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Abstract

:

The formation of sunken oils is mainly dominated by the interaction between spilled oils and sediments. Due to their patchiness and invisibility, cleaning operations become difficult. As a result, sunken oils may cause long-term and significant damage to marine benthonic organisms. In the present study, a bench experiment was designed and conducted to investigate the quantitative distribution of polycyclic aromatic hydrocarbons (PAHs) in sunken oils in the presence of chemical dispersant and sediment. The oil sinking efficiency (OSE) of 16 priority total PAHs in the sediment phase was analyzed with different dosages of dispersant. The results showed that the synergistic effect of chemical dispersant and sediment promoted the formation of sunken oils, and the content of PAHs partitioned in the sunken oils increased with the increase of dispersant-to-oil ratios (DORs). Furthermore, with the addition of chemical dispersant, due to the solubility and hydrophobicity of individual PAHs, the high molecular weight (HMW) PAHs with 4–6 rings tended to partition to sediment compared with low molecular weight (LMW) PAHs with 2–3 rings. The synergistic effect of chemical dispersant and sediment could enhance the OSE of HMW PAHs in sunken oils, which might subsequently cause certain risks for marine benthonic organisms.
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1. Introduction


The consecutive increase of oil production and marine transportation pose an ever-increasing risk of accidental release of oils during the last decades [1,2,3,4,5]. About 3000 oil spill accidents occurred in the period 1973–2011 according to reports in China (Ministry of Transport, 1974–2012). Once oil spills occur at sea, the spilled oils normally float on the surface of the water column and then are spread over a wide area by currents, wind, and waves. However, some oils, especially heavy oils, occasionally sink to the seabed [6,7]. Several studies have indicated that the amount of sunken oils ranged from 2% to 11% of the total spilled oil [8,9]. Although the sinking oil has historically accounted for a small percentage of oil spill accidents [10], its environmental impacts on the benthos are of concern [11,12,13,14]. Field and laboratory exposures have demonstrated that the accumulation of sunken oils on the seafloor has far-reaching ecological implications adversely impacting benthic organisms, including corals, fish, and sea urchin [15,16,17,18]. Generally, it has already been considered that the main toxic components of the oil are polycyclic aromatic hydrocarbons (PAHs), a group of ubiquitous persistent organic pollutants, which are composed of two or more fused aromatic rings in linear, angular, or cluster arrangement [19]. PAHs pollutions have been a topic of concern for years because of their mutagenic and carcinogenic effects [17]. Moreover, PAHs could cause adverse effects not only in aquatic ecosystems but also for human health via food chain transmission.



In the case of marine oil spills, common oil spill responses (OSRs), such as mechanical containment and recovery and the application of chemical dispersants, are based on the simple principle that oil floats [6]. However, for sunken and suspended oils (SSO), these physical and chemical OSRs are not applicable [20]. It is worth noting that the SSO cannot be easily monitored by the typical techniques of visual observation or remote sensing [21,22], leading to the cleaning operations being difficult [23]. The SSO may occur in many forms depending upon the oil density, degree of weathering, addition of dispersants, and participation of sediments. As summarized in Figure 1, SSO can form mainly following accidental spills of (1) heavier oils that are denser than the receiving water; (2) lighter oils that lose their light constituents in the short-term weathering process and become heavier than water, and (3) oils that interact with sediments through direct aggregation to form oil-suspended sediment aggregates (OSAs), adsorption on the sediment phase, or incorporation in the sediment phase [24]. SSO is divided into suspended oils and sunken oils based on their buoyancy. Suspended oils are defined as oils that have neutral buoyancy and are below the water surface, which include dissolved hydrocarbons, dispersed oil droplets, suspended oil-contaminated sediments, and neutral OSAs; whereas sunken oils are defined as oils that have negative buoyancy and have been deposited on the seabed, which mainly consist of negative OSAs and sunken oil-contaminated sediments. Compared with suspended oils, the sunken oils may be settled at the seabed, or be buried by sediments, which are difficult to be biodegraded by microorganisms. As a result, sunken oils may cause long-term and more significant damage to benthonic organisms that have limited or null motility [25,26,27,28].



Coastal sediment has been regarded as an important transport medium and repository for environmental pollutants [29,30,31]. After many major oil spills, such as Tsesis, Ixtoc-I, Vista Bella, and others, the formation of sunken oils was mainly dominated by the interaction between spilled oils and sediments [6,9,32,33]. Several studies have been conducted to understand the formation and characteristics of sunken oils in the presence of sediment [34,35,36,37]. However, the synergistic effect of sediments and chemical dispersants on the formation of sunken oils is still unclear. Generally, the use of chemical dispersants is restricted in shallow waters. However, due to perceptions of dispersants being of net environmental benefit, chemical dispersants were applied as the optimum OSR in some oil spills that occurred near the shoreline, such as the “7–16” oil spill in Dalian, China, in which more than 1500 tons oils were spilled into the Yellow Sea, and approximately 200 tons of dispersants were sprayed into the seawater in Dalian Bay [38]. Because of the amphiphilic nature of surfactants, the application of chemical dispersant can accelerate the dispersion and dissolution of oil and enhance the break-up of oil into small droplets by reducing the oil–water interfacial tension [39]. The resulting dispersed oil droplets and dissolved hydrocarbons may aggregate with or adsorb the sediment, which facilitates the formation of sunken oils [40,41]. On the other hand, chemical dispersant reduces the stickiness of the oil. As a result, chemically dispersed oil droplets become less likely to adhere to sediment, which prevents the formation of sunken oils [42].



Decisions on whether or not to use dispersants need to consider the net environmental benefits, and exposure of the benthos is also a concern. At present, there is still a significant knowledge gap concerning the synergistic effect of chemical dispersants and sediments on the formation and characteristics of the sunken oils. Most of the previous bench-scale studies have focused on the oil sinking efficiency (OSE) in the presence of dispersants and sediments [3,32,34,35,36,43]. Few studies were conducted on the quantitative distribution of polycyclic aromatic hydrocarbons (PAHs) in the sunken oils. Furthermore, dispersants may affect exposure to these oil constituents by altering their fate, transport, and biodegradation [9]. The effects of the dispersant on the OSE of PAHs with different molecular weight were not well understood. The present study investigated the synergistic effects of chemical dispersants and sediment on the distribution of total 16 PAHs partitioned in sunken oils, which have been identified as priority control pollutants by the US Environmental Protection Agency (EPA) [44]. The present study aimed to elucidate the underlying mechanisms of different dosages of chemical dispersant on the partitioning of PAHs in the sediment. The OSE of total PAHs and different rings PAHs were also quantitatively analyzed.




2. Materials and Methods


2.1. Experimental Materials


Heavy fuel oil 380 (HFO 380), as the main fuel oil for large ships, was employed in this study. As the most common constituent of sand, quartz sand was chosen as the test sediment. The natural seawater was collected from the Bohai Sea and was pre-filtered through 0.45 μm pore-size filters. The properties of HFO 380, sediment, and seawater were summarized in Table 1. The size distribution of the quartz sand was measured and shown in Figure 2.




2.2. Experimental Conditions and Procedure


Two sets of experiments were performed in this study. In the first set, a blank experiment was carried out without dispersant. In the second set, GM-2 conventional chemical dispersant (purchased from Qingdao Guangming Environmental Technology Co., Ltd., Qingdao, China), as one of the most common dispersants used in an oil spill, was tested. Three dispersant-to-oil ratios (DORs) were selected based on the manufacturer’s instructions. The experimental conditions and factorial levels were listed in Table 2. At least triplicate runs were conducted for each experimental condition following the procedure described below.



Experiments were conducted following a modified EPA baffled flask test (BFT) [45,46]. The improved BFT method could provide sufficient mixing energy for dispersion, akin to that observed in the field and better reproducibility [47]. The procedure used to prepare sunken oils was performed as previously described [32]. Briefly, sunken oils were prepared using 400 mL natural seawater, 100 mg HFO 380, and predefined amounts of quartz sand in 500 mL Erlenmeyer flasks closed by silicone stoppers wrapped with aluminum foil to avoid the evaporation of light compounds. The simulated formation of sunken oils was achieved using a temperature-controlled reciprocating shake at a stroke frequency of 180 cycles/min, corresponding to the energy dissipation rate of 2600 W/m3 with water splash of 66 mm height [48]. This value falls within the range of breaking waves (103–104 W/m3) [49]. The mixing system may represent the breaker zone in the nearshore region with low depth and intense turbulence. Dry sediment was added to seawater and shaken for 30 min. Using a pre-calibrated hypodermic syringe, 100 mg test oil was then dispensed to the surface of the sediment/seawater suspension. The flasks were shaken for another 240 min to generate sunken oils. In the second experiment, a predetermined amount of GM-2 was added rapidly on the oil film after dispensing oil before the flasks were shaken. The amount of GM-2 was calculated using the mass of oil initially added and the different DORs. After the shaking time, the mixtures were placed to settle for 18 h in a refrigerator. Negatively buoyant sunken oils were separated from the suspensions for oil extraction, and then total petroleum hydrocarbons (TPH) analysis was performed using the analytical procedure as previously described [32].




2.3. Analytical Procedure of PAHs


The n-hexane extracts of sunken oils were taken for PAHs analysis. First, the extracts were concentrated to 1 mL by rotary evaporation and then transferred to a silica gel column for two separate elution with 12 mL n-hexane and 15 mL dichloromethane/n-hexane (1:1, v/v). The latter purified elution solution was collected, concentrated, and then spiked with an internal standard mixture of PAHs. All samples were analyzed using an Agilent 6890 Series GC with a 5975 MS (Agilent Technologies Inc., Santa Clara, CA, USA) operated in the SIM mode. Purified sample extracts were spiked with internal standards. A 30 m × 0.32 mm ID DB-5MSUI capillary column with a 0.25 μm film thickness was used. The carrier gas was helium at 1 mL/min. The column temperature was programmed at 50 °C for 2 min, then increased to 150 °C at 8 °C/min, held for 3 min, then increased to 300 °C at 3 °C/min, and kept constant for 15 min. In this study, 16 priority PAHs listed by the EPA were analyzed, and their basic information was listed in Table 3.




2.4. Data Analysis


The ratio of the PAHs content between sunken oils and initial addition of HFO 380 is a measurement of the extent of oil partitioning in the sediment. The oil sinking efficiency (OSE) was calculated using the following equation:


  O S E =  m M  × 100 %  



(1)




where m is the mass of PAHs or total petroleum hydrocarbon in the sunken oils, and M is the mass of PAHs or total petroleum hydrocarbon of HFO 380 initially added in total.





3. Results


3.1. Effect of Sediment Alone


The effect of sediment on sunken oils was explored by GM/MS analysis of the distribution of PAHs. Without the addition of sediment, there was no sedimentation because of very low dispersion with positive buoyancy caused by the high viscosity of HFO 380 with the density less than the receiving seawater. The addition of sediment slightly enhanced the formation of sunken oils. The mass of total PAHs in the sunken oils only accounted for 1.47% of total PAHs in the pure HFO 380 initially added. Figure 3 summarizes the distribution of PAHs in the sunken oils in the presence of quartz sand. The results showed that the main components of sunken oils were lower molecular weight (LMW) PAHs (2–3 rings) comprised 79.83% of total PAHs. The relative proportion of higher molecular weight (HMW) PAHs from 4- to 6-rings accounted for 15.61%, 3.19%, and 1.37%, respectively. The content of naphthalene (Nap) was the highest in the sunken oils with sediment, accounting for 37.74%, followed by phenanthrene (Phe) (22.54%), and fluorene (Fl) (10.29%). However, compared with the content of PAHs of pure HFO 380, the relative proportion of Nap in the sunken oils was remarkably reduced, whilst that of Fl, Phe, anthracene (Ant), benz[a]anthracene (BaA), chrysene (Chr), benzo[k]fluoranthene (BkFlu), and benzo[a]pyrene (BaP) increased.




3.2. Combined Effect of Dispersant and Sediment


3.2.1. Distribution of PAHs in the Sunken Oils


The synergistic effect of GM-2 and quartz sand on the formation of sunken oils was investigated. Figure 4 shows the distribution of PAHs in the sunken oils in the presence of GM-2 with different DORs and quartz sand. The presence of GM-2 significantly increased the amount of PAHs in the sunken oils compared with sediment alone, and the content of PAHs increased with the increase in DOR. The nominal concentration of total PAHs in sediment was 36.44 μg/g without the dispersant. After adding GM-2, the nominal concentration increased to 382.90 μg/g at a given DOR of 1:10, and then gradually increased with the increase in DOR. The peak concentration 483.06 μg/g at the highest DOR (1:3) was about 1.26-fold and 13.26-fold higher than that at the lowest DOR (1:10) and without dispersant, respectively (Figure S1). Moreover, considering the relative proportions of PAHs, with the addition of GM-2, the composition of PAHs in sunken oils was still dominated by Nap and Phe. However, compared to the sediment alone, the relative proportions of Nap and Phe decreased to 29.17–32.23% and 19.21–19.46% at different DORs, respectively; while relative proportions of pyrene (Pyr) and Chr increased to 9.66–9.91% and 7.05–8.78%, respectively. In the presence of GM-2 and quartz sand, HMW PAHs (4–6 rings) comprised higher proportions of 31.66–33.85% with the increase in DORs than that in sand alone (20.17%). The combination of GM-2 with different DORs and sediment most significantly promoted the relative proportion of PAHs with four rings. However, there was no significant difference in the relative distribution of PAHs with different dosages of dispersant.




3.2.2. The OSE of PAHs in the Presence of GM-2 and Quartz Sand


The OSE of total PAHs in the sunken oil was further analyzed. As Figure 5 shows, without the addition of GM-2, only 1.47% of PAHs was enriched in the sediment. The addition of chemical dispersant noticeably enhanced the PAHs sedimentation, and the improvements in OSE ranged from 13.98 to 18.02% for different DORs. The OSE of total PAHs increased with the increase in DORs.



The OSE of individual PAHs exhibited similar trends to total PAHs with the increase in DOR. The findings of the present study were consistent with results from previous studies [42,50], which demonstrated the HMW PAHs with 4–6 rings prefer to partition to sediment compared with LMW PAHs with 2–3 rings in the presence of dispersant. The OSE of PAHs with different rings showed no significant difference with the sediment alone. In the presence of GM-2 and quartz sand, the OSE of PAHs for 2- and 3-rings was 11.18–13.46% and 20.48–25.67% with different DORs, whereas that for 4-, 5-, and 6-rings was 23.72–31.94%, 25.19–30.86%, and 15.69–26.56%, respectively. The OSE of 4-ring PAHs showed the highest improvements after adding the dispersant, and, at the highest DOR of 1:3, the OSE of that was 23.58-fold higher than that without dispersant.




3.2.3. The OSE of TPH in the Presence of GM-2 and Quartz Sand


The OSE of TPH in the sunken oil was also investigated. As seen in Figure 6a, the OSE of TPH exhibited similar trends to that of PAHs with or without dispersant. Without the addition of dispersant, only 0.38% of TPH was enriched in the sediment, and the improvements in OSE ranged from 23.99% to 30.75% for different DORs with the addition of dispersant.



Pearson’s correlation of OSE between total PAHs and TPH was calculated in Figure 6b, which showed a strong positive correlation (R2 = 0.9786).






4. Discussion


The stabilization of oil by suspended sediment to form OSAs has been well described in previous studies [24,51]. However, there is no consensus on the distribution of PAHs in the sunken oils under the combination of dispersant and sediment. In the present study, the content of PAHs partitioned to sediment was almost negligible without the addition of dispersant. Studies have indicated that the viscosity of oils is an important parameter in affecting the formation of sunken oils [52]. High viscosity oils are difficult to disperse, and less likely to form aggregates with sediments [53]. A previous study on the formation and structure of oil-mineral fine aggregates determined that OSAs could not form when the viscosity of oils reached or exceeded a threshold of 9500 mPa∙s [54]. HFO 380 could hardly generate any dispersed oil droplets because of the high viscosity, which has exceeded the threshold [24]. The infrequent collision of oil droplets and sediment particles prevented the formation of sunken oil, and thus extremely few PAHs were detected without dispersant. With the addition of dispersant at different DORs, the content of total PAHs in the sunken oils was apparently promoted. This was attributed to the application of GM-2, which enhanced the oil dispersion, especially small dispersed droplets, by lowering oil-water interfacial tension [24]. Oil dispersion is positively correlated to the formation of sunken oils, as smaller oil droplets require fewer suspended particles to form OSAs [55]. The abundant chemically dispersed oil droplets, with a smaller size and larger surface area, might sufficiently interact with quartz sand of several micron scales. Considering the hydrophobicity of sediment particles, the addition of a chemical dispersant could enhance the surface hydrophobicity of quartz sand, leading to the improvement in the formation of OSAs [56,57].



In the pure HFO 380, the relative Nap content was enriched, but, in the sunken oils, it was significantly reduced as Nap dissolved. With the addition of a dispersant, the HMW PAHs also tended to partition to sediment compared with LMW PAHs. This was consistent with the results in Table 3 that demonstrates that the solubility of individual PAHs in seawater would decrease with the increasing number of aromatic rings [42], whereas the logKow would increase. The findings of the current study demonstrated that the LMW PAHs with logKow values between 3.30 and 4.54 would preferentially partition to the water column rather than associate with sediment particles, which was consistent with the results from previous studies [42,58,59]. Moreover, the application of dispersant could enhance the OSE of HMW PAHs in the sunken oils, especially 4-ring PAHs, which might subsequently cause more severe consequences for marine benthonic organisms [13,18,60]. Therefore, the present study could improve the understanding of the impacts of HFO 380 spillage on aquatic organisms and be complementary to field studies on sunken oils. Furthermore, the net environmental benefits of the dispersant between shoreline oil clean-up and benthos damage need to be evaluated.



Above all, the size ratio of sediment particles and oil droplets and the hydrophobicity of PAHs synergistically affected the formation of sunken oils in the presence of dispersant. The potential mechanism of the interaction between oil and sediment in the presence of chemical dispersant was illustrated in Figure 7. Because of the complexity of the nearshore environment, many factors may affect the formation rate of sunken oils in the real world resulting in the deviation, such as water depth and dilution effect [61]. While results from laboratory experiments cannot be directly extrapolated to in situ conditions, they supply insights that improve our predictive capability. The results presented in this study may provide some fundamental understanding and knowledge of the formation mechanism of sunken oils in the presence of dispersant in the nearshore region.




5. Conclusions


Unsourced oil contamination in coastal waters has recently attracted the attention of scholars to study the formation and characteristics of sunken oils due to concerns over their toxic effects on marine organisms, especially benthonic organism with limited or null motility. This study has provided quantitative data of PAHs partitioned in the sediment phase in the presence of chemical dispersant. Results indicated that the OSE of HMW PAHs with higher toxicity in the sunken oils increased gradually with the increase in DORs. At present, the invisible sunken oils have not been well considered in oil spill risk assessment. The synergistic effect of chemical dispersant and sediment on the overall fate and toxicity of sunken oils needs to be evaluated further to better improve the predictions of consequences of oil spill accidents. Furthermore, chemical dispersant should be restricted for use, especially in nearshore waters with abundant suspended sediments. In the present study, the chemical analysis of sunken oils covered only 16 EPA priority PAHs. Future research should work on analyzing more compounds in the sunken oils to reveal the toxic effects on the benthos, such as alkyl-substituted PAHs.








Supplementary Materials


The following are available online at https://www.mdpi.com/2077-1312/7/9/282/s1, Figure S1: Nominal concentration of PAHs partitioned in quartz sand in the presence of GM-2.





Author Contributions


Conceptualization, D.X.; methodology, Y.G. and Z.Q.; formal analysis, Y.G. and Z.J.; writing–original draft preparation, Y.G.; writing–review and editing, X.L. and X.Z.; funding acquisition, Z.Q. and X.Z.




Funding


This research was funded by the National Natural Science Foundation of China (grant number 41807466), the Natural Science Foundation of Liaoning Province, China (grant number 20170540099), and the Fundamental Research Funds for the Central Universities (grant number 3132019148).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Grubesic, T.H.; Wei, R.; Nelson, J. Optimizing oil spill cleanup efforts: A tactical approach and evaluation framework. Mar. Pollut. Bull. 2017, 125, 318–329. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.K.; Lee, K.; King, T.; Boufadel, M.C.; Venosa, A.D. Effects of temperature and wave conditions on chemical dispersion efficacy of heavy fuel oil in an experimental flow-through wave tank. Mar. Pollut. Bull. 2010, 60, 1550–1559. [Google Scholar] [CrossRef]

	



Wang, W.Z.; Zheng, Y.; Lee, K. Role of the hydrophobicity of mineral fines in the formation of oil-mineral aggregates. Can. J. Chem. Eng. 2013, 91, 698–703. [Google Scholar] [CrossRef]

	



Walker, A.; Stern, C.; Scholz, D.; Nielsen, E.; Csulak, F.; Gaudiosi, R. Consensus ecological risk assessment of potential transportation-related Bakken and Dilbit crude oil spills in the Delaware Bay watershed, USA. J. Mar. Sci. Eng. 2016, 4, 23. [Google Scholar] [CrossRef]

	



Qi, Z.; Zhang, C.; Han, J.; Gao, Y.; Xiong, D. A decision model responding to the refuge request from a ship in need of assistance. Mar. Policy 2018, 95, 294–300. [Google Scholar] [CrossRef]

	



IMO. Operational Guidelines on Sunken and Submerged Oil Assessment and Removal Techniques; International Maritime Organization: London, UK, 2012. [Google Scholar]

	



API. Sunken oil Detection and Recovery; American Petroleum Institute: Washington, DC, USA, 2016. [Google Scholar]

	



Romero, I.C.; Toro-Farmer, G.; Diercks, A.-R.; Schwing, P.; Muller-Karger, F.; Murawski, S.; Hollander, D.J. Large-scale deposition of weathered oil in the Gulf of Mexico following a deep-water oil spill. Environ. Pollut. 2017, 228, 179–189. [Google Scholar] [CrossRef]

	



National Academies of Sciences, Engineering, and Medicine. The Use of Dispersants in Marine Oil Spill Response; The National Academies Press: Washington, DC, USA, 2019. [Google Scholar] [CrossRef]

	



Hansen, K.A. Research efforts for detection and recovery of submerged oil. In Proceedings of the 33rd Arctic and Marine Oil Spill Program, Ottawa, ON, Canada, 1 January 2010; pp. 1055–1069. [Google Scholar]

	



Grote, M.; van Bernem, C.; Bohme, B.; Callies, U.; Calvez, I.; Christie, B.; Colcomb, K.; Damian, H.P.; Farke, H.; Grabsch, C.; et al. The potential for dispersant use as a maritime oil spill response measure in German waters. Mar. Pollut. Bull. 2017. [Google Scholar] [CrossRef]

	



Lan, D.; Liang, B.; Bao, C.; Ma, M.; Xu, Y.; Yu, C. Marine oil spill risk mapping for accidental pollution and its application in a coastal city. Mar. Pollut. Bull. 2015, 96, 220–225. [Google Scholar] [CrossRef]

	



Li, X.; Xiong, D.; Ding, G.; Fan, Y.; Ma, X.; Wang, C.; Xiong, Y.; Jiang, X. Exposure to water-accommodated fractions of two different crude oils alters morphology, cardiac function and swim bladder development in early-life stages of zebrafish. Chemosphere 2019, 235, 423–433. [Google Scholar] [CrossRef]

	



Li, X.; Ding, G.; Xiong, Y.; Ma, X.; Fan, Y.; Xiong, D. Toxicity of water-accommodated fractions (WAF), chemically enhanced WAF (CEWAF) of oman crude oil and dispersant to early-life dtages of zebrafish (Danio rerio). B Environ. Contam. Toxicol. 2018, 101, 314–319. [Google Scholar] [CrossRef]

	



Fisher, C.R.; Demopoulos, A.W.J.; Cordes, E.E.; Baums, I.B.; White, H.K.; Bourque, J.R. Coral Communities as Indicators of Ecosystem-Level Impacts of the Deepwater Horizon Spill. BioScience 2014, 64, 796–807. [Google Scholar] [CrossRef]

	



Murawski, S.A.; Hogarth, W.T.; Peebles, E.B.; Barbeiri, L. Prevalence of External Skin Lesions and Polycyclic Aromatic Hydrocarbon Concentrations in Gulf of Mexico Fishes, Post-Deepwater Horizon. Trans. Am. Fish. Soc. 2014, 143, 1084–1097. [Google Scholar] [CrossRef]

	



Duan, M.; Xiong, D.; Bai, X.; Gao, Y.; Xiong, Y.; Gao, X.; Ding, G. Transgenerational effects of heavy fuel oil on the sea urchin Strongylocentrotus intermedius considering oxidative stress biomarkers. Mar. Environ. Res. 2018, 141, 138–147. [Google Scholar] [CrossRef]

	



Duan, M.; Xiong, D.; Yang, M.; Xiong, Y.; Ding, G. Parental exposure to heavy fuel oil induces developmental toxicity in offspring of the sea urchin Strongylocentrotus intermedius. Ecotoxicol. Environ. Saf. 2018, 159, 109–119. [Google Scholar] [CrossRef]

	



Qin, N.; He, W.; Kong, X.-Z.; Liu, W.-X.; He, Q.-S.; Yang, B.; Wang, Q.-M.; Yang, C.; Jiang, Y.-J.; Jorgensen, S.E. Distribution, partitioning and sources of polycyclic aromatic hydrocarbons in the water–SPM–sediment system of Lake Chaohu, China. Sci. Total. Environ. 2014, 496, 414–423. [Google Scholar] [CrossRef]

	



Usher, D. Method and Apparatus for Subsurface oil Recovery Using a Submersible Unit. U.S. Patent US7597811, 6 October 2009. [Google Scholar]

	



Schnitz, P.R.; Wolf, M.A. Nonfloating oil spill response planning. Int. Oil Spill Conf. Proc. 2001, 2001, 1307–1311. [Google Scholar] [CrossRef]

	



Hammoud, B.; Ndagijimana, F.; Faour, G.; Ayad, H.; Jomaah, J. Bayesian statistics of wide-band radar reflections for oil spill detection on rough ocean surface. J. Mar. Sci. Eng. 2019, 7, 12. [Google Scholar] [CrossRef]

	



Jacqueline, M. Spills of nonfloating oil: Evaluation of response technologies. Int. Oil Spill Conf. Proc. 2008, 2008, 261–267. [Google Scholar] [CrossRef]

	



Gong, Y.; Zhao, X.; Cai, Z.; O’Reilly, S.E.; Hao, X.; Zhao, D. A review of oil, dispersed oil and sediment interactions in the aquatic environment: Influence on the fate, transport and remediation of oil spills. Mar. Pollut. Bull. 2014, 79, 16–33. [Google Scholar] [CrossRef]

	



Hansen, B.H.; Altin, D.; Olsen, A.J.; Nordtug, T. Acute toxicity of naturally and chemically dispersed oil on the filter-feeding copepod Calanus finmarchicus. Ecotox. Environ. Safe 2012, 86, 38–46. [Google Scholar] [CrossRef]

	



Rios, M.C.; Moreira, I.T.; Oliveira, O.M.; Pereira, T.S.; de Almeida, M.; Trindade, M.C.; Menezes, L.; Caldas, A.S. Capability of Paraguacu estuary (Todos os Santos Bay, Brazil) to form oil-SPM aggregates (OSA) and their ecotoxicological effects on pelagic and benthic organisms. Mar. Pollut. Bull. 2017, 114, 364–371. [Google Scholar] [CrossRef]

	



Yang, B.L.; Xiong, D.Q. Bioaccumulation and subacute toxicity of mechanically and chemically dispersed heavy fuel oil in sea urchin (Glyptocidaris crenulari). Sci. Mar. 2015, 79, 497–504. [Google Scholar] [CrossRef]

	



Yin, F.; John, G.F.; Hayworth, J.S.; Clement, T.P. Long-term monitoring data to describe the fate of polycyclic aromatic hydrocarbons in Deepwater Horizon oil submerged off Alabama’s beaches. Sci. Total. Environ. 2015, 508, 46–56. [Google Scholar] [CrossRef]

	



Voice, T.C.; Weber, W.J., Jr. Sorption of hydrophobic compounds by sediments, soils and suspended solids—I. Theory and background. Water Res. 1983, 17, 1433–1441. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, A.; Bi, N.; Zeng, X.; Xiao, H. Seasonal distribution of suspended sediment in the Bohai Sea, China. Cont. Shelf Res. 2014, 90, 17–32. [Google Scholar] [CrossRef]

	



Lim, M.W.; Lau, E.V.; Poh, P.E. A comprehensive guide of remediation technologies for oil contaminated soil-Present works and future directions. Mar. Pollut. Bull. 2016, 109, 14–45. [Google Scholar] [CrossRef]

	



Gao, Y.; Zhao, X.; Ju, Z.; Yu, Y.; Qi, Z.; Xiong, D. Effects of the suspended sediment concentration and oil type on the formation of sunken and suspended oils in the Bohai Sea. Environ. Sci. Proc. Impacts 2018, 20, 1404–1413. [Google Scholar] [CrossRef]

	



Vonk, S.M.; Hollander, D.J.; Murk, A.J. Was the extreme and wide-spread marine oil-snow sedimentation and flocculent accumulation (MOSSFA) event during the Deepwater Horizon blow-out unique? Mar. Pollut. Bull. 2015, 100, 5–12. [Google Scholar] [CrossRef]

	



Sun, J.; Khelifa, A.; Zheng, X.; Wang, Z.; So, L.L.; Wong, S.; Yang, C.; Fieldhouse, B. A laboratory study on the kinetics of the formation of oil-suspended particulate matter aggregates using the NIST-1941b sediment. Mar. Pollut. Bull. 2010, 60, 1701–1707. [Google Scholar] [CrossRef]

	



Sun, J.; Khelifa, A.; Zhao, C.; Zhao, D.; Wang, Z. Laboratory investigation of oil-suspended particulate matter aggregation under different mixing conditions. Sci. Total. Environ. 2014, 473–474, 742–749. [Google Scholar] [CrossRef]

	



Sun, J.; Zhao, D.; Zhao, C.; Liu, F.; Zheng, X. Investigation of the kinetics of oil-suspended particulate matter aggregation. Mar. Pollut. Bull. 2013, 76, 250–257. [Google Scholar] [CrossRef]

	



Loh, A.; Shim, W.J.; Ha, S.Y.; Yim, U.H. Oil-suspended particulate matter aggregates: Formation mechanism and fate in the marine environment. Ocean Sci. J. 2014, 49, 329–341. [Google Scholar] [CrossRef]

	



Mu, J.; Jin, F.; Ma, X.; Lin, Z.; Wang, J. Comparative effects of biological and chemical dispersants on the bioavailability and toxicity of crude oil to early life stages of marine medaka (Oryzias melastigma). Environ. Toxicol. Chem. 2014, 33, 2576–2583. [Google Scholar] [CrossRef]

	



King, T.; Robinson, B.; Ryan, S.; Lee, K.; Boufadel, M.; Clyburne, J. Estimating the usefulness of chemical dispersant to treat surface spills of oil sands products. J. Mar. Sci. Eng. 2018, 6, 128. [Google Scholar] [CrossRef]

	



Sterling, M.C., Jr.; Bonner, J.S.; Ernest, A.N.; Page, C.A.; Autenrieth, R.L. Characterizing aquatic sediment-oil aggregates using in situ instruments. Mar. Pollut. Bull. 2004, 48, 533–542. [Google Scholar] [CrossRef]

	



Ma, X.; Cogswell, A.; Li, Z.; Lee, K. Particle size analysis of dispersed oil and oil-mineral aggregates with an automated ultraviolet epi-fluorescence microscopy system. Environ. Technol. 2008, 29, 739–748. [Google Scholar] [CrossRef]

	



Sørensen, L.; Melbye, A.G.; Booth, A.M. Oil droplet interaction with suspended sediment in the seawater column: Influence of physical parameters and chemical dispersants. Mar. Pollut. Bull. 2014, 78, 146–152. [Google Scholar] [CrossRef]

	



Wang, W.Z.; Zheng, Y.; Lee, K. Chemical dispersion of oil with mineral fines in a low temperature environment. Mar. Pollut. Bull. 2013, 72, 205–212. [Google Scholar] [CrossRef]

	



Wu, M.; Xu, H.; Yu, Y.; Wang, L. High performance liquid chromatography–tandem mass spectrometry for rapid and sensitive analysis of six polycyclic aromatic hydrocarbons in wastewater. Water Sci. Technol. 2011, 64, 477–484. [Google Scholar] [CrossRef]

	



Khelifa, A.; Fieldhouse, B.; Wang, Z.; Yang, C.; Landriault, M.; Fingas, M.; Brown, C.; Gamble, L.; Pjontek, D. A laboratory study on formation of oil-SPM aggregates using the NIST standard reference material 1941b. In Proceedings of the 30th Arctic and Marine Oilspill Program, AMOP Technical Seminar, Edmonton, AB, Canada, 5–7 June 2007; pp. 35–47. [Google Scholar]

	



Holder, E.L.; Conmy, R.N.; Venosa, A.D. Comparative Laboratory-Scale Testing of Dispersant Effectiveness of 23 Crude Oils Using Four Different Testing Protocols. J. Environ. Prot. 2015, 6, 628–639. [Google Scholar] [CrossRef]

	



Kaku, V.; Boufadel, M.W.; Weaver, J. Scaling Exponents of Structure Functions in an Eccentrically Rotating Flask. Adv. Theor. Appl. Mech. 2010, 3, 233–252. [Google Scholar]

	



Khelifa, A.; Fingas, M.; Brown, C. Effects of Dispersants on oil–SPM Aggregation and Fate in US Coastal Waters; Coastal Response Research Center at University of New Hampshire: Durham, NH, USA, 2008. [Google Scholar]

	



Delvigne, G.A.L.; Sweeney, C.E. Natural dispersion of oil. Oil Chem. Pollut. 1988, 4, 281–310. [Google Scholar] [CrossRef]

	



Xing, B. The effect of the quality of soil organic matter on sorption of naphthalene. Chemosphere 1997, 35, 633–642. [Google Scholar] [CrossRef]

	



Lee, K.; Stoffyn-Egli, P.; Tremblay, G.H.; Owens, E.H.; Sergy, G.A.; Guénette, C.C.; Prince, R.C. Oil–mineral aggregate formation on oiled beaches: Natural attenuation and sediment relocation. Spill Sci. Technol. B 2003, 8, 285–296. [Google Scholar] [CrossRef]

	



Khelifa, A.; Stoffyn-Egli, P.; Hill, P.S.; Lee, K. Characteristics of oil droplets stabilized by mineral particles: Effects of oil type and temperature. Spill Sci. Technol. B 2002, 8, 19–30. [Google Scholar] [CrossRef]

	



Le Floch, S.; Guyomarch, J.; Merlin, F.-X.; Stoffyn-Egli, P.; Dixon, J.; Lee, K. The Influence of Salinity on Oil–Mineral Aggregate Formation. Spill Sci. Technol. B 2002, 8, 65–71. [Google Scholar] [CrossRef]

	



Lee, K.; Stoffyn-Egli, P.; Wood, P.A.; Lune, T. Formation and structure of oil-mineral fines aggregates in coastal environments. In Proceedings of the 21st Arctic and Marine Oilspill Program, Edmonton, AB, Canada, 10–12 June 1998. [Google Scholar]

	



Gustitus, S.A.; John, G.F.; Clement, T.P. Effects of weathering on the dispersion of crude oil through oil-mineral aggregation. Sci. Total Environ. 2017, 587–588, 36–46. [Google Scholar] [CrossRef]

	



Chen, L.; Zhou, Y.; Wang, X.; Zwicker, T.; Lu, J. Enhanced oil–mineral aggregation with modified bentonite. Water Sci. Technol. 2013, 67, 1581–1589. [Google Scholar] [CrossRef]

	



Zhang, H.; Khatibi, M.; Zheng, Y.; Lee, K.; Li, Z.; Mullin, J.V. Investigation of OMA formation and the effect of minerals. Mar. Pollut. Bull. 2010, 60, 1433–1441. [Google Scholar] [CrossRef]

	



Payne, J.R.; Clayton, J.R.; Kirstein, B.E. Oil/suspended particulate material interactions and sedimentation. Spill Sci. Technol. B 2003, 8, 201–221. [Google Scholar] [CrossRef]

	



Rabodonirina, S.; Rasolomampianina, R.; Krier, F.; Drider, D.; Merhaby, D.; Net, S.; Ouddane, B. Degradation of fluorene and phenanthrene in PAHs-contaminated soil using Pseudomonas and Bacillus strains isolated from oil spill sites. J. Environ. Manag. 2019, 232, 1–7. [Google Scholar] [CrossRef]

	



Incardona, J.P. Molecular Mechanisms of Crude Oil Developmental Toxicity in Fish. Arch. Environ. Decontam. Toxicol. 2017, 73, 19–32. [Google Scholar] [CrossRef]

	



Zhao, L.; Boufadel, M.C.; Geng, X.; Lee, K.; King, T.; Robinson, B.; Fitzpatrick, F. A-DROP: A predictive model for the formation of oil particle aggregates (OPAs). Mar. Pollut. Bull. 2016, 106, 245–259. [Google Scholar] [CrossRef]








[image: Jmse 07 00282 g001 550] 





Figure 1. Formation and fate of sunken and suspended oils (SSO) in the marine environment. 
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Figure 2. Size distribution of quartz sand, measured by laser in situ scattering and transmissometry (LISST-100X, Type C, Sequoia Scientific, Seattle, WA, USA). 
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Figure 3. The distribution of PAHs in the sunken oils in the presence of quartz sand. 






Figure 3. The distribution of PAHs in the sunken oils in the presence of quartz sand.



[image: Jmse 07 00282 g003]







[image: Jmse 07 00282 g004 550] 





Figure 4. The distribution of PAHs in the sunken oils in the presence of GM-2 and quartz sand. 
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Figure 5. The OSE of PAHs in the sunken oils in the presence of GM-2 and quartz sand. 
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Figure 6. (a) The OSE of total petroleum hydrocarbons (TPH) in the sunken oils in the presence of GM-2 and quartz sand; (b) The Pearson’s correlation of OSE between total PAHs and TPH. 
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Figure 7. Schematic description of the interaction between oil and sediment in the presence of chemical dispersant. 
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Table 1. Physicochemical characteristics of heavy fuel oil 380 (HFO 380), sediment, and seawater.
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Properties of Oil at 25 °C




	

	
Density (g/mL)

	
Asphaltenes (wt %)

	
IFT 1 (N/m)

	
Viscosity (mm2/s)




	
HFO 380

	
0.9821

	
11.35

	
0.034

	
15,529.70




	
Properties of Sediment




	

	
Density (g/mL)

	
Contact angle

	
Volume median diameter (μm)




	
Quartz sand

	
2.08

	
<10 °C

	
6.38




	
Properties of Seawater




	

	
pH

	
Salinity (‰)

	
Conductivity (ms/cm)




	
Seawater

	
7.60 ± 0.30

	
35.00 ± 1.00

	
41.70 ± 1.20








1 IFT is the abbreviation of interfacial tension.


media/file13.jpg
PP Lot s
UMW Py

e \mé.... P






media/file4.png
Frequency (%)

69 19 —&— QQuartz sand

AN
A

A%}

0 50 100 150 200 250
Diameter (pum)





nav.xhtml


  jmse-07-00282


  
    		
      jmse-07-00282
    


  




  





media/file2.png
|
A
LA
_ k- 1
r— 4 |
t

1
-------------------------------------------------------------------------------------------------------------------------------------------------- f |
' |
1 |
1 1
' |

1

Collision of oil droplets Larger droplets
and sediment particles . resurface quickly

e TR S A -
0¥ e o i > .
\ @ _,00 =
\ o @ WU ‘o
\ e e o g : i
\ - . . Neutral OSAs o
‘ o o = . | | Suspended
= @ Dispersed oil droplets | | | oils

i ‘ v
- - s

- @
\ 4 Oils denser than the
receiving water

et b TRV R
® ® O Suspended sediments Ogﬁa Ol codt 1& ﬁ .| | Sunken oils
% dime |

@ Oil droplets Negativ without sediment Sunken oil-contaminated sediments






media/file5.jpg
HFO 380 [ F

IPAHs = 19822800 pg/L. SPAHs = 306021 pg/L

unken oils + sed:

2rings 3urings Arings Srings | Gerings

WO A A P BE AR RS By b OF o g8 gt gib® O oo





media/file3.jpg
Frequency (%)

70
69
68
67
66
65,

38

3.6

34,

08
0.6
04
02
0.0

—a

—o— Quartz sand

a

100

150
Diameter (um)

200

250

300





media/file1.jpg
@,

Calionat sl dpets e apis
Bl o T,
oo o auielly

.

iy

T
[ ) pre—
© Dermnedatimn | | |50

O Tenser thanthe
el et

Sunken il





media/file7.jpg
1al PAHS (%0
2

percent of 0

30






media/file10.png
RO XXX X XXX XX XX

)

R R R
RO

T

L

FRX X XXX XXX XX I XA

e

FREAIIIIHIIIITHIMHIIIMINIIININN

L

SR
AR,
S ;loroik;;krsrses
8 = T_||A
-
W £ O
o O O
Z285
2 .2 | ESSTSITRIIIIIIX
= B
R TN
8 o =k F L
=B =B
L L O D
s ST
T o D) o
O O O O 5 SRR
n A 7//////m
HNHNH

T o I oo B I

(%) SHVd JO SO

I QL e N L e @
Ll

3-1‘ings 4-1‘i'ngs 5-rings 6-rings

2-rings

Total





media/file12.png
OSE of total petroleum hydrocarbon (%)

30

25

20

h

- @ - sediment + dispersant

DOR

(a)

OSE of total PAHs (%)

y=0.56x+1.33

R>=0.9786 o
|

B sunken oils

5 10 15 20 25 30
OSE of total petroleum hydrocarbon (%)

(b)

35





media/file9.jpg
AR AR A IR

3-ri'ngs 4erings  Serings  6-rings

[ Sediment + 1:5 dispersant
2-rings

EZ0 Sediment + 1:10 dispersant

T3 Sediment only

Tollal

S 0 S v o
4 8 =2

(%) SHVd JO SO

30





media/file0.png





media/file14.png
Collision of oil droplets Formation of sunken =
and particles oils Bl e Dispersant
7 . © o ° O\ Hydrophobic
@ e ey
o o % , o LMW PAHSs
oo @

Sediment
Oil

@@0@ @@eee HMW PAHs

Vatural dispersion m \Chemlcal dlspersmn

)
: ()
Sunken oils \






media/file8.png
tal PAHSs (%0)

percent of to

: dim\@“x

A\

[
=

10

1:3

\$






media/file11.jpg
OSE of total petroleum hydrocarbon (%)

0

- o ediment + dispesa|

OSE o st PATI (6)

yes6er15s
R=09756

= kol

T

(@)

s

3

T W % % W
OSE o totl petmlesm hydrocarhon ()

(b)

E





media/file6.png
20

Percent of total PAHs (%)
= =

2-rings 3-rings 4-ri