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Bitumen, an unconventional crude oil, has received much attention with the increasing
consumption and the shrinking storage of conventional crude oils. Bitumen is highly
viscous and, thus, is commonly diluted for transportation purposes. Spills of diluted
bitumen could occur during the transportation from reservoirs to refineries via pipeline, rail,
and marine vessels. Although some laboratory and numerical modeling studies have been
contributed to study the spill of diluted bitumen from different aspects, there is no
systematic review in the field yet. Therefore, this study first conducted a review on
different types of diluted bitumen based on their physicochemical properties, followed
by their weathering processes including spreading, evaporation, emulsification,
photooxidation, biodegradation, and sinking. Second, the numerical modeling on the
fate and behavior of spilled diluted bitumen was summarized and analyzed. Finally, the
techniques for spilled oil recovery were discussed, as well as the disposal/treatment of oily
waste. Currently, a rare attempt has beenmade to turn the recovered oily waste into wealth
(reutilization/valorization of oily waste). Using the recovered oily waste as the feedstock/
processing medium for an emerging thermochemical conversion technique (hydrothermal
liquefaction of biomass for crude bio-oil production) is highly recommended. Overall, this
article summarized the state-of-the-art knowledge of the spill of diluted bitumen, with the
hope to create a deep and systematic understanding on the spill of diluted bitumen for
researchers, relevant companies, and decision makers.
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1 INTRODUCTION

Conventional fossil fuel is crucial for industrialization and the development of our society. Although
conventional oil is still the primary energy supply worldwide, its reservoir is rapidly shrinking. Oil
industries and governments are therefore actively seeking unconventional oil resources, such as the
bitumen extracted from oil sands. Bitumen deposits have been found in Canada, Kazakhstan, Russia,
and Venezuela. Canada occupied almost 70% of bitumen reservoirs in the world, making it the
world’s third-largest oil reserve country. However, the bitumen extracted from oil sands is usually
not able to be transported via pipeline due to its high viscosity and density. Thus, it is necessary to
reduce the bitumen’s viscosity and density to meet the requirements for pipeline transportation. The
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dilution of bitumen based on different diluents (e.g., natural-gas
condensate or synthetic crude) is the most commonly used
technique to decrease oil viscosity in the petroleum industry,
yielding the diluted bitumen (King, Robinson, Boufadel, & Lee,
2014). About 95% of bitumen and other heavy oils are
transported to coastal ports by pipeline in Canada and then
shipped to global markets by marine tankers (Martínez-Boza
et al., 2011; King, Robinson, Boufadel, & Lee, 2014). The growing
volume of diluted bitumen transportation has led to an increasing
potential for spills. For instance, the pipeline operated by Kinder
Morgan released about 224 m3 of diluted bitumen into the
Burrard Inlet, British Columbia, Canada, in 2007
(Environment Canada, 2013); the Enbridge Line 6B pipeline
leaked about 3,320–3,790 m3 of diluted bitumen into the
Kalamazoo River in July 2010 (Dollhopf et al., 2014;
Swarthout et al., 2016); the Enbridge’s Athabasca pipeline
released about 230 m3 of diluted bitumen into the Red Deer
River on 18 June 2012 (Brown, 2012). Accurate prediction of the
spilled diluted bitumen’s transport and behavior is of importance
to local authorities and oil companies for quick and efficient
response to diluted bitumen spills. Some studies have been carried
out regarding the physicochemical properties of diluted bitumen
and the investigation/simulation of its weathering processes
(Yang et al., 2011; Banerjee, 2012a; Environment Canada,
2013; Menzies and Thomas, 2014; Tsaprailis et al., 2014; Dew
et al., 2015; Fingas, 2015; Yarranton et al., 2015; Hounjet and
Dettman, 2016; Wu et al., 2016; Sereneo, 2017; Ortmann et al.,
2020; Li et al., 2022). For instance, Menzies and Thomas (2014)
investigated the physical properties of diluted bitumen and
compared them with the conventional crude oils.
Environmental Canada (2013) conducted a series of
experiments to study the weathering processes of diluted
bitumen. Li et al. (2022) developed a model that can simulate
the weathering processes of diluted bitumen. However, no review
effort has been made to summarize the corresponding findings
and advances, in particular, compared with heavy crude oil that
also has a high viscosity, and its spill modeling has been well
developed.

Furthermore, many attempts have been made for the
emergency response to spilled oil and the treatment of oily
waste, to minimize the negative impact on the environment,
ecology, and socioeconomics. The oil spill response technologies
can be generally classified into three categories: physical,
chemical, and biological methods. The physical method mainly
refers to using booms, skimmers, and sorbents to recover the
spilled oil on the water surface. Chemical and biological methods
can be used in conjunction with physical means for further
cleanup. The recovered oily waste is typically disposed of by
landfill/incineration. In addition, the oily wastewater with high
salinity is treated with a biological membrane reactor to meet the
wastewater discharge requirement. Although some reviews have
been conducted on the conventional oil spill emergency response
and oily wastewater treatment, none has been found for diluted
bitumen (Dave and Ghaly, 2011; Han et al., 2019; Dhaka and
Chattopadhyay, 2021).

It is also worthwhile mentioning that the concept of waste to
wealth is gaining momentum worldwide (Clark, 2017; Xu et al.,

2019). How to reutilize/convert the collected oily wastes into
high-value products is of significant research and industry
interests. Currently, many biowaste conversion technologies
have been developed to valorize various wastes. Unfortunately,
no review is conducted on the suitability of these conversion
techniques for oily waste recovery.

Therefore, this study is aiming at providing reviews on
physicochemical properties, weathering processes, and
numerical simulation of diluted bitumen and its spills, in
comparison to heavy crude oils. In addition, the emergency
response and recovery/reutilization of spilled oils are reviewed
and discussed. Correspondingly, this review is organized as
follows: 1) the physical and chemical properties of diluted
bitumen products compared with conventional oils are
presented in Section 2; 2) the weathering processes of diluted
bitumen and its toxicity to aquatic organisms are summarized
and compared with that of heavy crude oils in Section 3; 3) the
emergency response technologies including oil spill modeling and
oil spill countermeasures are reviewed in Section 4; 4) the
valorization of collected oily wastes is reviewed in Section 5,
focusing on the reutilization of oily waste and the suitable
biowaste conversion technology; and 5) current challenges in
the field and corresponding future works are presented and
discussed in Section 6, and the conclusions are presented in
Section 7.

2 PHYSICAL AND CHEMICAL PROPERTIES

Bitumen products are produced by surface mining/in situ
recovery from oil sands. Bitumen is hard to flow naturally due
to its high density, high viscosity, and high metal concentration
(Humphries, 2007). Usually, bitumen products are upgraded
and/or blended with diluents to reduce their viscosity (no
more than 350 cSt) to meet the pipeline transportation
requirement (Table 1).

Bitumen can be blended with condensate and/or synthetic
crude oil to generate different products called dilbit, synbit, and
syndilbit. Condensate is a light oil product typically produced
from a gas well, while synthetic crude oil is produced by
upgrading bitumen. As shown in Figure 1, diluted bitumen
products are classified by their composition. Dilbit contains
20–30% condensate and 70–80% bitumen, while synbit is
blended with 50% synthetic crude with 50% bitumen (Crosby
et al., 2013). Syndilbit is a mixture of 75% bitumen, 16%
condensates, and 19% synthetic crude oils (Fekete, 2006).

Petroleum products are usually classified based on their
American Petroleum Institute (API) gravity (or density) and
viscosity. As shown in Table 2, the API gravities of bitumen
and extra-heavy crude oil are generally less than 10°, while those
of heavy crudes are between 10 and 22.3°. Furthermore, the
viscosity of bitumen (>10,000 cSt) is higher than all the heavy
and extra-heavy crudes (100–10,000 cSt) (Fingas, 2015; Oil Sands
Magazine, 2020). The analogously high viscosity of bitumen,
heavy crudes, and extra-heavy crudes are due to their high
asphaltenes compositions (Menzies and Thomas, 2014). As for
the diluted bitumen, the API gravity and viscosity of dilbit, synbit,
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and syndilbit are 20–22°, 19–21° and 19–22° and 350, 128
and176 cSt (at 15°C), respectively (Banerjee, 2012b; Oil Sands
Magazine, 2020). It is worth noting that the oil viscosity is
sensitive to temperature. As shown in Figure 2, with the
increase in temperature, the viscosity of light crude appears to
insignificantly decrease. In contrast, the viscosities of both dilbit
and heavy crudes are significantly decreasing with temperature
increasing from 10 to 45°C (Tsaprailis et al., 2014).

The chemical properties of dilbit, synbit, syndilbit, light crude,
medium crude, and heavy crude are presented in Table 3. The
mean values and standard deviations of chemical properties for
each product produced in the recent 5 years (2017–2022) were
included. The light ends are referring to propane, butanes,
pentanes, hexanes, heptanes, octanes, nonanes, and decanes.
Dilbit contains a larger percentage of light ends than synbit,
mainly due to condensate being rich in light-end compounds
compared to synthetic crude oil. The micro carbon residual
(MCR) is an indicator of the tendency to form carbon
deposits under high-temperature conditions in an inert
atmosphere. In general, dilbit has a comparable MCR with
synbit and syndilbit (around 10%). BTEX (benzene, toluene,
ethylbenzene, and xylene) are commonly existing compounds
in oils. They are crucial for achieving satisfactory oil properties
(especially for oil lubricity), even though they only account for a
small percentage (Yang et al., 2019b). The contents of BTEX and
sulfur in dilbit are slightly higher than in synbit and syndilbit as
shown in Table 3.

As per comparisons, the chemical properties of light, medium,
and heavy crude oils are also provided in Table 3. It can be clearly
observed that both light and medium crude oil have higher
contents of light ends and BTEX, but lower contents of MCR
and sulfur, compared to dilbit and synbit. Nevertheless, diluted
bitumen products are similar to heavy crude oil in chemical
properties, including the percentage of light ends, BTEX, MCR,
and sulfur content. Especially, the dilbit product has a very similar

TABLE 1 | Key factors for pipeline specifications for diluted bitumen.

Quality parameter Value Reference

Density (kg/m3) <940 Menzies and Thomas (2014)
American Petroleum Institute (API) gravity (o) >20 Menzies and Thomas (2014)
Viscosity (cSt) <350 Menzies and Thomas (2014)
Sediment and water content (%) <0.5 Banerjee (2012b)
Reid vapor pressure (psi) <14.5 Banerjee (2012b)
Temperature (°C) <70 Swift et al. (2011)

FIGURE 1 | Products of diluted bitumen derived from oil sands (Fekete,
2006; Crosby et al., 2013).

TABLE 2 | Physical properties of bitumen, diluted bitumen, and conventional crudes.

Oil type API gravity (˚) Viscosity (cSt) Reference

Extra-heavy crude <10 <10,000 Menzies and Thomas (2014)
Heavy crude 10–22.3 100–10,000 Fingas (2015)

Oil Sands Magazine (2020)
Medium crude 22.3–31.1 ~25 Menzies and Thomas, (2014)

Oil Sands Magazine (2020)
Light crude >31.1 5–50 Guo eTt al. (2016)

Oil Sands Magazine (2020)
Synthetic crude 30–40 5–20 Menzies and Thomas (2014)
Bitumen <10 >10,000 Menzies and Thomas (2014)
Condensate >60 <1 Menzies and Thomas (2014)
Dilbit 20–22 350 Menzies and Thomas (2014)

Oil Sands Magazine (2020)
Synbit 19–21 128 Menzies and Thomas (2014)

Oil Sands Magazine (2020)
Syndilbit 19–22 176 Banerjee (2012b)

Crude Quality Inc. (2015)
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chemical composition to the heavy crude oils, with almost
identical percentages of light ends (~20 vol%), BTEX (~1 vol
%), MCR (~10 wt%), and sulfur (~3 wt%).

Furthermore, another group of volatile components,
polycyclic aromatic hydrocarbons (PAHs), is associated with
chronic toxicity in aquatic species. Usually, the concentration
of PAHs in diluted bitumen is usually lower than that in
conventional crudes (Yang et al., 2011; Zhou et al., 2015). In
addition, dilbit contains more PAHs than synbit (Sereneo, 2017).

3 WEATHERING PROCESSES

Weathering is a very important process that could change the
physical and chemical properties of oil after a spill happened. The
oil weathering processes are usually referring to the spreading, oil
evaporation, oil emulsification, natural dispersion, dissolution,
photooxidation, biodegradation, sedimentation, etc. (Fingas,
2011). Each process happens at different times along with
varied rates as shown in Figure 3 (Lee et al., 2015). For
example, evaporation occurs right after the spill, and it is a
relatively short process because it happens only when an oil
slick is present on the water surface. In contrast, emulsification
starts at a relatively later stage, and it is a long-term process (Lee
et al., 2015).

To study the weathering processes of bitumen, various
analytical methods have been developed based on
chromatographic and spectroscopic instruments. A gas
chromatography-mass detector (GC-MS) is commonly
applied to acquire the chemical composition of bitumen,
such as long-chain saturated hydrocarbons, polyaromatic
hydrocarbons, etc. A gas chromatography-flame ionized
detector (GC-FID) is usually used to quantify the amount
of each type of hydrocarbon in bitumen (King et al., 2014;
Yang et al., 2018b). For instance, King et al. (2014) used both
GC-MS and GC-FID to study the influence of weathering

processes on bitumen’s chemical composition in the marine
environment.

In addition to chromatographic methods, spectroscopic
methods are also frequently applied. Rajib et al. (2021)
investigated the chemical composition change of bitumen
during oily water treatment based on Fourier transform
infrared (FTIR) spectroscopy. The study indicated that water
exposure can draw polar compounds to the bitumen surface,
leading to a significant increase in absorbance
(3,400–3,200 cm−1). In addition, Ren et al. (2009) utilized the
X-ray photoelectron spectroscopy (XPS) technique to explore the
effect of weathering processes on the chemical composition and
wettability of bitumen by Ren et al. (2009).

3.1 Spreading
Spreading is one of the most crucial processes that can increase
the contamination area (Lee et al., 2015). The spilled oil spreads
quickly to form a thin layer (slick) on the water surface due to the
balance between several forces (e.g., gravity, inertia forces, surface
tension forces, and viscosity forces) (Iler and Hamilton, 2015).
Surface and interfacial tensions are important to determine the
final thickness of a spreading oil film (Environment Canada,
2013). The effect of gravity could be gradually diminished
overtime, and the oil continues to spread under the effect of
interfacial tension (Fay, 1969). The spreading usually decreases
with time due to the processes of evaporation, dispersion, and
dissolution. The spreading process stops when the thickness of
the slick is about 10–3–10–2 cm (Fay, 1969; Wang et al., 2008).

The spreading rate of released oil is determined by
environmental conditions (e.g., temperature, water
currents, tidal streams, and wind speeds), spill type, and oil
properties (Lehr, 2001; Wang et al., 2008; Dew et al., 2015; Lee
et al., 2015). For example, the increased temperature can
reduce the interfacial tension of oil and thus increase the
oil spreading rate. Oil spreads faster in warm water than in
cold water (Lee et al., 2015). Spilled oil is likely to spread
rapidly in open water to cover the large areas of the water
surface (Lee et al., 2015). In confined water, oil cannot spread
out and lead to the high risk of long-term damage (Michel and
Rutherford, 2014). If surface ice is present in the spill area, the
oil spreading rate will be significantly reduced (Stantec
Consulting Ltd., 2016). Moreover, Stoyanovich et al. (2021)
conducted a series of in situ experiments to investigate the
behavior of diluted bitumen in freshwater. They indicated that
the spreading rate of diluted bitumen would be higher on low
wind days than that on high wind days due to the restriction of
limnocorral.

In terms of oil properties, the spreading rate relies on the
concentration of low molecular weight hydrocarbons (volatile
components). For example, the light crude oil contains high
proportions of volatile components and thus can quickly
spread on the water surface (Lee et al., 2015). The spreading
rate also highly depends on the viscosity of the oil (Fingas, 2015).
Oils with low viscosity usually spread quicker than those with
high viscosity. Subsequently, bitumen usually spreads much
slower than conventional oils due to its low percentage of
volatile components and high viscosity.

FIGURE 2 | The relationship between temperature and viscosity of
conventional crudes and dilbit. Adapted from Tsaprailis et al. (2014) (Tsaprailis
et al., 2014).
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3.2 Evaporation
Evaporation, which significantly contributes to the growth of
density, is normally considered as one of the most important
weathering processes. The amount of oil remaining on water
strongly relies on evaporation. The evaporation rate is greatly
dependent on the composition of volatile components in oil.

The evaporation rate is usually high for the oil with a high
percentage of volatile components (Fingas, 2015). After a
couple of hours of evaporation, most of the light
components are evaporated and the remaining light
components tend to disperse into the water column.
Furthermore, the remaining heavier components can

TABLE 3 | Chemical properties for diluted bitumen products made in Alberta (CrudeMonitor, 2022).

Name Light ends (vol%)a MCR (wt%) BTEX (vol%)b Sulfur (wt%)

Dilbit (20–30% of condensate + 70–80% bitumen)

Access Western Blend 24.55 ± 2.03 10.61 ± 0.24 0.97 ± 0.21 3.88 ± 0.12
Borealis Heavy Blend 24.06 ± 2.47 9.92 ± 0.5 0.77 ± 0.17 3.79 ± 0.15
Christina Dilbit Blend 23.2 ± 2.84 10.38 ± 0.32 0.84 ± 0.2 3.83 ± 0.13
Cold Lake 21.61 ± 2.84 10.28 ± 0.39 0.86 ± 0.19 3.71 ± 0.13
Canadian Natural High TAN 22.26 ± 2.58 10.24 ± 0.35 0.89 ± 0.22 3.68 ± 0.14
Fort Hills Dilbit 20.07 ± 2.31 8.92 ± 0.41 0.65 ± 0.18 3.95 ± 0.1
Kearl Lake 22.17 ± 2.53 9.14 ± 0.3 0.79 ± 0.21 3.84 ± 0.11
Leismer Corner Blend 25.97 ± 1.85 10.19 ± 0.24 1.29 ± 0.17 3.81 ± 0.1
Surmont Heavy Dilbit 24.33 ± 1.86 10.37 ± 0.34 0.82 ± 0.23 3.97 ± 0.13
Western Canada Dilbit 22.83 ± 2.33 10.15 ± 0.36 0.85 ± 0.21 3.81 ± 0.13
Average 23.11 ± 1.69 10.02 ± 0.55 0.87 ± 0.17 3.83 ± 0.09

Synbit (50% synthetic crude oil + 50% bitumen)

Long Lake Heavy 9.05 ± 0 6.9 ± 0 0.38 ± 0 2.94 ± 0
PetroChina Blend 11.05 ± 1.29 6.46 ± 0.51 0.47 ± 0.12 2.53 ± 0.19
Surmont Heavy Blend 10.71 ± 1.37 6.99 ± 0.38 0.45 ± 0.09 2.86 ± 0.13
Surmont Mix A 15.83 ± 1.66 8.26 ± 0.39 0.6 ± 0.14 3.24 ± 0.17
Average 11.66 ± 2.91 7.15 ± 0.77 0.48 ± 0.09 2.89 ± 0.29

Syndilbit (16% condensates + 19% synthetic crude oils + 75% bitumen)

Western Canadian Select 19.2 ± 2.2 9.69 ± 0.31 0.74 ± 0.13 3.65 ± 0.1

Light crude oil

Koch Alberta 31.39 ± 1.59 3.89 ± 0.27 1.91 ± 0.35 1.07 ± 0.09
Moose Jaw Tops 43.68 ± 6.91 0.22 ± 0.19 1.77 ± 0.44 1.61 ± 0.16
Mixed Sweet Blend 39.03 ± 2.24 1.68 ± 0.24 2.29 ± 0.31 0.39 ± 0.05
Pembina Light Sour 39.19 ± 3.99 3.35 ± 0.71 3.55 ± 0.71 0.94 ± 0.28
Rainbow 35.6 ± 1.89 2.29 ± 0.18 1.74 ± 0.21 0.44 ± 0.06
Average 37.78 ± 4.58 2.29 ± 1.44 2.25 ± 0.76 0.89 ± 0.5

Medium crude oil

Hardisty Light 31.9 ± 8.26 4.5 ± 0.55 1.33 ± 0.8 1.45 ± 0.18
Medium Gibson Sour 39.05 ± 7.33 4.53 ± 1.36 2.6 ± 1.06 1.37 ± 0.34
Midale 30.9 ± 1.69 5.01 ± 0.19 2.87 ± 0.27 2.12 ± 0.12
Peace Pipe Sour 36.08 ± 4.68 2.92 ± 0.91 2.12 ± 0.37 1.5 ± 0.46
Average 34.48 ± 3.78 4.24 ± 0.91 2.23 ± 0.68 1.61 ± 0.34

Heavy crude oil

Bow River North 20.29 ± 2.25 10.6 ± 0.62 0.66 ± 0.17 2.99 ± 0.15
Bow River South 17.83 ± 1.21 8.15 ± 0.23 0.81 ± 0.14 2.67 ± 0.12
Fosterton 18.63 ± 1.92 9.71 ± 0.28 0.61 ± 0.12 3.34 ± 0.09
Lloyd Blend 18.83 ± 2.03 9.62 ± 0.24 0.8 ± 0.2 3.49 ± 0.1
Lloyd Kerrobert 19.57 ± 2.44 10.36 ± 0.56 0.72 ± 0.18 3.04 ± 0.13
Similey-Coleville 16.73 ± 2.18 9.39 ± 0.3 0.5 ± 0.15 2.94 ± 0.1
Deal Heavy 21.19 ± 2.18 9.2 ± 0.39 0.97 ± 0.19 4.65 ± 0.25
Western Canadian Blend 14.21 ± 1.8 8.32 ± 0.3 0.52 ± 0.13 3.06 ± 0.1
Wabasca Heavy 16.64 ± 1.71 8.49 ± 0.25 0.81 ± 0.15 4.05 ± 0.16
Average 18.21 ± 2.13 9.32 ± 0.87 0.71 ± 0.15 3.36 ± 0.63

Note.
aLight ends compromise the sum of C3-, butanes, pentanes, hexanes, heptanes, octanes, nonanes, and decanes.
bBTEX compromise the sum of benzene, toluene, ethyl benzene, and xylenes.
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combine with sediments in the water column and submerge/
sink (Walker et al., 2016).

Temperature has a profound impact on the evaporation rate of
spilled oil (Environment Canada, 2013; Yarranton et al., 2015;
Johannessen et al., 2020; Ortmann et al., 2020). Yarranton et al.
(2015) conducted several tests to investigate and compare the
evaporation rate and the physical property changes of dilbit and
light crudes in freshwater. The Cold Lake Winter Blend (CLWB,
dilbit) and Alberta Sweet Blend (ASB, light crude oil) were
selected to measure the evaporation rates at temperatures of
5°C, 15°C, and 25°C with different air flow rates. The results
indicated that the highest evaporated portion of CLWBwas about
22% at 25°C, which was lower than ASB (40%) under the same
condition. Furthermore, the diluents could evaporate at all
temperatures, while the heavier compounds started to
evaporate when the temperature reached 60°C (Yarranton
et al., 2015). Similar results of evaporation rate were found by
Environmental Canada (2013). The IFO (intermediate fuel oil)
180 was used as a reference crude oil in pan evaporation tests. At
15°C seawater, the evaporation rate of AWB was 15.9%, followed
by CLB (11.7%) and IFO 180 (0.85%) in the first 6 h. In the
following 24 h, the AWB, CLB, and IFO 180 lost 18.4, 15.6, and
1.75% of their mass, respectively. The mass loss of IFO 180 was
less than 5%, while the mass loss of both the AWB and the CLB
was more than 20%. Moreover, the AWB appeared to have a
higher evaporability than the CLB (Environment Canada, 2013).
A relatively long-term (14 days) experiment was conducted by
Ortmann et al. (2020) to simulate the spills of diluted bitumen
products in a coastal area with different seasonal conditions. This
study indicated that the warmer air temperature in summer and
autumn would enhance the evaporation rate. Moreover, it was
noticed that the relatively thick slicks would reduce the
evaporation rate (Ortmann et al., 2020).

Niu et al. (2016) conducted stochastic modeling of oil spills in
the Salish Sea and compared the evaporation rate of dilbit and
conventional crudes. The results illustrated that in the same

scenario for 15-day duration, light crudes represented the
highest evaporation rate (34.8%), followed by dilbit (16.9%)
and heavy crudes (2.4%). This result was consistent with the
portions of the light end composition in these oils. Furthermore,
Hospital et al. (2015) studied the dilbit spill in the Westridge
Terminal, the Port Mann Bridge in the Fraser River, and the other
locations (Strait of Georgia, Arachne Reef, Race Rocks, and Buoy
J.) along the shipping route. The H3D model (hydrodynamic
model) and the SPILLCALCmodel (oil trajectory and weathering
model) were applied in the study for spill simulation. The results
indicated that the evaporation rate of dilbit ranged from 15 to
20% in all locations along the shipping route. The evaporation
rates were stable throughout the year in the Westridge Terminal
(19.4% on average), while they were highest in winter (11%) in the
Fraser River (10% on average). It concluded that both
temperature and water system might affect the evaporation
rate of dilbit (Hospital et al., 2015).

3.3 Emulsification
Emulsification is the process of one liquid dispersing into another
one in the form of small droplets (Fingas, 2015). The formation of
water-in-oil emulsions can change the physical properties of
spilled oil, such as viscosity. As found by Fingas and
Fieldhouse (2004), emulsions can be classified into four
groups: stable, meso-stable, entrained, and unstable. The
unstable emulsion contains only a small portion of water and
has a broader range of initial properties (Fingas, 2010). As shown
in Table 4, the stability of an emulsion is associated with the
composition of resin and asphaltenes. Asphaltenes can stabilize
water-in-oil emulsions (Czarnecki et al., 2013). However, excess
resin content with an asphaltene/resin ratio higher than 0.6 can
destabilize the emulsion. Viscosity also affects the formation of
emulsions. The high viscosity limits dispersion and thereby
restricts the amount of water coalescing (Lee et al., 2015).
Salinity and pH are the other two factors causing impacts on
emulsification. The emulsification rate is relatively high at low
salinity and low pH (Hounjet et al., 2018). The emulsions can
only be formed after evaporation which increase the asphaltene
and resin compositions as well as the oil’s viscosity (Belore, 2004;
Fingas, 2015). Emulsification increases the volume of the surface
slick, while evaporation reduces it (Fingas, 2010). Emulsification
also increases the viscosity of oil by up to 1,000 times, hindering
the spreading and evaporation of oil (Fingas, 2010).

Hounjet and Dettman (2016) conducted lab-scale rotary
agitator tests to examine the emulsion formation tendencies of
diluted bitumen in both fresh and saltwater, with and without
sediment conditions, respectively. The authors determined the
stability of the emulsion by visual inspection of phase layer
thickness. Phase layer thickness >5 mm suggested being a
stable emulsion or water-entrained oil phase. Four oil samples
(two dilbits, one synbit, and one conventional crude oil) were
used in these tests. The results indicated that under the condition
of freshwater without sediment, all of the oil samples created the
thickest emulsion layers, and the tendency of emulsion formation
of synbit was similar to that of dilbit. Under the condition of
saltwater with sediment, tar balls were formed and sank to the
bottom of the jar. The conventional crude oil formed less quantity

FIGURE 3 | The weathering process overtime after the oil is released to
the surface of the water (Lee et al., 2015).
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of small tar balls than the diluted bitumen products. The
quantities of tar balls are similar for different diluted bitumen
products (Hounjet and Dettman, 2016). Environmental Canada
(2013) tested the emulsification of fresh and weathered dilbits
(CLB and AWB) in an outdoor wave tank at 8°C with seawater
(3.3% NaCl). The results indicated that a meso-stable emulsion
(contained 72% of water) was found in the case of fresh CLB
dilbit. The weathered CLB dilbit (up to 26.5% of evaporation) and
AWB dilbit (up to 25.3% of evaporation) could form entrained
emulsions (Environment Canada, 2013). In addition, the
experiments conducted by Hounjet et al. (2018) indicated that
the water content in dilbit emulsions was significantly greater
than that in light crude oil (Hounjet et al., 2018).

In general, Fingas (2015) demonstrated that bitumen and
weathered dilbit did not form emulsions, while fresh- and
light-weathered dilbit formed unstable or/and entrained
emulsions in turbulent water condition. Lee et al. (2015) also
indicated that the emulsification was not observed for weathered
dilbit. These conclusions were consistent with the modeling study
of the CLB spill in seawater. The modeling results illustrated that
the CLB could not form stable emulsions even after evaporating
17 vol% of oil and in cold water condition (Belore, 2010).

3.4 Photooxidation and Biodegradation
Photooxidation and biodegradation are two important processes
involved in the decomposition of the spilled oil (Dutta and
Harayama, 2000). The photooxidation process usually occurs
around oil slicks in highly oxygenated and intense solar radiation
coastal waters (Lee, 2003). This process could lead to the
formation of various oxygenated hydrocarbons (Lee, 2003;
Fingas, 2010). Prince et al. (2003) suggested that the polar
components, such as resins and asphaltenes, in petroleum
products were not subject to significant photooxidation
damage and were not biodegradable. Subsequently, these
components were more likely to remain in the environment
for a long time (Prince et al., 2003). Biodegradation is a
process in which petroleum hydrocarbons are decomposed
with the assistance of bacteria, fungi, and yeasts (Fingas,
2010). Most biodegradation processes happen under aerobic
conditions (Atlas and Hazen, 2011). The characteristics of
hydrocarbons are influential on the biodegradation rate

(Fingas, 2010). For example, light crudes have higher
biodegradation rates than heavy crudes due to their higher
composition of resins, hopanes, polar molecules, and
asphaltenes (Atlas and Hazen, 2011). Both photooxidation and
biodegradation processes oxidized the hydrocarbons. To
investigate the relationship between photooxidation and
biodegradation, Dutta and Harayama (2000) evaluated the
effects of photooxidation and biodegradation on the Arabian
light crude oil and investigated the relationship between these two
processes. The results indicated that 28% of crude oil seawater
could be degraded within 8 weeks at 20°C, with sufficient
application of nutrients to support microbial growth.
Photooxidation mainly affected the aromatic compounds in
the crude oil by converting them into polar substances, which
increased the amount of biodegradable crude oil components.

Yang et al. (2016b) conducted an experiment to investigate the
photolytic behavior of diluted bitumen and compared its
photooxidation ability to conventional crudes. Two dilbit
products (AWB and CLB) and the Alberta Sweet Mixed Blend
#5 (ASMB #5) were exposed to natural light (in the Northern
Hemisphere, Ottawa, Canada) in 3.3%NaCl salt water for 90 days
in winter and summer, respectively. The results indicated that
aromatic hydrocarbons, particularly PAHs and their alkylated
homologs (APAHs), were the most photosensitive compounds in
the sample oils. The n-alkanes were observed to be the second-
fastest photo-oxidized components, followed by terpenes and
steranes. The chemical structure of petroleum hydrocarbons and
specific oil properties affected the photooxidation rate, in which
conventional crude oils appeared at faster photolytic rates than
diluted bitumen. The solar radiation and temperature could affect
the photolytic behavior as well; high intense solar radiation and/
or temperature could lead to high photolytic rates (Yang et al.,
2016b).

The compositions of petroleum products determined the type
of microbe to metabolize the oil and influenced the
biodegradation rate (Westlake et al., 1974). The most
biodegradable compounds were saturated hydrocarbons,
especially the hydrocarbon numbers between C12 and C20
(Fingas, 2015). Dilbit products are the mixture of diluents
containing hydrocarbons between C5 and C12, and bitumen
that consists of hydrocarbons greater than C30. Therefore,

TABLE 4 | Characteristics of four emulsion types (Fingas, 2010).

Emulsion type — Stable Meso-stable Entrained Unstable

Color — Reddish-brown solid-like
material

Reddish-brown
viscous liquids

Black viscous
liquids

Broader range (include light fuels, very heavy, and
viscous oil products)

Water content % First day ~80 ~64 ~45
One week later ~80 <30 <28

Viscosity increases
(mPa.s)

First day 400 7 2
One week later 850 5 2

Starting oil properties Density g/ml 0.9 0.9 0.97
Viscosity mPa.s 300 1,300 60,000
Resin content % 9 16 18
Asphaltene
content %

5 8 12

Asphaltene/resin
ratio

0.6 0.5 0.75
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dilbit usually does not contain hydrocarbons between 12 and 30
(Banerjee, 2012a) and is difficult to be biodegraded compared to
conventional crudes. When dilbit has a similar chemical
composition to conventional crudes, such as Western
Canadian Select and Prudhoe Bay Crude, they appeared
similar in biodegradability of alkane, polycyclic aromatic
hydrocarbon (PAH), and total extractable hydrocarbon (TEH),
even though the overall biodegradation rate of conventional
crude oil was still higher than dilbit (Deshpande, 2016).
Furthermore, temperature also affects the biodegradation rate
by influencing the microbial communities and oil properties at
the same time. A high temperature could promote the
biodegradation process (Lee et al., 2015; Deshpande, 2016),
and the optimal temperature for the maximum biodegradation
rate was about 15–20°C in seawater and 20–30°C in freshwater
(Lee et al., 2015).

3.5 Sinking
Oil density is essential in sinking behavior. Most conventional
crude oils and diluted bitumen products are less dense than water
and thus would not sink in a water environment (Short, 2013).
Diluted bitumen products would not sink to the seafloor even if
saturated with water because the density of raw bitumen is lower
than that of seawater (Environment Canada, 2013; King et al.,
2014). The experimental results also suggested that dilbit was not
likely to sink in the low-energy marine environment (Lee et al.,
2015). This was consistent with the modeling results from Niu
et al. (2016) that most of the leaked heavy crude oil and dilbit in
the Salish Sea remained on the surface and accumulated on the
coastline rather than in the water column (Niu et al., 2016).
Nevertheless, the spilled diluted bitumen was likely to sink under
the low salinity conditions. Johannessen et al. (2020) reviewed the
experimental and modeling results about diluted bitumen
properties to discuss and predict the transport and fate of
diluted bitumen spill on the B.C. coast. The authors indicated
that the highly weathered AWB dilbit could sink in low salinity
areas (Johannessen et al., 2020). In addition, the sinking ratio of
diluted bitumen products was changing with seasonal conditions
in saltwater. The sinking ratio was higher in summer than in
winter because of the lower surface water density and oil-water
interfacial tension in summer (Wu et al., 2016).

Most of the dilbit remained floating when the spill happened
in freshwater, some of the dilbit stuck to the beach, and little of
them stuck to the window throughout the duration of the test. No
sediment was observed when cleaning the tank (Zhou et al.,
2015). Furthermore, the study from Yarranton et al. (2015)
indicated that the weathered dilbit could afloat on freshwater
for at least 10 days. This was in agreement with experimental
results from SL Ross Environmental Research Limited (2012) that
the weathered dilbit continued to float on the freshwater surface
during the whole experiment duration (13 days). However, it was
reported that the heavier fractions in dilbit were able to sink
(Swift et al., 2011). In contrast, the density of weathered heavy oils
was always approaching, but not exceeding, the density of
freshwater (National Academies of Sciences and Medicine, 2016).

The formation of oil–particle aggregates is another process
that can affect the sinking of oil. After oil spills onto water, it can

stay on the water surface or/and be broken up into oil droplets by
high energy wave motion. The oil droplet can interact with
suspended particles in marine environments to form
oil–mineral aggregates (OMAs) or/and interact with fine
sediment particles to form oil–particle aggregates (OPAs) (Niu
et al., 2011; Wu et al., 2016). The OPAs/OMAs are possibly
denser than water and can sink to the bottom. Recently, Ji et al.
(2021) conducted a set of laboratory experiments to analyze the
formation of OMAs. They indicated that the collision efficiency
between the oil and the sediment with higher mixing energy
(200 rpm) was three times higher than that with lower mixing
energy (150 rpm). The high mixing energy leads to the rapid
formation of OMAs in the first 3 hours, followed by the breakup
of OMAs. The authors also indicated that the dispersed OMAs
reaggregated only under low mixing energy conditions due to a
large number of oil droplets on the water surface (Ji et al., 2021).
Furthermore, the influence of clay types on OMA structures and
settling velocities were investigated by Ye et al. (2020). The OMA
droplet was produced with low stickiness kaolinite clay, and its
settling velocities were much smaller than the pure kaolinite flocs.
On the other hand, flack/solid OMA was generated with high
stickiness Bentonite clay, resulting in greater settling velocities
(by 25%) than the pure bentonite flocs (Ye et al., 2020).

The United States Environmental Protection Agency (US
EPA) reported the observation of bitumen-sediment aggregates
in the Kalamazoo River, which was very similar to the laboratory
results. The spilled diluted bitumen formed bitumen-sediment
aggregation rapidly and kept it stable over the observation period
(48 h) (Lee et al., 2012). The probability of oil–particles-
aggregation formation or/and sinking for diluted bitumen
products depends on their chemical composition. For example,
a high concentration of methylated polycyclic aromatic
hydrocarbons (M-PAHs) in diluted bitumen products can lead
to extreme weathering processes or/and interaction with
suspended particles, increasing the oil density and ultimately
reaching the point of sinking (King et al., 2014). Usually, the
quantity of OMAs is positively correlated with sediment
concentration and negatively correlated with particle size
(Ajijolaiya et al., 2006). The sinking rate of dilbit products
(e.g., AWB and CLB) highly depends on the composition of
medium-to-fine sized sediment in the water column. The fresh to
moderately weathered diluted bitumen products can sink in
seawater when mixed with fine-size and medium-size
sediments (Environment Canada, 2013). Hua et al. (2018)
conducted a series of experiments to investigate the OMA size
distribution for diluted bitumen, light crude, medium crude, and
heavy crude oil. The dilbit OMAs could be formed in the presence
of kaolinite fines with size <5.8 microns and natural sediments
with a size of 2–63 microns in the high-concentration
(>1,000 mg/L) experiments (Hua et al., 2018). However, the
high viscous oil (after a high degree of evaporation) did not
readily interact with the same size of sediments, instead forming
the discrete floating tar balls (Environment Canada, 2013).
Moreover, water condition is influential in the formation of
OMAs as well. Dilbit released into fast-flowing and/or
turbulent rivers resulted in a higher proportion of sinking
than that of calm water (Dew et al., 2015). This was consistent
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with the experimental data from Hua et al. (2018) that dilbit
OMAs were not formed in wave tank experiments with calm
water conditions and low particle concentration (10–100 mg/l)
but were formed in the small-scale laboratory experiments with
15 mg/L of particles (Hua et al., 2018).

3.6 Toxicity to Aquatic Organisms
Spilled oil in water conditions causes both acute and/or chronic
effects on species and ecosystems (Alsaadi et al., 2018; Ruberg
et al., 2021). After the oil is released, species on the shoreline may
asphyxiate due to the floating oil which hinders the
photosynthesis and reoxygenation processes. Birds and
mammals might lose their abilities of thermal insulation and
buoyancy result from oiling (Lee et al., 2015). Some chemicals in
dilbit (metals, naphthenic acids PAHs, etc.) are known as toxic to
fish (Kennedy, 2015). Manzetti (2012) evaluated the impacts of
PAHs, aromatic amines, and nitroarenes on the Fjord ecosystems
(Manzetti, 2012). The results indicated that all these compounds
had the characteristics of inducing DNA damage after metabolic
activation. Certain PAHs, as a probable base of their carcinogenic
mechanisms, also exert hormonal structural similarities
(Manzetti, 2012). The occurrence of naphthenic acids is not
mutagenic or carcinogenic but are cytotoxic and suspected
endocrine disruptors (Headley and McMartin, 2004).

The Royal Society of Canada Expert Panel had discussed the
toxicity of crude oils, indicating that light crudes are more toxic
(contain more PAHs) to aquatic species, followed by medium
crudes and heavy crudes (Lee et al., 2015). To compare the
toxicity of dilbit with conventional crudes, several experiments
were conducted. For example, embryos of Japanese medaka
(Oryzias latipes) were selected to evaluate the toxicity of fresh
dilbit (i.e., AWB) (Madison et al., 2015). The fish species at the
early stage are particularly vulnerable due to the inability to avoid
contact with oil and high sensitivity to toxicity (Carls et al., 2000).
The results indicated that exposure of AWB did not kill the fish
but resulted in a high probability of BSD occurrence as well as
abnormal swimming and/or non-inflation during hatching. In
comparison with conventional crudes, the BSD prevalence was
increased with concentration when exposed to both AWB and
conventional crudes (Madison et al., 2015). Hereafter, embryos of
the same species, Japanese medaka, were used to test the toxicity
of CLB by Madison et al. (2015). The results illustrated that the
toxicity effects of CLB were similar to AWB and conventional
crudes. However, during chronic exposure, CLB was 6–10 times
more toxic to hatched medaka than AWB dilbit.

Another species, zebrafish (Danio rerio), was studied to
compare the toxicities of dilbit and two conventional crude
oils (Medium Sour Composite and Mixed Sweet Blend)
(Philibert et al., 2016). The results indicated a similar
prevalence of yolk sac edema and a similar influence on
continuous swimming behavior. However, the dilbit exposure
showed the lowest mortality and pericardial edema. It was,
therefore, concluded the toxicity of dilbit to zebrafish was less
than or similar to that of conventional crudes. The authors also
indicated that zebrafish were more sensitive to BTEX than to
PAHs based on the prediction of lethality and pericardial edema
(Philibert et al., 2016).

Oil spill effects on the aquatic ecosystem are difficult to
measure, which are highly related to the location of the oil
spill and its environment. For example, the total volume of oil
released into freshwater is usually less than marine spills, but they
may cause a more significant impact due to the insufficient
volume of water to dilute and degrade the oil. Coastlines and
sediments are more susceptible to contamination, and there is less
time to control the spread of oil before it contaminates sensitive
habitats (Lee et al., 2015).

4 EMERGENCY RESPONSES

4.1 Diluted Bitumen Spill Modeling
The first type of oil spill model is the oil weathering model to
simulate the processes that change the oil’s behavior as well as the
changes in oil properties during these processes. One of the
widely used oil weathering models is the ADIOS oil
weathering model, which mainly includes the evaporation,
dispersion, emulsification, spreading, and sedimentation
processes. This model is also capable of evaluating the effect of
cleanup technologies (Lehr et al., 1992, 2002). Another
commonly used model is the IKU oil weathering model,
which is also known as the SINTEF OWM. The IKU model
was developed based on small and mesoscale laboratory
experiments and full-scale on-site tests (Daling et al., 1997;
Reed et al., 2004). The main weathering processes of the IKU
model include emulsification, natural dispersion, and
evaporation. Furthermore, a pseudo-component approach is
applied in the evaporation simulation, and Mackay’s equation
is used to simulate the viscosity change (Mackay et al., 1980a,
1980b; Aamo et al., 1993).

The other types of models are trajectory models to simulate the
location change of the spilled oil due to hydrodynamics/ocean
dynamics and environmental conditions. The oil trajectory
models can be classified into two-dimensional (2D) and three-
dimensional (3D) models (Reed et al., 1999b). A 2D model can
only simulate the spilled oil trajectory on the surface of the water,
while a 3D model can provide the simulation of spilled oil
trajectory on the water surface and in the water column. The
oil spill trajectory models are usually developed based on
Eulerian, Lagrangian, and Eulerian–Lagrangian methods.
Currently, the Lagrangian methods are the most commonly
used method for the development of 3D oil spill trajectory
models (ASCE, 1996; Reed et al., 1999b; Spaulding, 2017).

The weathering and trajectory models are commonly
integrated to provide a comprehensive prediction of oil spills
and facilitate oil spill management. Recently, several models have
been developed or integrated for oil spill transport and fate
simulation, such as the Oil Spill Contingency and Response
(OSCAR) model (Reed et al., 1995, 1999a, 2004; Aamo et al.,
1997; Nordam et al., 2020; Barreto et al., 2021); the OILMAP™
model (Mackay et al., 1980a; Mackay, 1980; Toz and Buber, 2018;
Chen, 2021; RPS-ASA, 2022); the General National Oceanic and
Atmospheric Administration (NOAA) Operational Modeling
Environment (GNOME) with the Automated Data Inquiry for
Oil Spills (ADIOS2) (Beegle-Krause, 1999, 2001; Elizaryev et al.,
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TABLE 5 | Commonly used oil spill models and their application in dilbit, unconventional, or heavy oil spills.

Model Model full name Developer Brief description Application Reference

COSMoS Composite oil spill model for
operational services

Environment and Climate Change
Canada (ECCC), Canada

A model designed to predict the
behavior of floating oil from a fixed
source point in the coastal zone
(trajectory model)

N.A. Marcotte et al.
(2016)

COZOIL Coastal zone oil spill model Department of the Interior Minerals
Management Service, U.S.

A model developed for the simulation
of oil spills entering the surf zone,
impacting a shoreline, and
transforming through time as a result
of physical and chemical processes
(trajectory and weathering model)

N.A. Reed et al.
(1989)

GNOME +
ADIOS

General NOAA operational
modeling environment and
automated data inquiry for oil
spills

National Academies of Sciences,
Engineering, and Medicine
(NOAA), U.S.

A particle-tracking model developed
and used for modeling oil spill
trajectories (trajectory and
weathering model)

N.A. NOAA, (2019)

GULFSPILL GULFSPILL Hydrodynamic and Environmental
Modeling Group and Water of the
Research Institute of King Fahd
University of Petroleum and
Minerals (KFUPM/RI), Saudi Arabia

A model used to predict the
transport and fate of spilt oil in the
Arabian Gulf, either large spills
affecting a substantial part of this
water body or small, localized spills
(trajectory and weathering model)

N.A. Al-Rabeh et al.
(2000)

MEDSLIK/
MEDSLIK-II

Mediterranean oil spill model Oceanography Centre of the
University of Cyprus (OC-UCY),
Cyprus

A model discretizing the oil slick into
constituent parcels and the model
simulates advection-diffusion and oil
weathering processes including
spreading, evaporation, natural
dispersion, and emulsification
(trajectory and weathering model)

Oil name: Heavy IFP-
Number 6 Fuel

(Lardner et al.,
1999, 2006)

Oil type: heavy fuel oil El-Fadel et al.
(2012)

Location: Eastern
Mediterranean

De Dominicis
et al. (2013)

MIKE 21/3 MIKE 21/3 Danish Hydraulic Institute (DHI),
Denmark

Two-dimensional/three-dimensional
models for the simulation of water
flow and sediment transport
(trajectory model)

N.A. Danish
Hydraulic
Institute, (2017)

MOHID Modelo hidrodinâmico MARETEC (Marine and
Environmental Technology
Research Center) of Technical
University of Lisbon, Portugal

A Lagrangian oil spill model and a
sub-model of the MOHID water
modeling system (trajectory and
weathering model)

N.A. Carracedo
et al. (2006)

MOTHY — Météo-France, France A three-dimensional Lagrangian
pollutant drift model predicting the
fate and transport of oil slicks on the
ocean surface (trajectory model)

N.A. Daniel et al.
(2003)

OILMAP/
SIMAP

Oil modeling application
package/spill impact model
application package

Applied Science Associates
(ASA), U.S.

A trajectory and fate model (with/
without subsurface transport), a
response model, stochastic and
receptor mode models, and a drill
fluids/cutting model (trajectory and
weathering model)

N.A. Spaulding et al.
(1994)
Garcia et al.
(2006)

OILTRANS OILTRANS The Atlantic Regions’ Coastal
Pollution Response Project
(ARCOPOL), Ireland

A model consists of two interlinked
modeling components, a Lagrangian
particle transport module, and an oil
fate module (trajectory and
weathering model)

N.A. Berry et al.
(2012)

OpenDrift +
OpenOil

OpenDrift and OpenOil Norwegian Meteorological Institute,
Norway

A Python-based framework for
Lagrangian particle modeling
designed to be used for any type of
drift calculations in the ocean or
atmosphere. OpenOil is part of the
OpenDrift trajectory modeling
framework, an integrated oil drift
model consisting of sub-model for
specific physical processes
(trajectory and weathering model)

Oil name: IFO-180LS
2014

Dagestad et al.
(2018)

Oil type: heavy oil Röhrs et al.
(2018)

Location: Cuba’s
exclusive economic
zone (CEEZ)

Hole et al.
(2021)

(Continued on following page)
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2018; Torres et al., 2020); and the OpenDrift model integrated
with the integrated oil spill transport and fate sub-module
(OpenOil) (Dagestad et al., 2018; Röhrs et al., 2018; Keramea
et al., 2022). The list of currently used oil spill models can be
found in Table 5.

4.2 Containment and Collection of the
Spilled Oils
Based on the spilled oil modeling, further oil spill response
actions such as containment/recovery are needed to deal with
the spill onsite. Containment of an oil spill is the method to
restrict the spread of oil or prevent the oil from spreading to a
particular area (Fingas, 2010). Containment equipment can be
used to concentrate the oil and allows for the subsequent
recovery, removal, dispersal, etc. The floating barrier, called
boom, is the key equipment to control the oil spreading and
make recovery easier.

Spilled oil recovery is usually achieved by employing a
mechanical skimmer and sorbent materials. Skimmers are
mechanical devices designed to remove oil from the surface of
the water. They vary widely in size, application, capacity, and
recovery efficiency. There are different types of sorbents,
including natural/organic sorbents (e.g., hay, sawdust, and
straw), mineral/natural inorganic sorbents (e.g., zeolites,
activated carbon, clays, and volcanic ash), and synthetic
polymeric sorbents (e.g., polyethylene, polyurethane, and

polyvinyl chloride) (Dhaka and Chattopadhyay, 2021). These
sorbent materials appear to have distinct wetting ability, rate of
retention of liquid, sorption ability, and density. It is worth noting
that the synthetic polymeric sorbents are widely reported to be
superior to other sorbents in terms of the oil recovery efficiency.
For example, Saleem et al. (2015) utilized high-density
polyethylene (HDPE) bottle to produce an oil-sorbent film
and observed a high oil uptake capacity (up to 100 g/g) after
floating on the oil for 5 min (Saleem et al., 2015). On this basis,
Saleem and McKay (2016) investigated the selective sorption by
immersing the film in the oil–water mixture and reported a high
selectivity (the oil sorption capacity of 50 g/g) for the oil–water
mixture that contained 1.5% oil (Saleem and McKay, 2016).

Wu et al. (2014) studied the oil sorption capacity, oil/water
selectivity, and reusability of polyurethane (PU) sponges and
reported that it is a promising candidate for spilled oil cleanup
applications with high sorption capacity and excellent reusability
(Wu et al., 2014). Sorbent for oil spill cleanup was obtained by
treating PU sponges with silica sol and gasoline, and its sorption
capacity for motor oil was determined to be more than 100 g/g
which is 10 times higher than that of commercial polypropylene
(PP) sorbent. Aboul-Gheit et al. (2006) used polyethylene (PE)
and PP waste powders and sheets as oil sorbents by a simple
contacting mixture of oil and fresh or seawater for a few minutes
and reported that the plastic powder of PE and PP showed high
sorption on light and heavy crude oil with around 90 g/g (Aboul-
Gheit et al., 2006). They also claimed that compared with the

TABLE 5 | (Continued) Commonly used oil spill models and their application in dilbit, unconventional, or heavy oil spills.

Model Model full name Developer Brief description Application Reference

OSCAR Oil spill contingency and
response model

SINTEF, Norway A three-dimensional model system
consists of SINTEF’s data-based oil
weathering model, a three-
dimensional oil trajectory and
chemical fates model, an oil spill
combat model, and exposure
models for fish, ichthyoplankton,
birds, and marine mammals
(trajectory and weathering model)

N.A. Reed et al.
(1995)
Ranjbar et al.
(2014)

OSRA Oil spill risk analysis model Bureau of Ocean Energy
Management (BOEM), U.S.

An oil trajectory model that generates
an ensemble of thousands to
hundreds of thousands (typically) of
simulated oil spill trajectories over
many years of wind and ocean
current input fields (trajectory model)

N.A. Smith et al.
(1982)
Ji, (2017)
Ji et al. (2021)

POSEIDON-
OSM

POSEIDON-oil spill
management

Hellenic Centre for Marine
Research (HCMR), Greece

A fully operational model which
simulates drift, spreading, and
weathering of floating chemicals,
taking into account major physical
and chemical processes (trajectory
and weathering model)

N.A. Annika et al.
(2001)
Nittis et al.
(2006)

SPILLCALC — Tetra Tech EBA, U.S. A time-stepping model that
computes the motion and
weathering of liquid hydrocarbon
spills (trajectory and weathering
model)

Oil name: Cold Lake
Winter Blend

Miguez and
Stronach
(2019)

Oil type: dilBit Tetra Tech.
(2022)

Location: Arachne Reef
in Haro Strait, British
Columbia, Canada

—
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natural sorbents, oil can be separated easily, and the recovery was
much larger from PE and PP. Atta et al. (2013)used porous PU
foams to sorb crude oil and toluene and reported that their
highest sorption capacity of crude oil could be 40 g/g.

Chemical and biological methods can be used in conjunction
with mechanical means for containing and cleaning oil spills. A
dispersant is a commonly used chemical that helps prevent oils
from reaching the shoreline and other sensitive habitats. The
biological method relies onmicroorganisms to degrade the spilled
oil molecules, which could be particularly useful to restore the
environmental quality for sensitive areas such as coastlines,
marshes, and wetlands (US EPA, 2018). Dispersant
applications, as a non-mechanical response technique, involve
the use of a variety of chemicals that are designed to promote the
breakup of the oil film and disperse it into small droplets
suspended in a water column. Some of the early dispersants
include relatively toxic hydrocarbon solvents and are used in large
doses. Today, the toxicity of dispersants is relatively low and is
usually used at a dispersant-to-oil ratio of 1:20 to 1:50 or less
(Fingas, 2011). By using remote sensing technology, it
significantly helps to detect the thickness of oil slicks on the
water surface and guides the responders to determine the amount
and locations to use the dispersants (Fingas, 2010).

The process of burning floating oil at sea or in the area close to
the spill site is called in situ burning (ISB). The oil must be
concentrated, and an ignition source is needed to undertake the
burning. Under ideal conditions, ISB can significantly reduce the
amount of oil on the water surface and minimize the adverse
effects of the oil in the environment (Buist et al., 1999). However,
the ISB could lead to secondary fire and produce toxic smoke that
impacts human health and the surrounding environment. Each
countermeasure technology has its own advantages and
disadvantages. Decision-makers could choose the most
economical and effective methods according to the spilled oil
types, environmental conditions of the oil spill site, and the
analysis from oil spill modeling based on GIS and remote
sensing. More detailed and systematic information on spilled
oil containment and recovery can be referred to Dave and Ghaly
(2011) and Dhaka and Chattopadhyay (2021).

5 RECOVERY/REUTILIZATION OF OILY
WASTES
5.1 Disposal/Treatment of Collected Oily
Waste
After the spilled oils are physically collected, different methods
have been explored to dispose/treat the collected oil–water
mixture. Manzetti (2012) used the biofilm-membrane
bioreactor to treat the high-salinity oily wastewater and proved
the feasibility of using salt-adapted microorganism for degrading
the pollutants (Mancini et al., 2012). Cappello et al. (2016)
obtained forty-two strains during the microbiological screening
of a membrane bioreactor system. All bacterial strains were
grown in 1% diesel oil for one week. The strains of BS, PG-12,
and PG-11 exhibited the highest levels of diesel biodegradation
(82, 71, and 68%, respectively). This observation confirmed the

high activity of bacteria related to the genera Alcanivorax,
Rheinheimera, Rhodococcus, and Muricauda and underlined
the possible application of these bacteria in the remediation of
saline oily wastewater. Tanudjaja et al. (2019) summarized the
sources, compositions, and regulations related to the practical
implementation of membranes for the treatment of oily
wastewater. Different commercially available membranes,
membrane modules, operation modes, and their economics
were elaborately discussed as well.

Recently, the management framework for treating the spilled
oil has been explored. Saleem et al. (2022) presented a novel life
cycle assessment (LCA)-based framework for low-impact
offshore oil spill response waste (OSRW) management. The
factorial design considered all possible combinations of OSRW
quantities, compositions, and treatment/disposal technologies,
and chemical demulsification exhibited the highest total
impacts before of its high marine ecotoxicity and human
toxicity. Chen et al. (2021) combined an inexact inventory
theory-based optimization model (ITOM) with the economic
order quantity model for an oily waste management system,
which could provide the optimal solutions for batch size and
order cycle for treatment facilities. The most appropriate facilities
and optimal waste allocation scheme under uncertainties can be
selected to achieve the minimum total system cost.

Jamaly et al. (2015) reviewed the oily wastewater treatment
methods, including electrochemical treatment, membrane
filtration, biological treatment or hybrid technologies
(biological membrane reactor), use of biosurfactants, treatment
via vacuum ultraviolet radiation, and destabilization of emulsions
using zeolites and other natural minerals. They pointed out that
there is an increasing need to devise new sustainable approaches
for oily wastewater treatment that will be geared toward
economic savings and environmental preservation. Biological
processes are time-consuming and require highly expensive
enzymes. Furthermore, more attention should be focused on
extremely toxic contaminants that may be present in oily
wastewater such as radionuclides, persistent organic pollutants,
and polyaromatic hydrocarbons.

5.2 Waste to Wealth
Although many attempts have been made to treat the oily waste,
mostly high salinity oily wastewater by membrane technologies
(Tanudjaja et al., 2019), rare effort has been contributed to
reutilize the collected oil–water mixture or the oil-containing
sorbent materials. There are different biowaste conversion
technologies that most aim to produce biofuels. Thus, this
section will briefly introduce biowaste conversion technologies,
followed by evaluating which one is most suitable for valorizing
recovered oily waste into value-added products.

5.2.1 Biowaste Conversion Technologies
Different biowaste conversion technologies have their own target
products, suitable feedstocks, and process requirements as
presented in Table 6. The physical method refers to the
densification for pellet/briquette production, in which
lignocellulosic feedstocks in the form of particles/chips are
concentrated to pellets/briquettes by machines. The main
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purpose of densification is to increase bulk density for
transportation and energy density for utilization (Thompson
and Rough, 2021). Transesterification is used to covert non-
edible vegetable oils into biodiesel with the assistance of alcohol
and acid/basic catalysts (Veljković et al., 2012). The biological
methods mainly refer to the fermentation for bioethanol
production and anaerobic digestion for biomethane
production (Heimann, 2016). During the fermentation process,
glucose from lignocellulosic biomass is broken down by yeast into
bioethanol. As for the anaerobic digestion, the organic matters are
decomposed by anaerobic bacteria in an oxygen-starved
environment to produce biomethane and other gases (e.g.,
CO2, NH3).

The thermochemical method for biomass valorization
includes gasification, pyrolysis, and hydrothermal liquefaction
(HTL) (Das et al., 2021). Gasification requires a high temperature
(750–850°C) to decompose various dried feedstocks into syn-gas
(H2 and CO mixture) with limited oxygen supply, and the
obtained syn-gas can be further synthesized into biomethane
and other value-added chemicals. The target product from
pyrolysis is crude bio-oil (biocrude), in which the feedstocks
are rapidly decomposed into biocrude at a temperature between
400 and 600°C in the absence of O2. It is worthwhile mentioning
that pyrolysis requires the dried feedstock to obtain high-quality
biocrude. Hydrothermal liquefaction (HTL) is an emerging
thermochemical conversion technique that can directly process
wet feedstocks into crude bio-oil (biocrude) by using subcritical
water (temperature of 280–350°C and pressure of 5–20 MPa).

5.2.2 Suitability of Hydrothermal Liquefaction
The recovered oil–water mixture from the oil spill is not suitable
for densification, transesterification, and fermentation simply
because the oil–water mixture cannot be used as their
feedstocks. Gasification and pyrolysis require dried feedstocks
to achieve a high-quality target product, preventing the oil–water
mixture from being used as their feedstock. Although digestion is
suitable for a broad spectrum of organic matters and oil–water
mixture from oil spill recovery can be considered as one of them,
the presence of polyaromatic hydrocarbons and other toxic
compounds in petroleum oils is highly possible to poison/
deactivate the bacteria, leading to the failure of the whole
digestion system. HTL can process wet feedstocks and is a
thermochemical process that does not involve biological

species (no poisoning issue); thus, it is the most suitable
conversion technology for reutilizing the oil–water mixture
from the oil spill.

HTL of biomass for biocrude production has recently attracted
much research attention, mainly because HTL utilizes water as a
green solvent and the energy-intensive pre-drying of biomass is
not required. HTL takes advantage of subcritical water’s
physicochemical properties, such as low dielectric constant
and high permeability. HTL processing time is usually around
5–50 min and biomass loading is around 5–20 wt% (Peterson
et al., 2008). There are four products, including biocrude (target
product), hydro-char, water-soluble chemicals (aqueous phase),
and gaseous products (mainly CO2). The obtained biocrude can
be blended with petroleum crude oil and upgraded into gasoline,
diesel, and even aviation fuel.

The HTL technique has been studied by many researchers
from different perspectives, for instance, the influence of biomass
compositions, reaction temperature, time, and biomass loading
on the biocrude yield/quality (Yang et al., 2016a). Catalytic HTL
has been investigated as well; the addition of homogenous
catalysts (e.g., ethanol, HCl, and KOH) and heterogeneous
catalysts (e.g., Pt/C and HZM) could improve biocrude yield/
quality (Yang et al., 2019c). It is well known that biomass is
composed of lipid, protein, cellulose, hemicellulose, and lignin,
and some researchers employed biomass model components to
explore the biocrude formation mechanism (Yang et al., 2018a).
In addition to using biomass model components, kinetics tools
were applied to elucidate the reaction pathways during the HTL
process. The developed kinetics equations based on HTL
temperature and time can be used to predict the biocrude
yield as well (Sheehan and Savage, 2017). A statistical method
(mixture design) has been implemented to build biocrude
prediction equation, which could include a broader spectrum
of process variables compared to the kinetics method (Yang et al.,
2019a). In order to increase the economic viability, some
researchers attempted to use the aqueous phase for microalgae
cultivation or recycle the aqueous phase back to the HTL process
with the aim to increase biocrude yield/quality (Chen et al., 2022).
Recently, the aqueous phase has been reported to exhibit anti-
bacteria/virus activities (Yu et al., 2022). A process intensification
technique, microwave irradiation, was also applied for HTL
biocrude production (Yang et al., 2020b). The feasibility of the
continuous HTL process has been validated (Elliott et al., 2013).

TABLE 6 | Biowaste conversion technologies based on feedstock types, process requirements, and target products.

Method Feedstock Process conditions Product

Densification Lignocellulosic biomass (such as switch grass) Physical concentration Pellet and
briquette

Trans-esterification Vegetable oils, animal fats, and waste
cooking oil

Catalyst + alcohol Biodiesel

Fermentation Sugars from lignocellulosic biomass Yeast and anaerobic Bioethanol
Digestion Organic matter waste and composts Bacteria and anaerobic Bio-methane
Gasification Various dried feedstocks High temperature (750–850°C) and limited O2 CO + H2 (syn-gas)
Pyrolysis Various dried feedstocks Fairly high temperature (400–600°C), no O2, and normal pressure Crude bio-oil
Hydrothermal
liquefaction

Various wet and dried feedstocks Moderate temperature, (270–350°C), no O2, and high pressure
(5–20 MPa)

Crude bio-oil
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Various techno-economic analyses and life cycle assessments
have been carried out as well (Chen and Quinn, 2021).

Although progress has been made on HTL of biocrude, there
are still two main problems: 1) organic solvents are commonly
used to recover the biocrude after HTL conversion, which largely
reduces the environmental friendliness; 2) most HTL studies used
freshwater as processing medium, making HTL technique greatly
reliable on the scarce freshwater resource. Using the collected
oil–water mixture from oil spill as an HTL processing medium
can readily solve the aforementioned problems: 1) the crude
heavy oil in the collected mixture can serve as the organic solvent
to dissolve the produced biocrude, thus preventing the use of
organic solvent for biocrude recovery; 2) the presence of seawater
in the collected solution can lower the amount of freshwater
required for HTL of biomass, therefore, reduce HTL reliance on
the freshwater resource. It is notable that seawater-based HTL has
been proved to be feasible (Yang et al., 2020a). Therefore, HTL is
a suitable biowaste conversion technology for reutilizing the
recovered oil–water mixture from oil spills.

6 FUTURE WORKS

Although the physicochemical properties of different diluted
bitumen products have been well documented, more research
efforts are required to better understand the weathering
processes of diluted bitumen. For example, the spreading of
diluted bitumen has been barely investigated. In addition, the
experimental observations for the emulsification process were
inconsistent in different studies. As for the numerical
simulation, current oil spill models are mainly developed
for conventional oil spill simulation. They may not be
capable of simulating diluted bitumen spills due to
significant differences in the physicochemical properties and
behaviors of diluted bitumen and conventional oils. As
indicated in Table 5, the applications of current oil spill
models in diluted bitumen spill simulation are very limited.
Models aiming at diluted bitumen spill simulation may be
needed, especially for the diluted bitumen weathering
simulation. Recently, a diluted bitumen weathering model
(DBWM) has been developed and validated with meso-scale
experimental data to provide a reasonable simulation of
diluted bitumen weathering (Li et al., 2022). Nevertheless,
an integrated model with diluted bitumen spill trajectory
and weathering simulation will be further needed.

How to efficiently reutilize the recovered oily waste is of
significant importance for oil spill responses; unfortunately,
extremely limited efforts have been contributed to this subject.
When the boom and skimmer are employed for oil spill cleanup,
the obtained high-salinity oil–water mixture can serve as the
processing medium for biomass hydrothermal liquefaction,
which could not only solve the organic usage problem but also
decrease the reliance on freshwater. The use of synthetic
polymeric sorbents (e.g., polyethylene and polyurethane) has
been reported to be superior to other inorganic sorbents
mainly due to their high oil uptake capacities (as high as
100–150 g/g) and satisfactory buoyant ability that allows for

efficient collection. However, the disposal of such plastic
materials containing oil is a profound challenge.

It is interesting to note that HTL has recently been employed to
dispose of plastics and exhibited promising potential. For instance,
Pedersen and Conti (2017) conducted hydrothermal processing of
nine different types of plastics and reported high monomer yields
(Pedersen and Conti, 2017). Belden et al. (2021) studied the
thermodynamic feasibility and subsequent effects of
hydrothermally converting ocean plastics into fuel and reported
that HTL of ocean plastics is the most promising method to enable
ship self-powered cleanup (Belden et al., 2021). In addition,
Seshasayee and Savage (2021) conducted co-liquefaction of
plastics and biomolecules (e.g., cellulose, starch, and lignin) in
both subcritical (300, 350°C) and supercritical (400, 425°C) water
and reported that the interactions not only increase the oil yield but
also enable HTL to proceed at lower temperatures (Seshasayee and
Savage, 2021). The lowest temperature (300°C) witnessed the
highest energy recovery (45%) in the oil. As these cases clearly
demonstrated that HTL could serve as a promising technique to
dispose of the plastic sorbents for oil spill cleanup. Direct
processing of the plastic sorbents containing spilled oil in
subcritical water conditions is highly recommended in future work.

7 CONCLUSION

Bitumen can be blended with condensate and/or synthetic crude
oil to generate dilbit, synbit, and syndilbit. Dilbit is mostly
comparable with heavy crude oil based on their
physicochemical properties, such as API gravity, viscosity, light
ends (vol%), and MCR (wt%).

Weathering processes are closely related to the temperature,
hydrodynamic condition of the spill site, type of oil, etc. To date, a
rare study has been conducted to study the spreading of diluted
bitumen. Dilbit evaporation rate was around 15–20%, which was
slower than light crude oil mainly due to fewer amounts of low
molecular weight hydrocarbons in dilbit. The observations for
dilbit emulsification were not consistent between studies, and
thus more research efforts are required in future works. The
photooxidation and biodegradation were highly dependent on
the oil chemical compositions, in which diluted bitumen products
exhibited faster photolytic rates and biodegradation rates. As for
the sinking, dilbit was not likely to sink under the low-energy
marine environment. Nevertheless, highly weathered dilbit could
sink in the low salinity water environment. In contrast, the
density of weathered heavy oils is always approaching, but not
exceeding, the density of freshwater. The spilled diluted bitumen
might interact with particles to form oil–particle aggregates and,
subsequently, sink into the water column. Compared to heavy
crude oil, diluted bitumen products have been proved to appear
similar toxicity to aquatic organisms.

Although some experimental studies have been conducted to
explore the weathering processes of diluted bitumen products,
limited efforts have been contributed to numerically simulate the
diluted bitumen’s weathering processes and trajectories. Different
containment technologies have been developed to restrict the
spread of spilled oil, including physical recovery by boom/
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skimmer/sorbents, chemical dispersion, and in-suit burning. The
disposal/treatment of collected oily wastewater remains a
profound challenge, and membrane technologies were most
commonly implemented to treat the oily wastewater.
Unfortunately, a rare attempt has been made to turn the oily
waste into value-added products. Among different biowaste
conversion technologies, hydrothermal liquefaction was
considered to be the most suitable technology for valorizing
the collected oily wastes.
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