SW and stezd controls was determined
using the ratios between oil target compounds #edrécalcitrant biomarker recalcitrant
biomarker 1@(H),213(H)-Hopane (Prince et al., 1994). Biotransformatioras then
determined by calculating the ratios in natural 8Mtive to the ratios in sterilized SW to

correct for potential abiotic depletion, as preglyulescribed (Brakstad et al., 2014).

Non-linear regression analyses were performed bylthorder rate approach with
determination of lag-phases included, using theaopplateau followed by one-phase decay”
(GraphPad Prism vs. 6.0; GraphPad Software IncJdll, CA, U.S.A). Rate coefficients
(k1) were determined for the decay-period, the plafesiod defined the lag-phase, and half-
lives were determined from rate coefficients andtgdu periodstl/2 = plateau period+
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In(2)/k1). Rate data were determined for both single aihjgonents and for 22 oil compound
groups described in the Oil-Spill Contingency aresponse model OSCAR (Brakstad et al.,
2015a; Reed et al., 2001).

Column statistics were performed by one-way Anavalyses in GraphPad Prism.

3. Resultsand discussions
3.1 Oil dispersibility and droplet characteristics
3.1.1 Dispersihility testing

Since biodegradation of dispersed oil is dependamtdroplet size, dispersant
efficiencies and oil droplet size distributions wemportant to determine. Dispersibility
testing was therefore performed to determine iflkiebwn commercial dispersants effected
the dispersibility efficiencies of crude oils wittifferent physical-chemical properties
(paraffinic, naphthenic and asphaltenic oils). Bivdsh oils and emulsions from artificially
weathered oils were included. A DOR of 1:25 is wftesed for efficiency testing of
dispersants (Venosa et al., 2002). In initial disgoglity tests, we therefore adapted a
"standard" DOR of 1:25. Studies in the MNS systeim13°C showed that oil droplet
generation of chemically dispersed w/o emulsiorts %7 water content) with Slickgone NS
(DOR 1:25) required 60 minutes to reach maximumpltoconcentrations. The droplet
concentrations remained constant for a period dfo@rs with constant wave actions at
median oil droplet sizes of 20-25 um (Fig. 1). Rartdispersibility testing of evaporated
(250°C+) and photo-oxidized emulsions of Troll &0 % water content) was performed with
three dispersants (DOR of 1:25), Slickgone NS, €io@500A and Finasol OSR-52 (Table
1). An oil evaporation at 250°C simulate an oil tireging after 2-5 days on the sea (Daling et
al., 1990). Photo-oxidation results in generatibpaar compounds and has also been shown
to transform alkylated PAH compounds (Garrett et 8998). The dispersant efficiencies
(UV-measurements) of the emulsions were high (9048in all emulsions. These data
verified the high efficiencies of all the disperamcluded in the study at a DOR of 1:25. The
median oil droplet sizes ranged between 17.8 pnBar@lpum. No large effects of weathering
methods (evaporation or photo-oxidation) on dispetrsefficiencies of droplet sizes were
measured for any of the dispersants, although @oaer OSR-52 generated smaller droplets
(17.8-18.8 pum) than Slickgone (28.3-30.9 um). Thes®plet sizes are within the ranges
expected to be rapidly biodegraded at low tempezaflas previously shown (Brakstad et al.,
2015a).

10
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Although standard dispersibility testing is usygerformed at a DOR of 1:25, the
field application ratios will generally be lower practice, and laboratory efficiency testing of
Corexit 9500 to disperse oil emulsions showed >98i8persant efficiency of dispersing oil
emulsions at DORs of 1:25 to 1:100 and 85 % at &@01:250 in the MNS system (Daling
et al., 2014). We therefore used a DOR of 1:10@ter experiments with fresh oils, which is
within an expected window of efficiency, and moegevant to real field situations than ratios
recommended by the producers. Dispersibility tgstihthe fresh oils with Slickgone NS and
Corexit 9500 was performed to determine droplee dirstribution, since droplet size is
important for biodegradation of dispersed oil (Briakl et al., 2014, Brakstad et al., 2015a).
Average median droplet sizes of 39 + 6 um withKglane and 30 + 6 um with Corexit were
measured at a DOR of 1:100 (Fig. S1, Supplememtdoymation). The larger droplet sizes
with both dispersants were measured with the agptialGrane oil, which is the most viscous
of the oils included here. All oils included in tetudy were therefore efficiently dispersed
with the commercial dispersants included in thisdgt with oil droplet sizes expected to
stimulate oil biodegradation (Brakstad et al., 2§15

Since Finasol OSR-52 and Corexit 9500A showed amdispersibility properties, we
decided to proceed with only one of these dispéss&@orexit, as well as Slickgone NS, the

latter being a preferred dispersant for the Norae@ ontinental Shelf.

3.1.2 Changesin oil interfacial tension (IFT)

A Spinning Drop Tensiometer was used to determih@roplet surface changes as the
results of dispersant application. Dispersantsex@ected to attach to the oil surfaces for
generation of the oil-in-water dispersions, but nfagn leach from the oil surface (Lewis et
al., 2010). These changes can be measured by ech#fieThese analyses were performed at
13-20°C with all oils (fresh) included in the stugye-mixed with Slickgone and Corexit.
IFTs of the oils not premixed with dispersants wstable at 7-10 mN/m by spinning drop
measurements, while dispersant treatment (DOR 1dif08lickgone or Corexit) at 20°C

resulted in immediate IFT reduction to < 0.01 mMhall four oils (not shown).

If temperature was decreased to 13°C, only Tradl @nane oils generated spinning oil
droplets possible to measure. Statfjord and Baliés generated droplets of irregular

morphology, and IFT therefore became impossiblettiese oils at 13°C. Fig. 2 shows the

11
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IFT results over a 4-hour period at 13°C, with Tesid Grane oils premixed with Corexit or
Slickgone. For both crude oils, the speed of cailhad no effect on the size of droplet due
to reduction in flow characteristics. This is dwethe high wax contents of both crude oils
which affected their flowability properties. Botlsgdersants immediately reduced the IFT of
the Troll oil to below 0.001 mN/m, but dispersastidhing appeared more rapidly with
Slickgone than Corexit (Fig. 2). This may inferttkfze time-window for generation of small-
droplet dispersions may be longer for Corexit tBéinkgone. These data also coincided with
the generation of larger droplets of Troll oil esiahs by Slickgone than Corexit (Table 1).
For the Grane oil, Slickgone did not effectivelyluee the oil IFT. However, Corexit was
relatively more effective with this oil. IFT reduah of Grane oil with Corexit started after
one hour, contrasting the immediate effect measanetthe Troll oil (Fig. 2), but resulted in a
stable IFT of the Grane oil over the 4 hour tespegod. Minimal leaching of active Corexit
components were therefore indicated from the sarfaficthe Grane oil. Thus, the two oils
with different properties behaved differently witkspect to IFT properties. According to a
recent study, the increased IFT during disperssattHing is associated with rapid loss of the
surfactant dioctyl sodium sulfosuccinate (DOSSjh® water, and gradually less dispersant
adsorption to the oil as the surfactant conceaotmabf Span 80 increased on the o0il-SW
interface (Riehm and McCormick, 2014).

Comparison of the MNS and the IFT results confirndgterences between Corexit
and Slickgone with respect to the effectivity offedent oils and time of efficiency. For the
napthtenic oil, the two dispersants showed comparabaracteristics, but for the more
viscous asphaltenic Grane oil, Corexit was moreatffe than Slickgone, shown both by
MNS and IFT testing. Differences in leaching ch&ggstics may also be of importance for

selection of dispersants in oil spill operations.

3.2 Biodegradation of dispersed oils

To compare biodegradation in SW of the chemicalgpersed oils with different
properties, experiments were performed in natuvdll 8sing a carousel system designed to
maintain the droplet size distribution in the oi$mersions while incubating the dispersions
over time (Brakstad et al., 2015a). All experimentse performed at 13°C over a period of
64 days.
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348 3.2.1 Fateof oil droplets

349 Chemically prepared dispersions of the oils weraeegated in the MNS system
350 (Statfjord oil emulsion) or by the oil droplet geawr (fresh Statfjord, Troll, Balder and
351 Grane oils), after premixing of oils with dispersafbOR 1:100) before start of the
352  biodegradation experiments. Although Corexit seertmetde more efficient than Slickgone
353 from the IFT testing (slower leaching time), Slioke is still an efficient dispersant at the
354 temperature used here See Table 1 and Fig. 1)g ltkeérrecommended dispersant for the
355  Norwegian Continental Shelf. Slickgone was themfosed to disperse fresh Statfjord, Troll
356 and Balder oils and Statfjord emulsions. HowevereRit was used with the Grane oil, since
357 this dispersant was shown to be more efficient Blckgone with this oil, as shown by the
358 dispersibility and IFT tests. Corexit also geneda@rane oil dispersions with smaller oil
359 droplets, which were easier to keep in suspendiwemy Slickgone (Fig. S1). The initial
360 median oil droplet concentrations (Table S2) ranigech 2.51 + 0.18 (Grane) to 2.84 = 0.03
361 mg/L (Balder), within the nominal concentrations28 mg/L. The median oil droplet size
362  distributions (Table S2) were related to the vigees of the oils (Table S1), ranging from
363 9.18 = 0.06 um for the Statfjord fresh oil (visagsi2 mPas), to 23.24 + 2.53 um for the
364 asphaltenic Grane oil (667 mPas) and 27.95 + 2rm6qx the Statfjord emulsion (679 mPas).
365 Increasing viscosity therefore resulted in largeptket sizes, as shown with the Grane oil and
366 the Statfjord emulsion (See Table S1 and Table S2).

367 The oil droplets represented surface areas of 2.1%05 x 18 pnf/ml for the
368 dispersions with the smallest oil droplets (fresatfford), to 0.87 + 0.03 x founf/ml and
369 0.82 + 0.01 x 1D unf/ml for the for the dispersions with the largedtdroplets, Statfjord
370 emulsions and Grane oil, respectively (Table SResE "large-droplet” dispersions therefore
371 represented only 38 — 40 % of the oil surfaces ha small-droplet Statfjord (fresh)
372 dispersions. A larger surface-to-volume ratio ocaith the smaller droplets, resulting in

373 more attachment area for oil-degrading bacteriaditdz et al., 1975; Vilcaez et al., 2013).

374 Changes in oil droplet concentrations during thedbgradation experiments are
375 summarized in Fig. 3, while changes in dispersminthe different oils/emulsions are shown
376  Fig. S2 (Supplementary Information). The oil dragencentrations were rapidly reduced in
377 all the dispersions, and after 28 days of degradati80 % (range 83-98 %) of the droplets in
378 the Coulter Counter measuring range had disappdevedthe dispersions (Fig. 3). These

379 reductions were faster in the dispersions of the with the initially highest droplet sizes
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(Statfjord emulsion and Grane fresh; Fig. S2). Remh@f oil droplets may therefore be
related to oil droplet rising velocities. The retians of droplet concentrations also concurred
with the emergences of macroscopic 'flocs' (Fig. &Bplementary Information), known to
consist of oil degradation products, microbes axtlaeellular polymeric substance (EPS)
(Beelum et al., 2012; Hazen et al., 2010). Typicaltyacroscopic ‘flocs' were observed
between 1 and 2 weeks of incubation. Oil droplgtleleon was also rapid in sterilized
dispersions, but slower than in natural SW, andhed 63-95 % depletion after 28 days (Fig.
3 and Fig. S2). Oil droplet size distributions irspersions with low initial droplet sizes
(Statfjord fresh, Troll and Balder) were maintairglow 15 um median droplet size, except
Balder and Statfjord fresh, which showed tempotagreases to > 20 um (Fig. S2). Oil
dispersions consisting of larger initial droplezes (Grane and Statfjord emulsions) also
showed decreased droplet sizes (< 20 um) duringlélgeadation periods (Fig. S2). The fate
of the oil droplets was therefore comparable irdapersions of oils/emulsions with different
properties, with rapid declines in droplet concatidns and emergences of 'flocs’, while the
rest of the free dispersions were dominated by Isoiiaroplets.

The oil droplet depletion, determined by Coulteru@®@r measurements, was faster
than oil depletion determined by TEOC analyses .(HFgand Fig. S4, Supplementary
information). In addition to the 'floc’ generatigmocesses, glass wall attachments of oll
compounds were expected to be a major cause talrtigdet depletion in the sterilized
samples. The attachments were associated mainly @i#ophilic compounds, and in
sterilized SW approximately 35 % afalkanes in the residual oil were extracted from th
glass walls at the end of the experiments, whilly @n% naphthalenes and 17 % of 3-ring
PAH were attached (Fig. S5, Supplementary Inforomti

3.3 Biotransformation of TEOC and targeted compounds

Biodegradation of TEOC and targeted compoumds£nCss alkanes and 2- to 4-ring
PAH) were determined by normalizing target analydecentrations against the recalcitrant
biomarker 1é(H),213(H)-Hopane (Prince et al., 1994), and then comecfor depletion in
sterilized controls. The average results of TE@&lkanes and PAH of the oils and the
emulsion are summarized in Fig. 4, while biotransi@tion curves of each oil/lemulsion are
shown in Fig. S6 (Supplementary Information). Thetransformation of TEOCn-alkanes

and PAH showed comparable results for all the dggukoils and the emulsion. However, the
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dispersions of the most viscous oils (Grane oil 8tatfjord emulsion), with the largest initial
median oil droplet sizes (Table S2), showed shgbktbwer TEOC depletion than the other
oils (Fig. S6, Supporting Information). TEOC wasggdeled by > 70 % in all dispersions
(average 75.0 = 7.5 %) at the end of the experisn@it. 4).n-Alkanes were biotransformed
by > 90 % in all dispersions after 14 days (aver@@é + 2.7 %), ranging from 92.2 to 99.2
% (Fig. 4 and Fig. S6). PAHs were also biotranstrfast, being depleted by > 80 % after
14 days (average 86.0 + 4.6 %, range 81.5 to 92.(Fi. 4 and Fig. S6). Closer examination
of targeted compounds showed decreas@tkane biotransformation by increased carbon
chain-length, but after 14 days of incubation, miblkanes in the dispersions were
transformed by > 80 % (Fig. S7A, Supplementary rmiation). Even the isoprenoids
(Pristane and Phytane) were highly biotransfornmetthé dispersions, with Pristane averaging
90.3 £ 9.8 % and Phytane 83.8 £ 15.3 %. Biotramsé&dion of then-alkanes in the Statfjord
emulsion started earlier than in the fresh oilg, dfter 14 days tha-alkanes in the emulsion
were less depleted than the other oils (Fig. SBWtransformation of PAH compounds
decreased correspondingly by increased aromatic miimbers, but also by increased alkyl
substitutions (Fig. S7B, Supplementary Informatjaeg previously shown (Brakstad et al.,
2014; Brakstad et al.,, 2015a). All 2- to 3-ring PAMere completely biotransformed in
dispersions from fresh oils after 28 days of bigddgtion, and88 % in the dispersions from
the emulsion. Biotransformation of 4-ring PAHs aéooned from 28 to 64 days, and only C3-
alkylated fluoranthenes/pyrenes C2-alkylated chrgseremained in the dispersions from
fresh oil (77-85 % biotransformation). The remagniRrAH in the dispersed emulsions after
64 days included alkylated phenanthrenes, diberguaiknes, fluoranthenes/pyrenes and
chrysenes (30.2 to 96.5 % biotransformed). Therdmsformation of targeted-alkane and
PAH compounds in the dispersions resulted in arease of the unresolved fraction of the
oil, as measured by GC-FID. This fraction, termeal unresolved complex mixture” (UCM),
increased from 78-88 % in the initial dispersionghvparaffinic oils content (Statfjord and
Balder blend), and 94-97 % in the asphaltenic Gearee naphthenic Troll oils, to 99-100 %
after 28 days of incubation (Fig. S8, Supplementafgrmation). The UCM fractions thus
became completely predominant during the biodegi@daeriod.

Ranges of half-lives for targeted oil compoundstedrined from i order rate
coefficients, varied from 1.7 to 11.7 days fmialkanes, with average values for the oils
ranging from 2 to 6 day with increasing chain lén{fig. 5A). For 2- to 4-ring PAH half-
lives varied from 3.6 to 80 days, with average ®aluanging from 5 to 30 days (Fig 5B).

One-way Anova analyses did not show significanfedénces between TEOC or PAH
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biotransformation in the different dispersions (%), whilen-alkane transformation showed
significant differences (P<0.05). Tihealkane differences were caused by lower half-lioes
the Statfjord emulsion, probably related to thehkiginitial median oil droplet size of
emulsion compared to the fresh oils (Table S2, Supmw Information). Howevem-alkane
degradation was fast also in the emulsion. Compareg the dispersions from the fresh oils
only (excluding the emulsion) resulted in compagaltalkane half-lives (P>0.05).
Differences in biotransformation were therefore determined between the fresh oils with
different properties. We have recently observed kelkanes, associated with the oil phase,
are more dependent on initial droplet size thanatwenatic hydrocarbons (Brakstad et al.,
2014), indicating that the aromatics to a greaiterd are degraded after dissolution to the
water phase. The rangesmsélkane and PAH half-lives of the oils in the catrexperiments
were lower than for biodegradation at 5°C of chettycdispersed Macondo oil in SW from
the Trondheimsfjord or GoM (Brakstad et al., 2Q18&ng et al., 2016), and also from
estimated half-lives of the DWH deepwater plumezgtaet al., 2010). This was expected as
the incubation temperatures were higher in theettirexperiments (13°C). However, even
shorter half-lives than in our experiments were snead for several oil compounds when
chemically dispersed oil was biodegraded in NevgeleiSW at 8°C incubation temperature

(Prince et al., 2013), suggesting that SW sourffestalegradation rates.

3.4 Biotransformation of oil compound groups

We have previously described biotransformationsraik 22 oil compound groups,
separated in 10 volatile and 12 semivolatile groigyakstad and Faksness, 2000; Brakstad et
al., 2015a). The grouping is based on separatioarding to boiling point ranges, covering
70-80 % of typical crude oils (Pasquini and Bue?@)7). Transformation rates for each of
these groups have been included in the three-diedsdynamic OSCAR model as part of
the fate calculations of oil spills to the marinevieonment (Reed et al., 2001). In this study
we only included comparison of semivolatile groupsice most of the volatiles were
evaporated in the emulsion. Biotransformation ha#fs for the semivolatile groups ranged
between 7 and 67 days for saturates, increasingdher boiling point ranges (Fig. 6). The
average values for the oil saturates included e dtudy increased from 9 to 47 days by
increasing boiling point range. These saturatesleéarmined by GC-FID analyses, included
both n-alkanes and the unresolved part (UCM) of eachirmpipoint range in the GC-FID
chromatograms. Tha-alkanes were degraded faster than the UCM (Fig, B8 also the
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UCM half-lives were related to boiling point ranges shown in Fig. 6. Biotransformation
half-lives of naphthalenes and 2- to 5-ring PAHsged between 3 and 24 days, with average
half-lives between 5 and 19 days (Fig. 6). One-W&OVA comparison of half-lives for
each of the oils did not show significant differeadP>0.05). The data from the current study
confirmed that degradation data were comparablevdmet oils with different physical-
chemical properties in small-droplet oil dispersi@Qur data are in support of using generic
rather than oil-specific data as part of fate-prdn after dispersant treatment of oil spills at
environmentally conditions comparable to those useithis study. The data generated here
are more robust than results from previous studigis only paraffinic oils (Brakstad and
Faksness, 2000; Brakstad et al., 2015a). Recediestwith chemically dispersed Macondo
oil in natural SW (10 and 30 um initial oil dropkze) at 5°C incubation temperature showed
generally higher half-lives of the same oil compadgnoups than in the current experiments,

probably due to the lower incubation temperatuedusith the Macondo oil (Brakstad et al.,
2015a) Different SW temperatures may both influence tlenmunity structures of oil-

degrading microbes and the physical-chemical ptagseof the oils. For instance, low SW

temperature may result in increased oil viscoségucing biodegradation (Atlas, 1991).

3.5 Simulation of microbial growth

Microbial concentrations determined by fluores@maicroscopy or MPN counts
showed rapid growth stimulation in all experimefisg. 7 and Fig S9, Supporting In
formation). Stimulation of both total concentrapimmeterotrophs and oil-degraders appeared
mainly during the first week of all experiments,dahigh concentrations were maintained
during the next week (up to day 14), with subsetisaw decline of concentrations between
days 14 and 21. The microbial stimulation coincidedell with hydrocarbon
biotransformation, with > 80 %-alkane and PAH biotransformation after 7 and l¥sda
respectively (Fig. 4 and Fig. S6). Subsequent aswe of total and heterotrophic
concentrations between days 21 and 28 could beehdt of available metabolites from
hydrocarbon degradation, in agreement with the tcturther stimulation of oil-degrading
microbes (Fig. 7). We have previously observed tastern of two separate microbial
stimulation periods during biodegradation of cheattycdispersed oil (Brakstad et al., 2015b),
and the first stimulation period was associatech witicrobes with high abundances of the
alkB gene (Brakstad et al., 2014), involved in alkam&ransformation (van Beilen and
Funhoff, 2007).
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3 Conclusions

In this study we investigated dispersibilities dnddegradation of chemically dispersed oils
and emulsions with different properties at a SWperature of 13°C, relevant for North Sea
and Norwegian Sea summer conditions. The oils,esgmting paraffinic, naphthenic and
asphaltenic oils, were all dispersible at the SWiperature used with the three common
commercial dispersants Slickgone NS, Corexit 95@04 Finasol OSR-52, showing median
oil droplet sizes of 18-47 um. However, oils angpdrsants behaved differently with respect
to IFT reductions and leaching properties at thisgerature. Biodegradation was comparable
between the oil dispersions in natural SW at loWwcoincentrations, and the degradation
resulted in reduced oil droplet concentrations,ncoiing with the generation of ‘flocs’,
probably consisting of oil, bacteria and polymemeaterial. Oil properties affected
dispersibility only slightly. The most viscous aihd the emulsion resulted in dispersions with
the highest median droplet sizes. The results stidlnag the selected oils and emulsions were
efficiently dispersed to generate small dropletsswhilar sizes. The oil compound were
further biodegraded with comparable biotransfororatialf-lives in SW at 13°C, despite the
differences between the oils. Generic biodegradad@ta may therefore be considered when
models like OSCAR are used to predict the fateiloafter efficient dispersant treatment of
oil spills in SW close to 13°C. Using empirical aaih the model will strengthen the

predictions of the fate of the oil after oil splispersant treatment.
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705 TABLESAND FIGURES
706
707  Table 1. Dispersant efficiency (UV-measurements) raedian oil droplet sizes of emulsions

708 (50 volume % water) of evaporated (250°C+) or phmtmlized Troll oil dispersed by three
709  dispersants at 13°C.

710
Dispersant efficiency Median droplet size
Dispersant Weathering (%) (Lm)
. 250°C+ 92 30.9
Slickgone NS Photo-oxidized 90 28.3
. 250°C+ 93 19.8
Corexit 9500A Photo-oxidized 90 19.0
. 250°C+ 93 18.8
Finasol OSR-52 Photo-oxidized 98 17.8
711
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715  Fig. 1. Concentrations (A) and median oil droplees (B) of Statfjord and Troll emulsions
716 (75 vol % water), dispersed with Slickgone NS (DOR5) over a period of 6 hours.
717
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720  Fig. 2. IFT measurements of naphthenic Troll arqghakenic Grane crude oils at 13°C after
721  premixing of the oils with the dispersants Cor&&00 or Slickgone (Dasic) NS in SW (DOR
722 1:100). Analyses were performed overnight, withulssshown for the first 4 hours.
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726  Fig. 3. Oil droplet concentrations (A) and mediaopdet size distributions (B) in dispersions
727  of fresh oils and emulsions prepared in naturaterilized SW. The error bars represent the
728 ranges of the measurements (see Fig. S2). The mwatiens are shown for the first 28 days
729  of the experiment, and droplet size distributiondth samples.
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Fig. 4. Average biotransformation of TEOXh-alkanesi{C,0-nCze) andX2- to 4-ring PAH in
chemically dispersed oils with different propertiasd in a dispersed emulsion, during a
period of 64 days in SW at 13°C. Concentrations-alkanes and PAH were normalized
against 1d(H),213(H)-Hopane (30ab Hopane) and results shown as forofalized
concentrations in sterilized controls from same @arg days. Biotransformation curves of
individual oils are shown in Fig. S6 (Supportindoimation).
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744 Fig. 5. Biotransformation half-lives of singh€:,-nCss alkanes (A) and of 2- to 4-ring

745  aromatic hydrocarbons (HCs) of different alkyl-stithion (B). The half-lives were

746  determined from *Lorder rate coefficients, and corrected for a responsive lag-period. The
747  bullets show average values of each compound foilalincluded in the study, with dashed
748 lines representing lower and higher ranges.
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752  Fig. 6. Half-lives of semivolatile saturate andraedic groups of the oils included in the
753  study. The half-lives were determined frofhdtder rate coefficients, and also includes the
754  non-responsive lag-period. The groups includedesgnt C10-C26 saturates and 2- to 5-ring
755 aromatic HCs. The bullets show average valuesdf geoups, with dashed lines representing
756  lower and higher ranges.
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759  Fig. 7. Concentrations of total microbes countedllbgrescence microscopy (DAPI),
760  heterotrophic prokaryotes (HP), and oil-degradirakaryotes (ODP). The results are shown
761  as median concentrations with range compiled frioenncluded experiments, based on data
762  with separate oils (see Fig. S9, Supporting Infdiomy.
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Supplementary Information

Table S1. Physical and chemical properties of caildeincluded in this study.

Viscosity Density | Pour Wax Asphaltene

oll Category (mPas;13°C) | (g/cnT) point (vol %) (wt %)
)

Statfjord (fr) Paraffinic 12 0.834 -9 4.1 0.16
Statfjord (200°C+) | Paraffinic 679 0.883 21 5.8 0.23
Troll C (fr) Naphthenic 27 0.900 -18 2.0 0.2
Troll C (250°C+} | Naphthenic 200 0.919 3 2.6 0.2
Troll C (photo-ox.¥ | Naphthenic 262 0.924 6 2.3 0.6
Grane Asphalteni¢ 667 0.941 -18 1.5 1.4
"Balder" Mixture™ 32 0.864 3 35 0.77

A Shear rate of 100"

® Evaporated at 200°C to simulate 0.5-1 day atwh#ée 250°C and photo-oxidized simulate 2-5
days at sea (Daling et al., 1990)
©The oil was a blend of 40% asphaltenic Balder &% paraffinic Ringhorne oils

Table S2. Droplet characteristics of the oil disp@rs at the start of the biodegradation

experiments.

Droplet size | Droplet concentrations  Droplet area
Oll (median; pm) (mg/L) (unf/mL) No. droplets/mL
Statfjord C (fr) 9.18 + 0.06 2.73+0.06 2.17 9010 | 10.72+0.26 x 10
Statfjord C (em)| 27.95+2.16 2.71+0.18 0.87@3x 16 | 1.79+0.08 x 1D
Troll C 13.36 + 0.07 2.71£0.09 1.49+0.06X10 4.72+0.17 x 10
Grane 23.24 + 2.53 2.51+£0.18 0.82+0.01%101.44+0.17 x 10
"Balder" 12.67 + 0.69 2.84 £ 0.03 1.71+£0.02X 10 590 £0.12 x 10
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784  Fig S1. Median droplet size distributions of fresls premixed with Slickgone NS or Corexit
785  9500A (DOR 1:100). Samples used in these analyses @ollected after 25 minutes.
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790 Fig. S2. Oil droplet concentrations in natural @k sterilized SW (B), and median droplet
791  size distributions in natural (C) and sterilized @®N. The concentrations are shown for the
792  first 28 days of the experiment, while the droglete distribution is shown for the complete
793  degradation period.
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ACCEPTED MANUSCRIPT

796

797  Fig. S3. A typical macroscopic ‘floc' observed dgroil biodegradation. The scale is 3 mm.
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801 Fig. S4. Concentrations of total extractable orgaarbon (TEOC) in dispersions of fresh oils
802 and emulsions prepared in natural (A) and stedli@&) SW.
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804  Fig. S5. Concentrations of TEOC, n-alkanes, napéiies and 3-ring PAH in dispersions and
805 attached to the glass walls at the start (day @)tamination (day 64) of an experiment with
806  Statfjord oil premixed with Slickgone (DOR 1:100)dadispersed in the oil droplet generator.
807  The dispersions were incubated (5°C) in natural (8M\W) or in filtered and sterilized (100
808 mg/L HgCh) SW (SSW).
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811  Fig. S6. Biotransformation of TEOC (A), sum@;-nCss alkanes (B) and sum 2- 4-ring PAH
812 in dispersions of different oils/emulsions. Theutesare shown as percentages in natural SW
813 compared to in sterilized samples after normalwasigainst 1a(H),213(H)-Hopane (30ab

814 Hopane). Error bars show standard deviations epBaates.
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Fig. S7A.n-Alkane and isoprenoid (Pristane and Phytane) lgadiation between days 3 and

14 of the biodegradation study with chemically éisgd oils and emulsions. Eaelalkane
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Hopane) and results shown as
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sterilized controls from same sampling days.
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Highlights

o Commercia dispersants efficiently dispersed crude oils with different properties

» |FT testing showed different surfactant leaching properties for oils and dispersants tested
» Biodegradation of alkanes and PAH did not differ significantly between the different oils
« Biodegradation of saturate and aromatic oil compound groups were provided for an oil

spill model
« Oil biodegradation stimulated growth of heterotrophic and oil-degrading prokaryotesin all

oils



