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ABSTRACT 14 

Dispersants are used to remove oils slicks from sea surfaces and to generate small oil-droplet 15 

dispersions, which may result in enhanced biodegradation of the oil. In this study, 16 

dispersibility and biodegradation of chemically dispersed oils with different physical-17 

chemical properties (paraffinic, naphthenic and asphaltenic) were compared in natural 18 

temperate SW at 13°C. All selected oils were chemically dispersible when well-known 19 

commercial dispersants were used. However, interfacial tension (IFT) studies of the dispersed 20 

oils showed different IFT properties of the oil at 13°C, and also different leaching of the 21 

dispersants from oil droplet surfaces. Biodegradation studies of the chemically dispersed oils 22 

were performed in a carousel system, with initial median droplet sizes < 30 µm and oil 23 

concentrations of 2.5-2.8 mg/L. During biodegradation, oil droplet concentrations were 24 

rapidly reduced, in association with the emergence of macroscopic 'flocs'. Biotransformation 25 

results showed that half-lives of semivolatile total extractable organic carbon (TEOC), single 26 

target 2- to 4-ring PAH, and 22 oil compound groups used as input data in the oil spill 27 

contingency model OSCAR, did not differ significantly between the oils (P>0.05), while n-28 

alkanes half-lives differed significantly (P<0.05). Biotransformation was associated with 29 

rapid microbial growth in all oil dispersions, in association with n-alkane and PAH 30 

biotransformation. These results have implications for the predictions of biodegradation of oil 31 

slicks treated with dispersants in temperate SW.     32 
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1. Introduction 33 

 34 

The use of chemical dispersants is an important operational tool for treatment of surface 35 

or subsurface oil discharges in the marine environment. Dispersants have been used in several 36 

oil spill operations (Prince, 2015). Dispersants were also injected subsurface during the 37 

Deepwater Horizon (DWH) blowout in 2010, to reduce oil surfacing (Atlas and Hazen, 2011; 38 

Kujawinski et al., 2011), and subsequent stranding of the oil.  39 

Chemical dispersants are mixtures of surfactants and solvents, creating more hydrophilic 40 

oil surfaces, and generating small oil droplets with low rising velocities in the seawater (SW) 41 

column (Lessard and DeMarco, 2000; Prince, 2015). Several laboratory studies under 42 

different environmental conditions have shown that the use of chemical dispersants promote 43 

oil biodegradation (Brakstad et al., 2014; McFarlin et al., 2014; Prince et al., 2013; Siron et 44 

al., 1995; Venosa and Holder, 2007; Zahed et al., 2011). However, other studies have 45 

suggested no or uncertain effects of dispersants on oil biodegradation after dispersant 46 

treatment (Lindstrom and Braddock, 2002; Macnaughton et al., 2003), or even inhibitory 47 

impacts of dispersant components on oil biodegradation rates have been suggested 48 

(Kleindienst et al., 2015; Rahsepar et al., 2016). Several biodegradation studies of chemically 49 

dispersed oil have been performed with unrealistically high concentrations of oil or 50 

dispersant, which may limit biodegradation due to nutrient depletion (Lee et al., 2013), or 51 

cause prolonged lag-periods due to toxic effects. It was also observed that low oil 52 

concentrations resulted in more efficient biodegradation of chemically dispersed oil than high 53 

concentrations (Zahed et al., 2010). The surfactant dioctyl sulfosuccinate (DOSS) of the 54 

dispersant Corexit 9500, and the hydrocarbon fraction of the dispersant used during the DWH 55 

spill, have also been shown to be biodegradable with enrichment cultures from Gulf of 56 

Mexico (GoM) SW at 25°C or 5°C (Bælum et al., 2012; Campo et al., 2013). 57 

It is important that the oil is dispersed to small-oil droplet dispersions for efficient 58 

biodegradation. It was recently shown that hydrocarbons in oil dispersions with median 59 

droplet diameters of 10-30 µm are rapidly biodegraded in Norwegian or GoM,  using a fresh 60 

paraffinic oil (Brakstad et al., 2014; Brakstad et al., 2015a; Hu et al., 2017; Wang et al., 61 

2016).  However, non-dispersed oil emulsions are poorly biodegradable, with the exceptions 62 

of oil compounds dissolving to the SW (Brakstad et al., 2014). Slightly weathered emulsions 63 

may be dispersible under breaking wave conditions, but the generated droplets are large (> 64 

100 µm) (Daling et al., 2014). Biodegradation of these large droplets is therefore expected to 65 
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be poor or negligible (Brakstad et al., 2014). Dispersant treatment will result in breaking of 66 

the emulsions at various degrees, resulting in generations of dispersions (Strøm-Kristiansen et 67 

al., 1997), and the conditions for biodegradation will be improved. 68 

The ability of an oil to disperse is important for the ability of the oil to biodegrade. The 69 

dispersibility of the oil may depend on its physical-chemical properties at different weather 70 

and temperature conditions. For instance wax-rich oils have shown poorer dispersibility 71 

properties than paraffinic, naphthenic, and asphaltenic oil in SW, especially in cold SW when 72 

or the wax solidifies (Strøm-Kristiansen et al., 1997). Data on the dispersibility of an oil are 73 

therefore important both for decision of using dispersants after an oil spill, and as a 74 

background for predicting its biodegradability after an oil spill.    75 

Dynamic models are used to predict the fate of the oil after a spill, and for the estimation 76 

of the efficiency of oil spill operations. One of these models is the three-dimensional OSCAR 77 

model (Reed et al., 1995). In this model, experimental biotransformation rates of oil 78 

compound groups have been included as part of the fate predictions (Brakstad and Faksness, 79 

2000; Reed et al., 2001). These compound groups represent a boiling point range of ÷160 to > 80 

500°C, covering more than 80 % of most light oils, according to the true boiling point curve 81 

(Pasquini and Bueno, 2007). The biodegradation rates used in the OSCAR model were 82 

originally derived from paraffinic oils with similar physical properties, using mechanically 83 

prepared dispersions (Brakstad and Faksness, 2000). Biodegradation data are therefore 84 

required for chemically dispersed oils with different properties, as part of the fate predictions 85 

after dispersant oil spill treatment. 86 

The main objective of this study was to compare the dispersibility and biodegradation of 87 

North Sea crude oils with different properties, when treated with common commercial 88 

chemical dispersants. The selected oils included both paraffinic, naphthenic and asphaltenic 89 

oils, and biodegradation was performed in natural SW at a temperature relevant for North Sea 90 

summer conditions (13°C). The results from this project would also address if generic rather 91 

than oil-specific biodegradation data were needed for oil spill models like OSCAR, when 92 

predicting the fate of an oil spill treated with dispersants at conditions relevant for this study. 93 

  94 
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2. Materials and Methods 95 

2.1 Crude oils, dispersants and seawater 96 

Norwegian crude oils, representing paraffinic (Statfjord C), naphthenic (Troll C) and 97 

asphaltenic (Grane) oils were used in this study (Table S1, Supplementary Information). In 98 

addition, an expected asphaltenic oil (Balder) proved to be a blend of asphaltenic (40%) and 99 

paraffinic (Ringhorne (60%) oils (Table S1). All oils were heated prior to use (50°C, 1 hour) 100 

to melt wax generated during storage. Water-in-oil (w/o) emulsions (50 or 75 % SW) of 101 

evaporated (250°C) or photo-oxidized (xenon high pressure lamp, IR and UV filters [sunlight 102 

conditions]; 20 h) Stafjord C or Troll C oils were prepared in rotating centrifuge funnels as 103 

previously described (Daling et al., 1990). Properties of fresh and evaporated/photo-oxidized 104 

oils are described in Table S1. 105 

Three commonly used commercial dispersants, Slickgone NS (Dasic International 106 

Ltd., Romsey, Hampshire, UK), Corexit 9500A (Nalco Environmental Solutions LLC, Suger 107 

Land, Tx, USA), and Finasol OSR-52 (Total Special Fluids, Paris, France), were included in 108 

this study. Slickgone NS is an approved dispersant for several European countries, including 109 

use as a secondary tool in oil spill operations on the Norwegian Continental Shelf. Corexit 110 

9500A was injected at the wellhead during the Deepwater Horizon spill in 2010, but also on 111 

surfaced oil during the spill (Atlas and Hazen, 2011; Kujawinski et al., 2011). Finasol OSR-112 

52 is a common dispersant approved for use in several countries worldwide.    113 

Natural SW was collected from a depth of 80 m (below thermocline) in a Norwegian 114 

fjord (Trondheimsfjord; 63°26'N, 10°23'E), outside the harbour area of Trondheim. The SW is 115 

supplied via a pipeline system to our laboratories, and the water source is considered to be 116 

non-polluted and not influenced by seasonal variations, with a salinity of 34‰. Inorganic 117 

nutrient analyses of the SW showed 130 µg/L nitrite/nitrate, 3 µg/L ammonium and 16 µg/L 118 

orto-phosphate (Brakstad et al., 2015a).  119 

 120 

2.2 Dispersibility testing  121 

Oil dispersibility was tested with the three dispersants by high energy, according to the 122 

Mackay-Nadeau-Steelman (MNS) method (Mackay and Szeto, 1981), generating breaking 123 

waves during dispersion. The test system and method has recently been described (Daling et 124 

al., 2014). Both fresh oils and w/o emulsions of evaporated (250°C+) or photo-oxidized oils 125 

were included (Daling et al., 1990). Fresh oils (0.8 g) or emulsions (8 g emulsion with 50% or 126 
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75% (w/w) SW) were applied to 6 L SW, and dispersants applied on the oil surface at 127 

dispersant-to-oil ratios (DORs) of 1:100 (fresh oils) or 1:25 (emulsions). The oils and 128 

dispersants were allowed to mix for 1-2 minutes. The experiments were performed with 129 

continuous breaking wave conditions (generated by blowing air across the SW surface) at 130 

13°C for up to 6 hours. Samples were then collected from the water column at different times 131 

during the experiments (5, 15, 30, 60, 130, 240, and 360 minutes) for measurements of oil 132 

droplet concentrations and size distributions by Coulter Counter (see below). 133 

Standard dispersibility testing of Troll evaporated or photo-oxidized emulsions (see 134 

above) with 50% (w/w) SW were tested with Slickgone NS, Corexit 9500A and Finasol OSR-135 

52 (DOR 1:25) in the MNS system for 120 minutes at 13°C. Dispersant efficiency was 136 

determined by UV spectrophotometry (410 nm), and oil droplet concentrations and size 137 

distributions by Coulter Counter (see below). 138 

 139 

2.3 Interfacial tension (IFT) measurements    140 

IFT measurements were performed in a Spinning Drop Tensiometer (SVT-20N with 141 

SVTS 20 control and calculation software DataPhysics Instruments GmbH, Filderstadt, 142 

Germany) with a heating/refrigerated circulator for temperature control (F12-ED, Julabo 143 

GmbH, Seelbach, Germany). Prior to each measurement the capillary tube was rinsed three 144 

times with dichloromethane (DCM) and deionized water, then dried (N2 gas), and finally 145 

rinsed three times with the SW. The capillary was carefully filled with the SW (outer phase 146 

liquid) to ensure absence of air bubbles, the open side of the capillary closed with a septum, 147 

and the fast exchange capillary inserted into the measuring cell. 148 

Crude oil (10-30 µL), premixed with dispersant (DOR 1:100) or without dispersant, 149 

was injected into the stationary capillary tube by a 1 ml syringe with a long needle. Rotation 150 

was then immediately started. Rotation speed depended on the IFT of the droplet, ranging 151 

from 500-900 r.p.m. (low IFT) to 3000-5000 r.p.m. (high IFT). IFT measurements were 152 

initiated immediately after preparation of the droplet in the capillary. During first 5 minutes, 153 

IFT was measured after every 5 seconds and after this IFT was recorded after interval of 30 154 

seconds. The measurements were run over night at 13°C but the IFT remains stabilized after 155 

2-4 hours depending upon the type of oil samples.  156 

 157 

2.4 Biodegradation experiments 158 
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Biodegradation experiments were performed with chemically dispersed oils in natural 159 

SW at 13°C for up to 64 days. The SW was not amended with additional mineral nutrients. 160 

Fresh oils were premixed with dispersant (DOR 1:100), except the most viscous oil (Grane, 161 

see Table S1, Supplementary Information), which required a DOR of 1:50 for efficient 162 

dispersibility). An emulsion of Statfjord oil (75 % (w/w) SW content) was pre-mixed at a 163 

DOR of 1:25.  164 

Dispersions of fresh oils were prepared in an oil droplet generator, as previously 165 

described (Brakstad et al., 2015a; Brakstad et al., 2016; Nordtug et al., 2011). In this system, 166 

stock solutions of small oil-droplet dispersions were generated. Stock dispersions were first 167 

made with median oil droplet sizes of 10-30 µm and nominal concentrations of 200 mg/L oil 168 

in filtered SW (filtered with 1 µm exclusion limit). The droplet concentrations and size 169 

distribution were measured by Coulter Counter analyses (see below). The Coulter Counter 170 

data were then used to dilute the stock dispersions to final concentrations of 2-3 mg/L in 171 

natural SW in glass flasks (2 L; Schott; baked and autoclaved). The flasks were completely 172 

filled with the diluted dispersions (no headspace) to avoid any evaporation during the 173 

biodegradation period, and sealed with PBT screw caps. Dispersions of oil emulsions were 174 

prepared in the MNS-system, as described above. The emulsions of were prepared with 75% 175 

(w/w) water from evaporated (200°C+) Statfjord C oil. The dispersions were prepared with 176 

Slickgone at a DOR of 1:25. After 2 hours of continuous wave actions, oil droplet 177 

concentrations and median droplet sizes in the MNS-system were determined by Coulter 178 

Counter analyses, and measured concentrations used to dilute the dispersions to 2-3 mg/L in 179 

natural SW, as described above for the oil droplet generator system.  180 

The flasks with diluted dispersions from the oil droplet generator or the MNS-system 181 

were mounted on a carousel system, which was slowly rotated around the carousel axis (0.75 182 

r.p.m), to reduce droplet rising (Brakstad et al., 2015a; Brakstad et al., 2016). The flasks were 183 

incubated with continuous rotation at 13°C for up to 64 days. Sterilized dispersions were also 184 

prepared (100 mg/L HgCl2), in addition to experimental blanks (flasks were filled natural SW 185 

without oil). Flasks (triplicate) with dispersions in natural SW, sterilized controls (1-2 186 

replicates) and experimental blanks (1 replicate) were sacrificed for chemical and 187 

microbiological analyses after incubation in 0 (15-20 minutes), 3, 7, 14, 21, 28 and 64 days.    188 
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2.5 Analyses 189 

2.5.1 Oil droplet analyses 190 

Oil droplet concentrations and size distributions were determined by Coulter Counter 191 

measurements (Beckman Multisizer 4; Beckman Coulter Inc., Brea, CA, U.S.A) fitted with 192 

100 µm or 280 µm apertures, for measurement of droplets within a diameter range of 2.0-60 193 

µm or 5.6-100 µm. respectively. Filtered (0.22 µm) SW was used as electrolyte. All droplet 194 

sizes reported here are expressed as median droplets diameter on droplet volume if not 195 

otherwise mentioned. Particle calibration was verified before analyses by a control samples of 196 

Coulter CC Size Standard L10 (aperture 100 µm) or L30 (aperture 280 µm) polystyrene 197 

particles (Beckman). 198 

 199 

2.5.2 Chemical analyses 200 

Samples of dispersions and SW were solvent-solvent extracted with DCM for 201 

measurements of semivolatile organic compounds (SVOC). A gas chromatograph coupled to 202 

a flame ionization detector (GC-FID; Agilent 6890N with 30 mDB1 column; Agilent 203 

Technologies) was used for quantification of C10-C36 total extractable organic carbon 204 

(TEOC), and saturates separated by boiling point ranges (C11-C12, C13-C14, C15-C16, C17-205 

C18, C19-C20, C21-C25, C25-C40 [C25+]). o-Terphenyl (10 µg/ml) was used as surrogate 206 

internal standard (SIS), and 5α-androstane as recovery internal standard (RIS). Targeted 207 

analytes were quantified in a gas chromatograph coupled to a mass spectrometer (GC-MS; 208 

Agilent 6890 plus GC coupled with an Agilent 5973 MSD detector, operated in Selected Ion 209 

Monitoring [SIM] modus; Agilent Technologies). GC-MS analyses included nC10-nC36 210 

alkanes, decalines (C10 saturates), phenols, 2- to 5-ring polycyclic aromatic hydrocarbons 211 

(PAH) and 17α(H),21β(H)-Hopane (30ab Hopane), as recently described (Brakstad et al., 212 

2014; Brakstad et al., 2015a). Deuterated SIS-PAH (naphthalene, phenanthrene, chrysene, 213 

perylene; 50-250 µg/ml) and RIS-PAH (acenaphthene, fluorene; 100 µg/ml) were included 214 

for analyses. The response values for individual target analytes were determined, with a 215 

signal-to-noise ratio of 10 as the lower detection limit, and a lower limit of detection (LOD) 216 

of 0.01 µg/L was defined for individual oil compounds. Experimental blanks (deionized 217 

water) and a QA oil spike (a standard fresh paraffinic oil) were included in analyses of all test 218 

batches for GC-FID and GC-MS analyses. In addition, a QA PAH spike was included in all 219 

GC-MS test batches.      220 
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 221 

2.5.3 Temperature, dissolved oxygen, nutrients, and microbial concentrations 222 

Air and SW temperatures were measured through the experimental periods and were 223 

shown to be within 13±2°C during the experiments (not shown). Dissolved oxygen was 224 

measured by a dissolved oxygen meter (YSI, Inc., Yellow Springs, OH) and was never lower 225 

than 50 % saturation at the end of the experiments (not shown). Mineral nutrients were not 226 

analyzed, but results from previous studies have shown that the oil concentrations used in 227 

these studies did not result in mineral nutrient deficiency (Brakstad et al., 2015a).   228 

Microbial cell concentrations were quantified by epifluorescence microcopy analyses 229 

of samples stained by the nucleic acid stain 4',6-diamidino-2-phenylindol (Porter and Feig, 230 

1980). Most-probably number (MPN) calculations of heterotrophic prokaryotes (HP) were 231 

determined after incubation of dispersions in Marine Broth 2216 at relevant temperature 232 

(13°C) for 7 days, while MPN-determinations of oil-degrading prokaryotes (ODP) were 233 

performed in SW-based Bushnell-Haas broth by the sheen-screen method (Brown and 234 

Braddock, 1990), with 0.1 % (vol/vol) of respective oils as carbon sources at 13°C for 14 235 

days. All dilutions and incubations for MPN-determinations were performed in 24-well tissue 236 

culture plates with 2 ml volumes per well. At the end of incubations fluorescein diacetate 237 

(FDA) was applied to all wells with Bushnell-Haas medium (0.1 mg/well) and incubated for 238 

60 minutes (room temperature) for observations of metabolic activity (Brown and Braddock, 239 

1990).  240 

   241 

2.6 Calculations and statistics       242 

Depletion of oil compounds in natural SW and sterilized controls was determined 243 

using the ratios between oil target compounds and the recalcitrant biomarker recalcitrant 244 

biomarker 17α(H),21β(H)-Hopane (Prince et al., 1994). Biotransformation was then 245 

determined by calculating the ratios in natural SW relative to the ratios in sterilized SW to 246 

correct for potential abiotic depletion, as previously described (Brakstad et al., 2014).   247 

Non-linear regression analyses were performed by the 1st order rate approach with 248 

determination of lag-phases included, using the option "plateau followed by one-phase decay" 249 

(GraphPad Prism vs. 6.0; GraphPad Software Inc., La Jolla, CA, U.S.A). Rate coefficients 250 

(k1) were determined for the decay-period, the plateau period defined the lag-phase, and half-251 

lives were determined from rate coefficients and plateau periods (t1/2 = plateau period+ 252 
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ln(2)/k1). Rate data were determined for both single oil components and for 22 oil compound 253 

groups described in the Oil-Spill Contingency and Response model OSCAR (Brakstad et al., 254 

2015a; Reed et al., 2001).  255 

Column statistics were performed by one-way Anova analyses in GraphPad Prism.   256 

3. Results and discussions 257 

3.1 Oil dispersibility and droplet characteristics 258 

3.1.1 Dispersibility testing  259 

Since biodegradation of dispersed oil is dependent on droplet size, dispersant 260 

efficiencies and oil droplet size distributions were important to determine. Dispersibility 261 

testing was therefore performed to determine if well-known commercial dispersants effected 262 

the dispersibility efficiencies of crude oils with different physical-chemical properties 263 

(paraffinic, naphthenic and asphaltenic oils). Both fresh oils and emulsions from artificially 264 

weathered oils were included. A DOR of 1:25 is often used for efficiency testing of 265 

dispersants (Venosa et al., 2002). In initial dispersibility tests, we therefore adapted a 266 

"standard" DOR of 1:25. Studies in the MNS system at 13°C showed that oil droplet 267 

generation of chemically dispersed w/o emulsions (75 % water content) with Slickgone NS 268 

(DOR 1:25) required 60 minutes to reach maximum droplet concentrations. The droplet 269 

concentrations remained constant for a period of 6 hours with constant wave actions at 270 

median oil droplet sizes of 20-25 µm (Fig. 1). Further dispersibility testing of evaporated 271 

(250°C+) and photo-oxidized emulsions of Troll oil (50 % water content) was performed with 272 

three dispersants (DOR of 1:25), Slickgone NS, Corexit 9500A and Finasol OSR-52 (Table 273 

1). An oil evaporation at 250°C simulate an oil weathering after 2-5 days on the sea (Daling et 274 

al., 1990). Photo-oxidation results in generation of polar compounds and has also been shown 275 

to transform alkylated PAH compounds (Garrett et al., 1998). The dispersant efficiencies 276 

(UV-measurements) of the emulsions were high (90-98 %) in all emulsions. These data 277 

verified the high efficiencies of all the dispersants included in the study at a DOR of 1:25. The 278 

median oil droplet sizes ranged between 17.8 µm and 30.9 µm. No large effects of weathering 279 

methods (evaporation or photo-oxidation) on dispersant efficiencies of droplet sizes were 280 

measured for any of the dispersants, although Corexit and OSR-52 generated smaller droplets 281 

(17.8-18.8 µm) than Slickgone (28.3-30.9 µm). These droplet sizes are within the ranges 282 

expected to be rapidly biodegraded at low temperatures, as previously shown (Brakstad et al., 283 

2015a). 284 
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  Although standard dispersibility testing is usually performed at a DOR of 1:25, the 285 

field application ratios will generally be lower in practice, and laboratory efficiency testing of 286 

Corexit 9500 to disperse oil emulsions showed >95 % dispersant efficiency of dispersing oil 287 

emulsions at DORs of 1:25 to 1:100 and 85 % at a DOR of 1:250 in the MNS system (Daling 288 

et al., 2014). We therefore used a DOR of 1:100 in later experiments with fresh oils, which is 289 

within an expected window of efficiency, and more relevant to real field situations than ratios 290 

recommended by the producers. Dispersibility testing of the fresh oils with Slickgone NS and 291 

Corexit 9500 was performed to determine droplet size distribution, since droplet size is 292 

important for biodegradation of dispersed oil (Brakstad et al., 2014, Brakstad et al., 2015a). 293 

Average median droplet sizes of 39 ± 6 µm with Slickgone and 30 ± 6 µm with Corexit were 294 

measured at a DOR of 1:100 (Fig. S1, Supplementary information). The larger droplet sizes 295 

with both dispersants were measured with the asphaltenic Grane oil, which is the most viscous 296 

of the oils included here. All oils included in the study were therefore efficiently dispersed 297 

with the commercial dispersants included in this study, with oil droplet sizes expected to 298 

stimulate oil biodegradation (Brakstad et al., 2015a).   299 

Since Finasol OSR-52 and Corexit 9500A showed similar dispersibility properties, we 300 

decided to proceed with only one of these dispersants, Corexit, as well as Slickgone NS, the 301 

latter being a preferred dispersant for the Norwegian Continental Shelf.  302 

  303 

3.1.2 Changes in oil interfacial tension (IFT) 304 

A Spinning Drop Tensiometer was used to determine oil droplet surface changes as the 305 

results of dispersant application. Dispersants are expected to attach to the oil surfaces for 306 

generation of the oil-in-water dispersions, but may then leach from the oil surface (Lewis et 307 

al., 2010). These changes can be measured by changed IFT. These analyses were performed at 308 

13-20°C with all oils (fresh) included in the study pre-mixed with Slickgone and Corexit. 309 

IFTs of the oils not premixed with dispersants were stable at 7-10 mN/m by spinning drop 310 

measurements, while dispersant treatment (DOR 1:100 of Slickgone or Corexit) at 20°C 311 

resulted in immediate IFT reduction to < 0.01 mM/m of all four oils (not shown).  312 

If temperature was decreased to 13°C, only Troll and Grane oils generated spinning oil 313 

droplets possible to measure. Statfjord and Balder oils generated droplets of irregular 314 

morphology, and IFT therefore became impossible for these oils at 13°C. Fig. 2 shows the 315 
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IFT results over a 4-hour period at 13°C, with Troll and Grane oils premixed with Corexit or 316 

Slickgone. For both crude oils, the speed of capillary had no effect on the size of droplet due 317 

to reduction in flow characteristics. This is due to the high wax contents of both crude oils 318 

which affected their flowability properties. Both dispersants immediately reduced the IFT of 319 

the Troll oil to below 0.001 mN/m, but dispersant leaching appeared more rapidly with 320 

Slickgone than Corexit (Fig. 2). This may infer that the time-window for generation of small-321 

droplet dispersions may be longer for Corexit than Slickgone. These data also coincided with 322 

the generation of larger droplets of Troll oil emulsions by Slickgone than Corexit (Table 1). 323 

For the Grane oil, Slickgone did not effectively reduce the oil IFT. However, Corexit was 324 

relatively more effective with this oil. IFT reduction of Grane oil with Corexit started after 325 

one hour, contrasting the immediate effect measured on the Troll oil (Fig. 2), but resulted in a 326 

stable IFT of the Grane oil over the 4 hour testing period. Minimal leaching of active Corexit 327 

components were therefore indicated from the surface of the Grane oil. Thus, the two oils 328 

with different properties behaved differently with respect to IFT properties. According to a 329 

recent study, the increased IFT during dispersant leaching is associated with rapid loss of the 330 

surfactant dioctyl sodium sulfosuccinate (DOSS) to the water, and gradually less dispersant 331 

adsorption to the oil as the surfactant  concentration of Span 80 increased on the oil-SW 332 

interface (Riehm and McCormick, 2014).  333 

Comparison of the MNS and the IFT results confirmed differences between Corexit 334 

and Slickgone with respect to the effectivity on different oils and time of efficiency. For the 335 

napthtenic oil, the two dispersants showed comparable characteristics, but for the more 336 

viscous asphaltenic Grane oil, Corexit was more effective than Slickgone, shown both by 337 

MNS and IFT testing. Differences in leaching characteristics may also be of importance for 338 

selection of dispersants in oil spill operations.  339 

    340 

3.2 Biodegradation of dispersed oils 341 

To compare biodegradation in SW of the chemically dispersed oils with different 342 

properties, experiments were performed in natural SW, using a carousel system designed to 343 

maintain the droplet size distribution in the oil dispersions while incubating the dispersions 344 

over time (Brakstad et al., 2015a). All experiments were performed at 13°C over a period of 345 

64 days.  346 

  347 
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3.2.1 Fate of oil droplets    348 

Chemically prepared dispersions of the oils were generated in the MNS system 349 

(Statfjord oil emulsion) or by the oil droplet generator (fresh Statfjord, Troll, Balder and 350 

Grane oils), after premixing of oils with dispersant (DOR 1:100) before start of the 351 

biodegradation experiments. Although Corexit seemed to be more efficient than Slickgone 352 

from the IFT testing (slower leaching time), Slickgone is still an efficient dispersant at the 353 

temperature used here See Table 1 and Fig. 1), being the recommended dispersant for the 354 

Norwegian Continental Shelf. Slickgone was therefore used to disperse fresh Statfjord, Troll 355 

and Balder oils and Statfjord emulsions. However, Corexit was used with the Grane oil, since 356 

this dispersant was shown to be more efficient than Slickgone with this oil, as shown by the 357 

dispersibility and IFT tests. Corexit also generated Grane oil dispersions with smaller oil 358 

droplets, which were easier to keep in suspension, than Slickgone (Fig. S1). The initial 359 

median oil droplet concentrations (Table S2) ranged from 2.51 ± 0.18 (Grane) to 2.84 ± 0.03 360 

mg/L (Balder), within the nominal concentrations of 2-3 mg/L. The median oil droplet size 361 

distributions (Table S2) were related to the viscosities of the oils (Table S1), ranging from 362 

9.18 ± 0.06 µm for the Statfjord fresh oil (viscosity 12 mPas), to 23.24 ± 2.53 µm for the 363 

asphaltenic Grane oil (667 mPas) and 27.95 ± 2.16 µm for the Statfjord emulsion (679 mPas). 364 

Increasing viscosity therefore resulted in larger droplet sizes, as shown with the Grane oil and 365 

the Statfjord emulsion (See Table S1 and Table S2).  366 

 The oil droplets represented surface areas of 2.17 ± 0.05 x 106 µm2/ml for the 367 

dispersions with the smallest oil droplets (fresh Statfjord), to 0.87 ± 0.03 x 106 µm2/ml and 368 

0.82 ± 0.01 x 106 µm2/ml for the for the dispersions with the largest oil droplets,  Statfjord 369 

emulsions and Grane oil, respectively (Table S2). These "large-droplet" dispersions therefore 370 

represented only 38 – 40 % of the oil surfaces in the small-droplet Statfjord (fresh) 371 

dispersions. A larger surface-to-volume ratio occur with the smaller droplets, resulting in 372 

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

Changes in oil droplet concentrations during the biodegradation experiments are 374 

summarized in Fig. 3, while changes in dispersions of the different oils/emulsions are shown 375 

Fig. S2 (Supplementary Information). The oil droplet concentrations were rapidly reduced in 376 

all the dispersions, and after 28 days of degradation > 80 % (range 83-98 %) of the droplets in 377 

the Coulter Counter measuring range had disappeared from the dispersions (Fig. 3). These 378 

reductions were faster in the dispersions of the oils with the initially highest droplet sizes 379 
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(Statfjord emulsion and Grane fresh; Fig. S2). Removal of oil droplets may therefore be 380 

related to oil droplet rising velocities. The reductions of droplet concentrations also concurred 381 

with the emergences of macroscopic 'flocs' (Fig. S3, Supplementary Information), known to 382 

consist of oil degradation products, microbes and extracellular polymeric substance (EPS) 383 

(Bælum et al., 2012; Hazen et al., 2010). Typically, macroscopic 'flocs' were observed 384 

between 1 and 2 weeks of incubation. Oil droplet depletion was also rapid in sterilized 385 

dispersions, but slower than in natural SW, and reached 63-95 % depletion after 28 days (Fig. 386 

3 and Fig. S2). Oil droplet size distributions in dispersions with low initial droplet sizes 387 

(Statfjord fresh, Troll and Balder) were maintained below 15 µm median droplet size, except 388 

Balder and Statfjord fresh, which showed temporary increases to > 20 µm (Fig. S2). Oil 389 

dispersions consisting of larger initial droplet sizes (Grane and Statfjord emulsions) also 390 

showed decreased droplet sizes (< 20 µm) during the degradation periods (Fig. S2). The fate 391 

of the oil droplets was therefore comparable in all dispersions of oils/emulsions with different 392 

properties, with rapid declines in droplet concentrations and emergences of 'flocs', while the 393 

rest of the free dispersions were dominated by small oil droplets. 394 

The oil droplet depletion, determined by Coulter Counter measurements, was faster 395 

than oil depletion determined by TEOC analyses (Fig. 4 and Fig. S4, Supplementary 396 

information). In addition to the 'floc' generation processes, glass wall attachments of oil 397 

compounds were expected to be a major cause to the droplet depletion in the sterilized 398 

samples. The attachments were associated mainly with oleophilic compounds, and in 399 

sterilized SW approximately 35 % of n-alkanes in the residual oil were extracted from the 400 

glass walls at the end of the experiments, while only 7 % naphthalenes and 17 % of 3-ring 401 

PAH were attached (Fig. S5, Supplementary Information).  402 

 403 

3.3 Biotransformation of TEOC and targeted compounds   404 

Biodegradation of TEOC and targeted compounds (nC10-nC36 alkanes and 2- to 4-ring 405 

PAH) were determined by normalizing target analyte concentrations against the recalcitrant 406 

biomarker 17α(H),21β(H)-Hopane (Prince et al., 1994), and then correcting for depletion in 407 

sterilized controls. The average results of TEOC, n-alkanes and PAH of the oils and the 408 

emulsion are summarized in Fig. 4, while biotransformation curves of each oil/emulsion are 409 

shown in Fig. S6 (Supplementary Information). The biotransformation of TEOC, n-alkanes 410 

and PAH showed comparable results for all the dispersed oils and the emulsion. However, the 411 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 

 

dispersions of the most viscous oils (Grane oil and Statfjord emulsion), with the largest initial 412 

median oil droplet sizes (Table S2), showed slightly slower TEOC depletion than the other 413 

oils (Fig. S6, Supporting Information). TEOC was degraded by > 70 % in all dispersions 414 

(average 75.0 ± 7.5 %) at the end of the experiments (Fig. 4). n-Alkanes were biotransformed 415 

by > 90 % in all dispersions after 14 days (average 96.6 ± 2.7 %), ranging from 92.2 to 99.2 416 

% (Fig. 4 and Fig. S6). PAHs were also biotransformed fast, being depleted by > 80 % after 417 

14 days (average 86.0 ± 4.6 %, range 81.5 to 92.2 %) (Fig. 4 and Fig. S6). Closer examination 418 

of targeted compounds showed decreased n-alkane biotransformation by increased carbon 419 

chain-length, but after 14 days of incubation, all n-alkanes in the dispersions were 420 

transformed by > 80 % (Fig. S7A, Supplementary Information). Even the isoprenoids 421 

(Pristane and Phytane) were highly biotransformed in the dispersions, with Pristane averaging 422 

90.3 ± 9.8 % and Phytane 83.8 ± 15.3 %. Biotransformation of the n-alkanes in the Statfjord 423 

emulsion started earlier than in the fresh oils, but after 14 days the n-alkanes in the emulsion 424 

were less depleted than the other oils (Fig. S7A). Biotransformation of PAH compounds 425 

decreased correspondingly by increased aromatic ring numbers, but also by increased alkyl 426 

substitutions (Fig. S7B, Supplementary Information), as previously shown (Brakstad et al., 427 

2014; Brakstad et al., 2015a). All 2- to 3-ring PAHs were completely biotransformed in 428 

dispersions from fresh oils after 28 days of biodegradation, and ≥88 % in the dispersions from 429 

the emulsion. Biotransformation of 4-ring PAHs continued from 28 to 64 days, and only C3-430 

alkylated fluoranthenes/pyrenes C2-alkylated chrysenes remained in the dispersions from 431 

fresh oil (77-85 % biotransformation). The remaining PAH in the dispersed emulsions after 432 

64 days included alkylated phenanthrenes, dibenzothiophenes, fluoranthenes/pyrenes and 433 

chrysenes (30.2 to 96.5 % biotransformed). The biotransformation of targeted n-alkane and 434 

PAH compounds in the dispersions resulted in an increase of the unresolved fraction of the 435 

oil, as measured by GC-FID. This fraction, termed the "unresolved complex mixture" (UCM), 436 

increased from 78-88 % in the initial dispersions with paraffinic oils content (Statfjord and 437 

Balder blend), and 94-97 % in the asphaltenic Grane and naphthenic Troll oils, to 99-100 % 438 

after 28 days of incubation (Fig. S8, Supplementary Information). The UCM fractions thus 439 

became completely predominant during the biodegradation period.  440 

Ranges of half-lives for targeted oil compounds, determined from 1st order rate 441 

coefficients, varied from 1.7 to 11.7 days for n-alkanes, with average values for the oils 442 

ranging from 2 to 6 day with increasing chain length (Fig. 5A). For 2- to 4-ring PAH half-443 

lives varied from 3.6 to 80 days, with average values ranging from 5 to 30 days (Fig 5B). 444 

One-way Anova analyses did not show significant differences between TEOC or PAH 445 
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biotransformation in the different dispersions (P>0.05), while n-alkane transformation showed 446 

significant differences (P<0.05). The n-alkane differences were caused by lower half-lives for 447 

the Statfjord emulsion, probably related to the higher initial median oil droplet size of 448 

emulsion compared to the fresh oils (Table S2, Supporting Information). However, n-alkane 449 

degradation was fast also in the emulsion. Comparison of the dispersions from the fresh oils 450 

only (excluding the emulsion) resulted in comparable n-alkane half-lives (P>0.05). 451 

Differences in biotransformation were therefore not determined between the fresh oils with 452 

different properties. We have recently observed that n-alkanes, associated with the oil phase, 453 

are more dependent on initial droplet size than the aromatic hydrocarbons (Brakstad et al., 454 

2014), indicating that the aromatics to a greater extent are degraded after dissolution to the 455 

water phase. The ranges of n-alkane and PAH half-lives of the oils in the current experiments 456 

were lower than for biodegradation at 5°C of chemically dispersed Macondo oil in SW from 457 

the Trondheimsfjord or GoM  (Brakstad et al., 2015a; Wang et al., 2016), and also from 458 

estimated half-lives of the DWH deepwater plume (Hazen et al., 2010). This was expected as 459 

the incubation temperatures were higher in the current experiments (13°C). However, even 460 

shorter half-lives than in our experiments were measured for several oil compounds when 461 

chemically dispersed oil was biodegraded in New Jersey SW at 8°C incubation temperature 462 

(Prince et al., 2013), suggesting that SW sources affect degradation rates.  463 

  464 

 3.4  Biotransformation of oil compound groups 465 

We have previously described biotransformation rates of 22 oil compound groups, 466 

separated in 10 volatile and 12 semivolatile groups (Brakstad and Faksness, 2000; Brakstad et 467 

al., 2015a). The grouping is based on separation according to boiling point ranges, covering 468 

70-80 % of typical crude oils (Pasquini and Bueno, 2007). Transformation rates for each of 469 

these groups have been included in the three-dimensional dynamic OSCAR model as part of 470 

the fate calculations of oil spills to the marine environment (Reed et al., 2001). In this study 471 

we only included comparison of semivolatile groups, since most of the volatiles were 472 

evaporated in the emulsion. Biotransformation half-lives for the semivolatile groups ranged 473 

between 7 and 67 days for saturates, increasing by higher boiling point ranges (Fig. 6). The 474 

average values for the oil saturates included in the study increased from 9 to 47 days by 475 

increasing boiling point range. These saturates, as determined by GC-FID analyses, included 476 

both n-alkanes and the unresolved part (UCM) of each boiling point range in the GC-FID 477 

chromatograms. The n-alkanes were degraded faster than the UCM (Fig. S8), but also the 478 
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UCM half-lives were related to boiling point range, as shown in Fig. 6. Biotransformation 479 

half-lives of naphthalenes and 2- to 5-ring PAHs ranged between 3 and 24 days, with average 480 

half-lives between 5 and 19 days (Fig. 6). One-way ANOVA comparison of half-lives for 481 

each of the oils did not show significant differences (P>0.05). The data from the current study 482 

confirmed that degradation data were comparable between oils with different physical-483 

chemical properties in small-droplet oil dispersion. Our data are in support of using generic 484 

rather than oil-specific data as part of fate-prediction after dispersant treatment of oil spills at 485 

environmentally conditions comparable to those used in this study. The data generated here 486 

are more robust than results from previous studies with only paraffinic oils (Brakstad and 487 

Faksness, 2000; Brakstad et al., 2015a). Recent studies with chemically dispersed Macondo 488 

oil in natural SW (10 and 30 µm initial oil droplet size) at 5°C incubation temperature showed 489 

generally higher half-lives of the same oil compound groups than in the current experiments, 490 

probably due to the lower incubation temperature used with the Macondo oil (Brakstad et al., 491 

2015a). Different SW temperatures may both influence the community structures of oil-492 

degrading microbes and the physical-chemical properties of the oils. For instance, low SW 493 

temperature may result in increased oil viscosity, reducing biodegradation (Atlas, 1991).     494 

 495 

3.5 Stimulation of microbial growth 496 

 Microbial concentrations determined by fluorescence microscopy or MPN counts 497 

showed rapid growth stimulation in all experiments (Fig. 7 and Fig S9, Supporting In 498 

formation). Stimulation of both total concentrations, heterotrophs and oil-degraders appeared 499 

mainly during the first week of all experiments, and high concentrations were maintained 500 

during the next week (up to day 14), with subsequent slow decline of concentrations between 501 

days 14 and 21. The microbial stimulation coincided well with hydrocarbon 502 

biotransformation, with > 80 % n-alkane and PAH biotransformation after 7 and 14 days, 503 

respectively (Fig. 4 and Fig. S6). Subsequent increases of total and heterotrophic 504 

concentrations between days 21 and 28 could be the result of available metabolites from 505 

hydrocarbon degradation, in agreement with the lack of further stimulation of oil-degrading 506 

microbes (Fig. 7). We have previously observed this pattern of two separate microbial 507 

stimulation periods during biodegradation of chemically dispersed oil (Brakstad et al., 2015b), 508 

and the first stimulation period was associated with microbes with high abundances of the 509 

alkB gene (Brakstad et al., 2014), involved in alkane biotransformation (van Beilen and 510 

Funhoff, 2007).   511 
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 512 

3 Conclusions 513 

In this study we investigated dispersibilities and biodegradation of chemically dispersed oils 514 

and emulsions with different properties at a SW temperature of 13°C, relevant for North Sea 515 

and Norwegian Sea summer conditions. The oils, representing paraffinic, naphthenic and 516 

asphaltenic oils, were all dispersible at the SW temperature used with the three common 517 

commercial dispersants Slickgone NS, Corexit 9500A and Finasol OSR-52, showing median 518 

oil droplet sizes of 18-47 µm. However, oils and dispersants behaved differently with respect 519 

to IFT reductions and leaching properties at this temperature. Biodegradation was comparable 520 

between the oil dispersions in natural SW at low oil concentrations, and the degradation 521 

resulted in reduced oil droplet concentrations, coinciding with the generation of 'flocs', 522 

probably consisting of oil, bacteria and polymeric material. Oil properties affected 523 

dispersibility only slightly. The most viscous oil and the emulsion resulted in dispersions with 524 

the highest median droplet sizes. The results showed that the selected oils and emulsions were 525 

efficiently dispersed to generate small droplets of similar sizes. The oil compound were 526 

further biodegraded with comparable biotransformation half-lives in SW at 13°C, despite the 527 

differences between the oils. Generic biodegradation data may therefore be considered when 528 

models like OSCAR are used to predict the fate of oil after efficient dispersant treatment of 529 

oil spills in SW close to 13°C. Using empirical data in the model will strengthen the 530 

predictions of the fate of the oil after oil spill dispersant treatment.  531 
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TABLES AND FIGURES 705 

 706 

Table 1. Dispersant efficiency (UV-measurements) and median oil droplet sizes of emulsions 707 

(50 volume % water) of evaporated (250°C+) or photo-oxidized Troll oil dispersed by three 708 

dispersants at 13°C.   709 

 710 

 
Dispersant 

 
Weathering 

Dispersant efficiency 
(%) 

Median droplet size 
(µm) 

Slickgone NS 
250°C+ 92 30.9 
Photo-oxidized 90 28.3 

Corexit 9500A 
250°C+ 93 19.8 
Photo-oxidized 90 19.0 

Finasol OSR-52 
250°C+ 93 18.8 
Photo-oxidized 98 17.8 

 711 

 712 

 713 

 714 

Fig. 1. Concentrations (A) and median oil droplet sizes (B) of Statfjord and Troll emulsions 715 

(75 vol % water), dispersed with Slickgone NS (DOR 1:25) over a period of 6 hours.  716 
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 718 

 719 

Fig. 2. IFT measurements of naphthenic Troll and asphaltenic Grane crude oils at 13°C after 720 

premixing of the oils with the dispersants Corexit 9500 or Slickgone (Dasic) NS in SW (DOR 721 

1:100). Analyses were performed overnight, with results shown for the first 4 hours.  722 

  723 

 724 

 725 

Fig. 3. Oil droplet concentrations (A) and median droplet size distributions (B) in dispersions 726 

of fresh oils and emulsions prepared in natural or sterilized SW. The error bars represent the 727 

ranges of the measurements (see Fig. S2). The concentrations are shown for the first 28 days 728 

of the experiment, and droplet size distribution for all samples. 729 
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 733 

 734 

Fig. 4. Average biotransformation of TEOC, Σn-alkanes (nC10-nC36) and Σ2- to 4-ring PAH in 735 

chemically dispersed oils with different properties, and in a dispersed emulsion, during a 736 

period of 64 days in SW at 13°C.  Concentrations of n-alkanes and PAH were normalized 737 

against 17α(H),21β(H)-Hopane (30ab Hopane) and results shown as % of normalized 738 

concentrations in sterilized controls from same sampling days. Biotransformation curves of 739 

individual oils are shown in Fig. S6 (Supporting Information). 740 

  741 
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 742 

 743 

Fig. 5. Biotransformation half-lives of single nC10-nC36 alkanes (A) and of 2- to 4-ring 744 

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

determined from 1st order rate coefficients, and corrected for a non-responsive lag-period. The 746 

bullets show average values of each compound for all oils included in the study, with dashed 747 

lines representing lower and higher ranges. 748 

  749 
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 750 

 751 

Fig. 6. Half-lives of semivolatile saturate and aromatic groups of the oils included in the 752 

study. The half-lives were determined from 1st order rate coefficients, and also includes the 753 

non-responsive lag-period. The groups included represent C10-C26 saturates and 2- to 5-ring 754 

aromatic HCs. The bullets show average values of each groups, with dashed lines representing 755 

lower and higher ranges. 756 

 757 

 758 

Fig. 7. Concentrations of total microbes counted by fluorescence microscopy (DAPI), 759 

heterotrophic prokaryotes (HP), and oil-degrading prokaryotes (ODP). The results are shown 760 

as median concentrations with range compiled from the included experiments, based on data 761 

with separate oils (see Fig. S9, Supporting Information).  762 
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Supplementary Information 767 

 768 

Table S1. Physical and chemical properties of crude oils included in this study.  769 

 
Oil 

 
Category 

Viscosity 
(mPas;13°C)A) 

Density 
(g/cm3) 

Pour 
point 
(°C) 

Wax 
(vol %) 

Asphaltene 
(wt %) 

Statfjord (fr) Paraffinic 12 0.834 -9 4.1 0.16 
Statfjord (200°C+)B)  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+)B) Naphthenic 200 0.919 3 2.6 0.2 
Troll C (photo-ox.)B) Naphthenic 262 0.924 6 2.3 0.6 
Grane  Asphaltenic 667 0.941 -18 1.5 1.4 
"Balder" MixtureC) 32 0.864 3 3.5 0.77 
A) Shear rate of 100 s-1 770 
B) Evaporated at 200°C to simulate 0.5-1 day at sea, while 250°C and photo-oxidized simulate 2-5 771 

days at sea (Daling et al., 1990) 772 
C) The oil was a blend of 40% asphaltenic Balder and 60% paraffinic Ringhorne oils 773 

 774 

 775 

 776 

 777 

Table S2. Droplet characteristics of the oil dispersions at the start of the biodegradation 778 

experiments. 779 

  
Oil 

Droplet size 
(median; µm) 

Droplet concentrations 
(mg/L) 

Droplet area 
(µm2/mL) 

 
No. droplets/mL 

Statfjord C (fr) 9.18 ± 0.06 2.73 ± 0.06 2.17 ± 0.05 x 106 10.72 ± 0.26 x 103 
Statfjord C (em) 27.95 ± 2.16 2.71 ± 0.18 0.87 ± 0.03 x 106  1.79 ± 0.08 x 103 
Troll C 13.36 ±  0.07 2.71 ± 0.09 1.49 ± 0.06 x 106 4.72 ± 0.17 x 103 
Grane  23.24 ± 2.53 2.51 ± 0.18 0.82 ± 0.01 x 106 1.44 ± 0.17 x 103 
"Balder" 12.67 ± 0.69 2.84 ± 0.03 1.71 ± 0.02 x 106 5.90 ± 0.12 x 103 
 780 

    781 

  782 
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 783 

Fig S1. Median droplet size distributions of fresh oils premixed with Slickgone NS or Corexit 784 

9500A (DOR 1:100). Samples used in these analyses were collected after 25 minutes.  785 
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 788 

 789 

Fig. S2. Oil droplet concentrations in natural (A) and sterilized SW (B), and median droplet 790 

size distributions in natural (C) and sterilized (D) SW. The concentrations are shown for the 791 

first 28 days of the experiment, while the droplet size distribution is shown for the complete 792 

degradation period. 793 
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 796 

Fig. S3. A typical macroscopic 'floc' observed during oil biodegradation. The scale is 3 mm.  797 

 798 

 799 

 800 

Fig. S4. Concentrations of total extractable organic carbon (TEOC) in dispersions of fresh oils 801 

and emulsions prepared in natural (A) and sterilized (B) SW. 802 
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 803 

Fig. S5. Concentrations of TEOC, n-alkanes, naphthalenes and 3-ring PAH in dispersions and 804 

attached to the glass walls at the start (day 0) and termination (day 64) of an experiment with 805 

Statfjord oil premixed with Slickgone (DOR 1:100) and dispersed in the oil droplet generator. 806 

The dispersions were incubated (5°C) in natural SW (NSW) or in filtered and sterilized (100 807 

mg/L HgCl2) SW (SSW).  808 

  809 
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 810 

Fig. S6. Biotransformation of TEOC (A), sum nC10-nC36 alkanes (B) and sum 2- 4-ring PAH 811 

in dispersions of different oils/emulsions. The results are shown as percentages in natural SW 812 

compared to in sterilized samples after normalization against 17α(H),21β(H)-Hopane (30ab 813 

Hopane). Error bars show standard deviations of 3 replicates. 814 
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 816 

Fig. S7A. n-Alkane and isoprenoid (Pristane and Phytane) biodegradation between days 3 and 817 

14 of the biodegradation study with chemically dispersed oils and emulsions. Each n-alkane 818 

concentration (average of replicates) was normalized against 17α(H),21β(H)-Hopane (30ab 819 

Hopane) and results shown as % of normalized concentrations of corresponding n-alkane in 820 

sterilized controls from same sampling days. 821 

  822 
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 823 

Fig. S7B. 2- to 4-ring PAH biotransformation between days 7 and 64 of the biodegradation 824 

study with chemically dispersed oils and emulsions. The calculations of percentages of 825 

sterilized controls are described above (Fig. S7A). 826 

  827 
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Fig. S8. TEOC concentrations and distribution between n-alkanes, PAH and UCM in the extracts during biodegradation.

TEOC = 1,96 mg/L
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Statfjord Emulsions - Day 14
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 1 

Fig. S9. Enumeration of total microbial concentrations (A), heterotrophic prokaryotes (B) and 2 

oil-degrading prokaryotes (C). Total concentrations were determined by epifluorescence 3 

microscopy after staining with DAPI, while heterotrophic and oil-degrading prokaryotes were 4 

determined by MPN. Error bars show standard deviations of 3 replicates (A), or 95 % confidence 5 

intervals (B and C). 6 
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Highlights 

• Commercial dispersants efficiently dispersed crude oils with different properties 
• IFT 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 prokaryotes in all 

oils  


