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Abstract An estimated 4.9 million barrels of crude oil
and natural gases was released into the Gulf of Mexico
during the Deepwater Horizon oil spill of 2010. The
Deepwater Horizon oil spill affected the aquatic species
in the Gulf of Mexico, vegetation, and the human pop-
ulation along the coast. To reduce the effect of the
spilled oil on the environment, different remediation
strategies such as chemical dispersant, and mechanical
booms and skimmers were utilized. Over 2.1 million
gallons of dispersants was applied to minimize the im-
pact of the spilled oil. However, environmental and
human toxicity issues arose due to the perceived toxicity
of the dispersant formulations applied. After the
Deepwater Horizon oil spill, various studies have been
conducted to find alternative and environmentally be-
nign oil spill response strategies. The focus of this
manuscript is to demonstrate an objective and an overall
picture of current research work on oil spill response
methods with emphasis on dispersant and oil sorbent
applications. Current trends in oil spill sorbent and
dispersant formulation research are presented.
Furthermore, strategies to formulate environmentally
benign dispersants, as well as the possible use of
photoremediation, are highlighted.
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1 Introduction

The Deepwater Horizon oil rig exploded and sank on
April 20, 2010, resulting in the continuous flow of oil
for 3 months into the Gulf of Mexico (Fig. 1). The
blowout preventer failed to seal the Macondo well lo-
cated 1.0-1.5 km below the sea surface, setting off the
worst marine oil spill in the USA with the release of
approximately 4.9 million barrels of crude oil into the
Gulf of Mexico (Kostka et al. 2011; McNutt et al. 2012;
Reddy et al. 2012). The spill was ultimately contained
when the well was capped on July 15, 2010. A large
amount of the oil was transported to the sea surface and
stretched over 1600 km of shoreline. The Deepwater
Horizon platform was owned by Transocean and was
leased to British Petroleum (BP) as a fifth-generation
dynamic positioned semi-submersible oil rig. The
Horizon cost $365 million to build and was designed
to operate in water as deep as 2.4 km and to drill down
9.1 km. The platform was located 66 km off the
Louisiana coast and was 121 m long and 78 m wide. It
was observed that not only crude oil was spilled but also
a large amount of natural gas such as methane, propane,
and ethane. Since the source of the spill was located
approximately 1.0-1.5 km below the sea’s surface, the
water dissolvable component of the oil (Whitehead et al.
2011) as well as the natural gases (Yvon-Lewis et al.
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Fig. 1 a Fire boats try to extinguish the blaze on the Deepwater Horizon oil rig (www.nola.com). b Deepwater Horizon oil slick footprint

(red) (www.coearth.org)

2011) remained in the ocean endangering the life of
aquatic species (Valentine et al. 2010).

The Deepwater Horizon oil spill had an adverse effect
on aquatic species and the vegetation along the coast
(Mason et al. 2012). Permanent marsh area loss was
observed after the Deepwater Horizon oil spill (Silliman
et al. 2012) depicting the detrimental effect of the spill on
the environment. The population of the fish that lived in
the oil spilled areas was also affected. Killifish collected
from the oil-spill-affected areas had divergent gene ex-
pression in the liver and gill tissues coinciding with the
environmental contamination from oil (Dubansky et al.
2013). The oil spill also affected the human population
along the coast in the following ways: some children
experienced either physical symptoms or mental health
distress, household income reduced since some lost their
jobs, and others moved their families from the oil spill area
(Abramson et al. 2010). In addition to these, most of the
fishing grounds in the areas affected were closed and, as a
result, productivity of the Gulf fisheries was reduced.
Environmental restoration of fishery habitats and Gulf
ecosystems is needed to support the long-term recovery
and productivity of the Gulf fisheries (Upton 2011).

Whenever oil spills occur, different remediation strate-
gies are adopted to minimize their impact on the environ-
ment. Some of the most commonly used oil spill response
options are in situ burning, mechanical containment and
recovery, and chemical dispersant application. Recently,
oil absorbents as an oil spill response option has attracted
the attention of many researchers since this allows for the
recovery of the spilled oil (Chen et al. 2013; Gui et al.
2013; Gu et al. 2014). Among these oil spill response
methods, the chemical dispersant application is one of the
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few response measures that when adopted under the right
circumstances and with judicious use of dispersants lead
to reduced environmental and economic impact
(Chapman et al. 2007). Dispersants are also one of the
only feasible response options for minimizing the impact
of large-scale oil spills.

After the Deepwater Horizon oil spill, containing the
leak, preventing the leaked oil from reaching the shoreline
and removing the spilled oil from the surface of the sea
became a priority. Installing the sealing cap prevented the
continuous leakage of the oil from the Macondo well.
Mechanical booms and skimmers were used to skim the
oil from the surface of the sea and to prevent the oil from
flowing ashore (Petroleum 2011). EPA-approved disper-
sants Corexit 9500A and 9572A were then applied.
Approximately 2.1 million gallons of dispersants was
applied to the surface and the well head. In both modes,
dispersant was added to lower the interfacial tension be-
tween the oil and the water and thereby reducing the size
of oil droplets formed by wave action (Kujawinski et al.
2011). The shoreline in the spilled areas was surveyed by a
team of scientists to access oiling conditions. Shoreline
cleanup spearheaded by the coast guards also helped
removed the oil from the coastline.

A lot of concerns were raised with respect to the use of
chemical dispersants after the oil spill. Corexit 9527A
contains 2-butoxyethanol, organic sulfonate, and propyl-
ene glycol. 2-Buoxyethanol is known to be carcinogenic
and was identified as the causal agent in the health prob-
lems experienced by cleanup workers after the 1989
Exxon Valdez oil spill (SCHOR 2010). The use of
Corexit during the spill cleanup caused respiratory, ner-
vous, kidney, liver, and blood disorders in humans
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(Lustgarten 2010). As a result, the Corexit lines of product
have been banned in the UK (D’ Andrea and Reddy 2013).

Critical analysis of published articles revealed that
limited studies were conducted into oil spill remediation
strategies before the occurrence of the Deepwater Horizon
oil spill 0f 2010. Only a handful of research articles on oil
spills were published before 2010. This handful of publi-
cations includes patents filed by oil production companies
such as ExxonMobile. The number of published research
articles increased enormously after the Deepwater
Horizon oil spill. To help address the challenges created
by the Deepwater Horizon oil spill, British Petroleum
(BP) established the Gulf of Mexico Research Initiative
(GOMRI). Research grants have been awarded to various
institutions by GOMRI to conduct studies into the effect
of the Deepwater Horizon oil spill on the environment,
formulate and design new oil spill response strategies, and
also understand on the molecular level how existing dis-
persant formulations work and suggest mechanisms for
improving their efficiency. As a result, research into the
effect of oil spills and the formulation of environmentally
benign oil spill response strategies has improved remark-
ably over the past 5 years. This manuscript therefore
covers the advancements made in oil spill response re-
search in the past 5 years with oil spill sorbents and
dispersant as the main focus.

2 Oil Spill Sorbents

Oil spill economic and environmental impacts are in-
creasing global concerns. The absorption of oil by sor-
bents is one of the quickest means of removing spilled
oil from the surface of water and is normally used for
small-scale oil spills. The oil spill sorbents are placed on
or around the oil. They can be used to recover the oil
through the mechanism of absorption, adsorption, and/
or both (Karan, et al. 2011). A sorbent material that
works by absorption mechanism absorbs and retains
the oil. The absorbed oil is subsequently removed from
the surface of the water. The oil can also adsorb to the
sorbent material by weak van der Waal forces and
transform the oil into a “semi-solid” mass which can
be removed from the surface of the water. The absorbed/
adsorbed oil can then be recovered from the sorbent
material by either chemical or mechanical means and
recycled. One major limitation of this response method
is the possible absorption of water in addition to the
spilled oil. To address this problem, the sorbents are

treated to be oleophilic (oil loving) and hydrophobic
(water hating). The sorbent should therefore be
oleophilic, hydrophobic, biodegradable, reusable, inex-
pensive, and easily handled by untrained oil spill per-
sonnel while also having a good oil retention over time
and a high oil uptake capacity (Yuan and Chung 2012).
Oil spill sorbents can be classified into two major cate-
gories, namely, natural organic sorbents, and synthetic
sorbents (EPA; Karakasi and Moutsatsou 2010; Zhu et
al. 2011).

2.1 Natural Organic Sorbents

In the last 5 years, renewable resources such as kapok
fiber, cotton fiber, and lignocellulosic waste materials
have received increasing attention as oil spill sorbent
materials due to their high oil uptake and retention
capacity (Hussein et al. 2011; Wang et al. 2012b;
Shahi 2014). Natural sorbents present important advan-
tages such as their biodegradability, reusability, low
density, and good mechanical properties (Rubasinghe
et al. 2013). Compared to synthetic sorbent products,
natural organic sorbents are abundant, renewable, and
low in cost.

Treated and untreated cotton fibers as oil spill sor-
bents have been studied extensively and their oil sorp-
tion capacity reported to be dependent on their surface
area, alignment of the individual fibers, maturity, and
cellulose content. In addition to these, the oil sorption
capacity of cotton fibers is dependent on the type of
cotton used, fiber size, bulk density, fiber lumen, surface
properties of the cotton fibers (oleophilic and hydropho-
bic), and pore volume (Hubbe et al. 2011). An oil
sorption capacity of 22 g oil/g of sorbent has been
reported for low-grade raw cotton fibers with over
90 wt% cellulose content (Hussein et al. 2011). The
high cellulose content may be responsible for the rela-
tively low sorption capacity since the hydrophilicity of
cotton fibers has been ascribed to their cellulosic content
(Wang et al. 2013a). Water molecules can therefore fill
the inter-fiber spaces in the low-grade cotton and impact
negatively on its oil sorption capacity. A much higher oil
sorption capacity can be obtained by using low-maturity
raw cotton fibers. Low-maturity raw cotton fibers have
low cellulose content, making them more hydrophobic.
High hydrophobicity can result in high oil sorption
capacity. Singh et al. (2013) reported 30.5 g/g sorption
capacity for low-micronaire cotton fibers. The high oil
sorption capacity was attributed to the enhanced
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fineness, increased surface area, and the lower cellulose
content of the immature (low micronaire) cotton fibers.
These properties of the low-micronaire cotton fibers
favor inter-fiber capillary sorption, adsorption, and ab-
sorption within the fiber. This is because the oil attaches
to the surface of the cotton fiber by van der Waals forces
as can be seen in Fig. 2.

Carding of the low-micronaire cotton fibers into in-
dividualized fibers and aligning them in one direction
can increase oil sorption capacity with an approximately
65 % improvement reported (Singh etal. 2014). The low
bulk density of the aligned cotton fibers and the fact that
the oil can fill the lumen of the cotton fiber are respon-
sible for the increase in oil sorption capacity.
Modification of the cotton fiber to increase its specific
surface area, hydrophobicity, and oleophilicity can re-
sult in a significant improvement in its oil sorption
capacity. Pyrolysis of raw cotton fibers in N, atmo-
sphere to modify their structure and increase their spe-
cific surface area resulted in an oil sorption capacity of
76.6+1.5 g/g (Wang et al. 2013a). Pyrolysis of the
cotton fiber increased the specific surface area and re-
sulted in large-sized macropores which impacted posi-
tively on its oil sorption capacity (Fan et al. 2010).

In addition to cotton fiber, another natural material
that has been used as an oil sorbent is kapok fiber.
Kapok fiber is a naturally renewable material with high
hydrophobicity and large lumen. It has light weight and
a high flammability while being very buoyant, resilient,
and resistant to water (Karan, et al. 2011). It is typically
made up of approximately 64 wt% cellulose and 13 wt%
lignin (Reddy and Yang 2009), has a hollow structure
(Fig. 3) with a very large lumen volume, and is less
dense than water (~290 kg/m®). These properties make
it a useful sorbent material for oil spills. The sorption

capacity of kapok fiber has been reported to be depen-
dent on its physicochemical properties and that of the oil
to be absorbed. Abdullah et al. (2010) reported that high
sorption capacity can be attained with kapok fibers of
low packing density, low contact angle between the
kapok and the oil to be absorbed, and high-viscosity
oil. A maximum oil sorption capacity of 50.8 g/g was
recorded with low-density kapok fiber and highly vis-
cous engine oil.

Rengasamy et al. (Rengasamy et al. 2011) investigat-
ed the oil sorption capacity, porosity, and the contact
angle of the kapok fibers. A contact angle of 44° and 34°
was reported for high-density oil and diesel oil, respec-
tively. This observation can be attributed to the low
cellulose content of kapok fibers. High porosity was
observed in the kapok fiber and was responsible for
the high sorption capacity of 52.7 and 61.6 g/g for diesel
and high-density oils, respectively. Altering the proper-
ties of the kapok through chemical treatment can also
improve the oil sorption capacity. Acid treatment of the
kapok resulted in the hydrolysis of the cellulose content
in kapok, and this enhanced the oil sorption capacity up
to a maximum acid concentration of 1.5 wt%. The
sorption capacity decreased by ~5 g/g at a higher acid
concentration of 3 wt% due to the collapse of the tubular
structure of kapok (Wang et al. 2012b).

Plant-derived cellulosic and lignin fibers have also
been examined for possible application as oil sorbents.
An oil sorption capacity of approximately 6.5 g/g has
been reported for bleached softwood fibers (Payne et al.
2012). The relatively low oil sorption capacity of this
cellulosic fiber can be ascribed to its high water wetta-
bility due to the presence of carboxylic acid groups. The
high water wettability decreases the oil uptake since the
fibers prefer absorbing water instead. A similar

Fig. 2 Crude oil sorption by raw cotton fibers (Singh et al. 2013)
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Fig. 3 SEM of kapok fibers (Abdullah et al. 2010; Rengasamy et al. 2011)

observation was made when moss which has a high
water absorption capacity was used as an oil spill sor-
bent (Paulauskiené et al. 2014). The ability of natural
sorbents to remove oil from the surface of the water is
also dependent on the salinity of the water. The oil and
water sorption capacities of moss, sawdust, peat, straw,
and wool have been reported to be different in the
presence of salt ions. The oil sorption capacity of straw,
moss, and peat increased in the presence of salt ions
while that of wool decreased (Paulauskiené et al. 2014).
This can be attributed to the effect of neutral electrolytes
on the hydrophilic—oleophilic properties of the natural
sorbents.

The oil sorption capacity of these natural sorbents
can be improved through surface modification.
Predeposition of lignin onto the surface of bleached
kraft fibers improved their ability to take up oil. The
aromatic nature of lignin and the 7—7t interaction be-
tween the oil and the lignin aromatic group are respon-
sible for the high oil uptake after lignin predeposition
(Payne et al. 2012). Hydrothermal and acetylation treat-
ment of populus fibers increased their oil sorption ca-
pacity. The oil sorption capacity of the treated fibers was
dependent on the acetylation time and temperature. The
oil sorption capacity of the treated fibers increased due
to an increase in its hydrophobicity which can be asso-
ciated with the breaking of hydrogen bonds and the
swelling of the fiber. Modification of raw jute fiber by
the acetylation process also resulted in a dramatic in-
crease in its oil sorption capacity from 2.58 to 21.08 g/g
(Teli and Valia 2013). The hydrothermally treated fibers
recorded an increase in their oil uptake capacity due to
dissolution of hemicellulose and deposition of lignin
droplets (Zhang et al. 2014b). Acetylation of curaua

fibers has resulted in an oil sorption capacity of approx-
imately 12.38 g/g (Elias et al. 2015) which is relatively
higher than the oil sorption capacity values of 4.14 and
4.35 g/g recorded for chemically and thermally treated
palm kernel powder, respectively (Al Zubaidy 2012).

Agricultural waste can also be used as an oil sorbent
either in the raw state or after it has been modified. The
unique properties of luffa, a sub-tropical and climbing
plant, have made it possible for it to be used as an oil
sorbent for crude oil spill remediation. Raw luffa is able
to retain about 15 g of heavy crude oil per gram of raw
luffa. Luffa has a higher oil sorption capacity than water
implying that raw luffa is oleophilic, and recorded ap-
proximately 50 % oil removal efficiency (Abdelwahab
2014). A much higher oil removal efficiency of 67.38 %
has been reported for raw sugar bagasse as an oil spill
sorbent. The high oil removal efficiency for raw sugar
bagasse can be ascribed to its low density and high
specific surface area. Sugar cane bagasse has a high
sorption capacity and quick oil uptake and is readily
available and cheaper when compared with synthetic
sorbents (Abdelwahab 2014). Fiber complexes of coir
(from coconut) and banana have been examined as the
next generation of oil sorbents. The oil sorption is higher
than the water sorption in coir fibers while the vice versa
is the case for the banana fiber. The higher lignin content
in coir fiber increases the 7t—t interaction between the
coir fiber and the oil resulting in the high oil sorption.
However, lower lignin content in banana decreased the
interaction between its fiber and the oil. A moderately
higher oil sorption (28 g/g) and a much lower water
sorption (3 g/g) can be attained by coir—banana fiber
complexes made up of different weight percent of coir
and banana fibers (Rubasinghe et al. 2013).
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The oil sorption capability of untreated and treated
wheat straw has also been reported. Treated and
untreated wheat straw have been used as an oil spill
sorbent. The oil can be held due to capillary action in the
straw tissue and can also exist as oil bridges between the
stalk. Data reported by Konstantinou and Sidiras (2014)
indicated that both hydrolyzed and unhydrolyzed wheat
straw have higher affinity for the aqueous phase than the
oil phase. The oil and water retention capacity is there-
fore dependent on hydrolysis possibly due to structural
changes that occur in the wheat straw at very high
hydrolysis temperature (>160 °C).

Rice husks, an agricultural waste product, can also be
used as an oil spill sorbent with an oil sorption capacity
of 2 g/g reported in literature (Kenes et al. 2012). The oil
sorption capacity of rice husks can be improved by
thermal treatment (pyrolysis). With such treatment, the
oil sorption capacity will depend on the treatment tem-
perature and time, as well as on the density of the spilled
oil to be absorbed (Kenes et al. 2012). Pyrolysis of rice
husks at 700 °C for 25 min increased the oil sorption
capacity by 750 %. Pyrolysis of the rice husks further
created new micropores and mesopores, resulted in the
formation of graphite and amorphous silica, reduced its
density, and increased its hydrophobicity and specific
surface area (Angelova et al. 2011; Kenes et al. 2012).
All of the above positively impacted on the oil sorption
capacity. Higher pyrolysis temperatures (>700 °C) will
decrease the oil sorption capacity due to the phase
transformation of amorphous silica to a more crystalline
form (Kenes et al. 2012).

A low-density (0.048 g/cm®) melon carbon aerogel
prepared by hydrothermal and post-pyrolysis of winter
melon has shown high efficiency as an oil spill sorbent
(Li et al. 2014). The treatment of winter melon is neces-
sary due to its high hydrophilicity which can have a
negative impact on the oil sorption capacity. Crude oil
absorption capacity of 25 g/g has been recorded for winter
melon aerogels due to their high hydrophobicity (water
contact angle of 135°), low density, highly porous struc-
ture (Fig. 4), and high pore volume after hydrothermal and
post-pyrolysis treatment (Li et al. 2014).

The sorption capacities of natural sorbent materials
reported in literature are summarized in Table 1 below.

2.2 Synthetic Sorbents

In addition to natural sorbent materials, synthetic mate-
rials can be used as oil sorbent. The properties of
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synthetic materials can be tuned during synthesis to
achieve desired properties that may enhance their oil
sorption capacity. Synthetic materials such as spongy
graphene, carbon nanotubes, silica xerogels (xerogel is a
solid formed from a gel by drying with unhindered
shrinkage), and polyurethane foams have been studied
as oil spill sorbents. These synthetic materials can there-
fore serve as a supplement to the already enormous
natural sorbents. As already stated, the ability to tune
the properties (light weight, high porosity, large surface
area, hydrophilicity, and oleophilicity) of these materials
during synthesis has made them a promising candidates
for oil spill cleanup.

Various allotropes of carbon have been studied as oil
spill sorbents. These carbon allotropes can be nanostruc-
tured or macrostructured, with the nanomaterials record-
ing high sorption capacities. The high sorption capacity
of the nanocarbons can be attributed to the unique prop-
erties of nanomaterials such as high surface-to-volume
ratio. Hollow carbon beads fabricated by the phase in-
version method have been examined as oil spill sorption
material. However, due to the large size of these carbon
beads (~3 mm), a relatively lower oil sorption capacity
(40 g/g) was recorded when compared to those obtained
from nanocarbon materials (Zeng et al. 2014). Carbon
nanotube sponges synthesized by chemical vapor depo-
sition (CVD) with a precursor solution of ferrocene in
dichlorobenzene recorded an oil sorption capacity of
180 g/g (Gui et al. 2010). The high oil sorption capacity
can be attributed to its light density, high porosity, struc-
tural flexibility, and high oleophilicity.

Needle-like and cottony structured spongy graphene
synthesized by reducing graphene oxide platelets have
also been studied as a possible oil sorption material. Due
to the unique properties of the spongy graphene such as
its high hydrophobicity, high surface area (~423 m*/g),
and high microporosity, a high oil sorption capacity of
86 g/g was attained (Bi et al. 2012). A much higher oil
sorption capacity of 100 g/g has been reported for hy-
drophobic reduced graphene oxide foams (He et al.
2013). The hydrophobic reduced graphene foams were
synthesized by thermally reducing hydrophilic graphene
oxide foams. Thermal reduction reduced the amount of
the polar head groups making the reduced graphene
oxide foams hydrophobic. The thermal reduction also
increased the porosity of the reduced graphene oxide
foams.

The oil sorption capacity of polymeric material such
as polyurethane can be improved by modifying it with
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Fig. 4 SEM images of winter melon after a hydrothermal treatment and b pyrolysis (Li et al. 2015)

carbon material. Modification of polyurethane with ei-
ther graphene oxide or lauryl methacrylate increases its
water contact angle and surface roughness but reduces
its surface energy. This implies that the hydrophobicity
of the modified polyurethane increases when it is mod-
ified with graphene. It is interesting to note that such
modification does not affect the porosity since the po-
rosity of the polyurethane before and after modification
was constant. Graphene-coated polyurethane has a

Table 1 Sorption capacities of natural sorbent materials

higher oil sorption capacity of 90 g/g (Li et al. 2012a;
Liu et al. 2013a; Liu et al. 2013b).

Superhydrophobic and superoleophilic textile sor-
bent has been synthesized by coating textile material
with a diamond-like carbon film via plasma-enhanced
chemical vapor deposition (PECVD). The diamond-like
coating increased the surface roughness of the material
imaged by SEM in Fig. 5. The surface roughness con-
tributed to the superhydrophobicity of the coated textile.

Material Sorption capacity (g/g) Oil type Literature source
Low-grade raw cotton 22.0 Lube oil Hussein et al. (2011)
Low-micronaire cotton fiber 30.5 Crude oil Singh et al. (2013)
Pyrolyzed raw cotton fiber 76.6 Crude oil Wang et al. (2013a)
Kapok fiber 52.7 Diesel oil Wang et al. (2012b)
Kapok fiber 61.6 High-density oil Wang et al. (2012b)
Kapok fiber 50.8 Highly viscous engine oil Abdullah et al. (2010)
Bleached softwood fibers 6.5 Heavy crude oil and kerosene mixture Payne et al. (2012)
Raw jute 2.6 Machine oil Teli and Valia (2013)
Acetylated raw jute 21.1 Machine oil Teli and Valia (2013)
Magnetic acetylated curaua fiber 12.4 Crude oil Elias et al. (2015)
Raw luffa 15.0 Crude oil Abdelwahab (2014)
Rice husks 2.0 Heavy crude oil Kenes et al. (2012)
Pyrolyzed rice husks 15.0 Heavy crude petroleum Kenes et al. (2012)
Pyrolyzed rice husks 9.2 Heavy crude oil Angelova et al. (2011)
Melon carbon aerogel 25.0 Crude oil Lietal. (2014)
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Fig. 5 SEM images of a cotton fibers without plasma pre-treatment, b fiber after plasma pre-treatment, and (c) diamond-like coating after
fiber plasma pre-treatment (Cortese et al. 2014)

The water contact angle of the textile increased from 0°
to 143° after the coating, improving its oil sorption
capacity by ~300 % (Cortese et al. 2014).

Microspheres and gels have also been explored as
possible sorbents for oil spills. Hollow and porous mi-
crospheres prepared by a suspension polymerization
method have been examined for their oil spill remedia-
tion capability. Oleophilic (3-cyclodextrin and iron-
oxide-based microsphere with high porosity has record-
ed approximately 18.2 and 8.42 g/g oil sorption capac-
ities, respectively (Song et al. 2013; Mao et al. 2014).
Despite the relatively low oil sorption capacity of these
microspheres, the magnetic nature of the iron-oxide-
based microsphere allows for the easy removal of the
oil after the absorption process.

Gels have some unique properties compared to other
sorbents. Gels are highly porous and have the lowest
density and highest surface area per unit volume.
Poly(alkoxysilane) organogels (Kizil et al. 2015) and
silica aerogels (Wang et al. 2011; Wang et al. 2012a)
have been studied as possible oil spill absorbents.
Examining the possibility of using poly(alkoxysilane)
three-dimensional cross-linked organogels as an oil spill
absorbent revealed a maximum oil sorption capacity of
250 % for diesel oil. The oil sorption capacity increased
with an increasing carbon number in the
poly(alkoxysilane). This can be attributed to the forma-
tion of a dense three-dimensional network structure of
the higher carbon poly(alkoxysilane) when compared
with that of the lower carbon. Silica aerogels, on the
other hand, revealed a maximum oil absorption capacity
of 4 (Wangetal. 2011) and 11.7 g oil/g silica aerogel (Li
et al. 2012a) for toluene and crude oil, respectively.
Three-dimensional interconnected porous structures of
poly(dimethylsiloxane) (PDMS) have also being exam-
ined for their oil absorption capabilities (Zhang et al.
2013). The three-dimensional interconnected PDMS
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showed high oil absorption capacity and excellent reus-
ability. The relatively high crude oil sorption capacity of
9 g/g can be attributed to the hydrophobic and oleophilic
nature of the synthesized three-dimensional intercon-
nected PDMS.

Other materials such as aromatic amino acid
(phenylglycine) (Basak et al. 2012) and lithium
tetraalkoxyborates (Kumpanenko et al. 2014) have been
found to form organogels in fuel hydrocarbon solvents.
Such compounds should fulfill the following require-
ments: (i) selectively and efficiently gelate the oil, (ii)
synthesized easily from a cheaper raw material, (iii)
instant gelation of the oil at room temperature, (iv)
should be reusable without a reduction in its efficiency,
and (v) easy recovery of the oil from the gel phase
(Jadhav et al. 2010). Recovery of the oil from these
gelators may be difficult due to their spilled oil recovery
mechanism, unlike the silica aerogels where the oil can
easily be recovered by mechanical means, and the ap-
plication of an external pressure is needed.

Different polymeric materials such as polypropylene
(Rengasamy et al. 2011; Sek et al. 2013; Zhao et al.
2013), poly(butyl methacrylate-co-hydroxyethyl meth-
acrylate) (Zhao et al. 2013), and poly(methyl
methacrylate-butyl methacrylate) (Ji et al. 2011) have
been studied for their sorption properties. The principal
advantages of such synthetic polymeric materials are
their high hydrophobicity, simplicity of absorbed oil
recovery, sufficient reusability, excellent imbibition
and retention capacity, and high buoyancy (Zhu et al.
2011). The oil sorption behavior of these polymeric
materials is influenced by the polymerization method
adopted in their synthesis, the ratio of the monomers, the
effective network volume, and the amount of cross-
linker used. An addition of excessive amount of cross-
linker results in a significant reduction in the oil absorp-
tion capacity. Poly(methyl methacrylate-butyl
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methacrylate) prepared by a suspended emulsion poly-
merization method has a much higher absorption capac-
ity (17.57 g/g) when compared with the same polymeric
material synthesized by suspension polymerization
(9.68 g/g) and emulsion polymerization (6.93 g/g) (Ji
etal. 2011).

The possible application of novel miniature devices
for oil spill remediation has recently been studied (Wang
et al. 2014a, b). These miniature devices are character-
ized by high superhydrophobicity, superoleophilicity,
and porosity. These novel devices serve as oil contain-
ments to separate the oil from the seawater during
application. Since the operation of these devices is sim-
ilar to mechanical booms, the collected oil is likely to
contain some amount of water. Near-complete recovery
of oil from the collected oil-water mixture can be
attained by flowing the oil-water mixture through
superhydrophobic steel meshes (Deng et al. 2013;
Song et al. 2014). The superhydrophobic meshes are
able to separate the oil from the oil-water mixture with a
separation efficiency of ~100 %. The devices discussed
above were made hydrophobic by treating with either
xylene, CuCl,, or CuSOy solution. In addition to the
point elucidated above, the oleophilicity of oleophilic
materials can be enhanced by increasing the roughness
of their surface. This has been achieved by coating the
steel mesh with ZnO nanorods. The coated mesh
showed high oleophilicity resulting from the hierarchi-
cal microstructured/nanostructured ZnO rod arrays on
the stainless steel mesh. Coating with ZnO nanorods
improve not only the oleophilicity but also the corrosion
resistance (Li et al. 2013).

2.3 Nano-oil Sorbents

Many studies have been conducted into the possible
application of nanotechnology in oil spill remediation.
This can be attributed to the unique properties exhibited
by nanomaterials such as their high surface area, high
aspect ratio, and high surface-to-volume ratio. Although
many of the work reported in literature deals with the
possible application of nanocomposites in oil spill re-
mediation, individual nanomaterials such as carbon
nanotube (CNT) sponges (Zhu et al. 2013) and magnetic
coconut oil nanofluid (Nabeel Rashin et al. 2014) have
also been studied. Randomly interconnected CNTs
(Fig. 6) synthesized by chemical vapor deposition with
a ferrocene catalyst and 1,2-dichlorobenzene have been
studied as oil spill absorbents. A high oil sorption

capacity of 92.30 g/g (Zhu et al. 2013) was recorded
and can be attributed to the hydrophobic nature of CNT
sponges coupled with their high internal volume. A
novel magnetic coconut oil nanofluid synthesized by
the phase-transfer method recorded 91 % oil removal
efficiency. The phase-transfer method was carried out
by using an aqueous magnetic nanofluid obtained by
mixing ferrous chloride and ferric chloride solutions
(Nabeel Rashin et al. 2014).

One major limitation for the application of
nanomaterials as oil spill absorbent is the challenge
associated with their removal after the application. To
facilitate the removal of oil-absorbed nanomaterials,
magnetic nanomaterials or nanomaterials coated with
magnetic materials are used so that they can easily be
removed with the aid of a strong magnet. Oil spill
absorbing capabilities of different nanostructures and
morphologies of magnetic iron oxide nanoparticles have
been studied and found to have around 95 wt% oil
removal efficiency (Saber et al. 2015). The magnetic
iron oxide nanoparticles with an average diameter of
13 nm were prepared by a microemulsion method. The
nanosize, low density, high surface area, and super
paramagnetic nature of the Fe;O, particles enhanced
their oil absorption capacity.

In addition to these, interconnected CNTs with rich Fe
encapsulation synthesized by the chemical vapor deposi-
tion (CVD) have been investigated for oil spill remedia-
tion (Gui et al. 2013). The interconnected CNTs-Fe have
high mechanical strength and, hence, the absorbed oil can
easily be removed by compression. The magnetic CNTs-
Fe is light and highly porous with pore sizes from several
nanometers to a few micrometers (Gui et al. 2011). These
pores provide sufficient space for the storage of absorbed
oil and for capillary action to spontaneously drive the
spilled oil into the pores (Fig. 7)

Absorption of both water and oil by these
nanomaterials complicates the oil separation process
after the application. To improve water repellent capa-
bility of magnetic nanomaterials in oil spill remediation,
a novel and environmentally friendly core—shell com-
posite material based on hollow magnetic Fe;O, particle
has been synthesized and its oil removal capacity exam-
ined. Hollow magnetic Fe;0,4 particles compose the
core of this material with a hydrophobic polystyrene
layer acting as a shell. These magnetic particles with
an average diameter of 200-300 nm were synthesized
via the hydrothermal method and coated with the poly-
styrene layer (Chen et al. 2013). The chemical reactions
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Fig. 6 Morphology of CNT
sponges; a photograph of a
macroscopic CNT sponge with
hollow cylindrical structure; b, ¢
SEM images at different
magnifications; d TEM images
(Zhu et al. 2013)

200 nm
—

Ljm
e —

for synthesizing the hollow Fe;O, nanoparticles are as Coating of the Fe;O4 with polystyrene increased its
follows: hydrophobicity and oleophilicity and reduced the satu-
ration magnetization from 79.79 to 61.25 emu/g. Due to

NH4O0Ac + H,O—HOAc + NH;3-H,O the hollow nature of the nanocomposite, the absorption
NH;-H,O—NH; + OH mechanism was controlled by molecular diffusion of the

Fe't + 30H —Fe(OH);, oil (Chen et al. 2013). The shell can also be a combina-

Fe’™ + 20H —Fe(OH),

tion of different polymeric materials such as polysty-
2Fe(OH), + Fe(OH),—Fe;0,

rene—divinylbenzene and methacrylate—polystyrene—

Fig. 7 Removal of spilled oil from water surface by magnetic carbon nanotube sponges; ¢ TEM image of a carbon nanotube
carbon nanotube sponges. a Optical image of microscopic mag- filled with magnetic Fe nanowire; d, e, f oil spill cleanup with the
netic carbon nanotube sponges; b SEM image of the magnetic magnetic carbon nanotube sponges (Gui et al. 2013)
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divinylbenzene. The hydrophobic and superoleophilic
shell will enhance the oil separation rate (Gu et al.
2014). A well-studied shell material for polymer-coated
iron oxide nanoparticles is polyvinylpyrrolidone.
Polyvinylpyrrolidone-coated iron oxide nanoparticles
have recorded a near-complete oil removal on a labora-
tory scale (Palchoudhury and Lead 2014). Despite the
near-complete oil removal capability of these particle, it
is likely that such values may not be attained in real oil
spill application due to the solubility of polyvinylpyrrol-
idone in water. The hydrophobicity of the polymer-
coated magnetic particles will diminish with time as the
polyvinylpyrrolidone dissolves in water. The particles
may therefore absorb water and the oil. A new oil-water
separation apparatus will therefore have to be developed,
and this will increase the cost of remediation.

Nanofibrous membranes with high oil sorption ca-
pacity have also been reported in literature (Raza et al.
2014b). These nanofibrous membranes were made from
polyethylene glycol diacrylate (Raza et al. 2014a), poly-
styrene and polyvinyl chloride (Zhu et al. 2011; Lin et
al. 2012), and polystyrene-polyurethane (Lin et al.
2013). The polymeric materials used in synthesizing
these nanofibrous membranes are responsible for their
high hydrophobicity and oleophilicity. The fibrous na-
ture also creates large internal volume and specific sur-
face area for oil absorption and hence the high oil
sorption capacity recorded for these materials. For in-
stance, composite polystyrene—polyurethane fibrous
membranes registered an oil sorption capacity of
64.40 g/g for motor oil (Lin et al. 2013).

Polymer—clay nanocomposite made up of organo-
attapulgite and poly(butylmethacrylate), synthesized by
suspended emulsion polymerization, exhibits high oil
sorption capacities (Wang et al. 2013b). Treatment of the
organo-attapulgite with quaternary ammonium salts en-
hanced the compatibility of the magnesium aluminosili-
cate mineral with the polymer matrix. The treatment can
enhance the oil absorption and swelling rate.

The application of oil sorbents in crude oil spill
remediation is limited to small scale oil spills. Since an
oil spill can occur at any time, a stock pile of oil sorbent
materials should be available and easily accessible.
Another perceived issue is the toxicity of the oil sor-
bents. Surprisingly, the toxicological data of the oil
sorbent materials reported are not available in the liter-
ature. Since some of the sorbent materials may be lost to
the ocean during the application, it would be necessary
for toxicological studies to be conducted on the

materials. The lives of the aquatic species may be en-
dangered by these oil sorbent materials. In addition to
these, most if not all of the analysis was conducted on
laboratory scale. Field trials should be conducted to
examine the feasibility of the reported sorbent materials
under real-life oil spill conditions.

The sorption capacities of natural sorbents materials
reported in literature are summarized in Table 2 below.

3 Dispersants

After the Deepwater Horizon oil spill of 2010 in which
over 200 million gallons of crude oil was spilled into the
Gulf of Mexico, an enormous amount of resources have
been allocated to researching into various oil spill reme-
diation strategies. The use of dispersants for crude oil
spill remediation has gained a lot of attention in publi-
cations. These publications focused on (a) understand-
ing the emulsification behavior of some of the most
commonly used surfactants such as Tween 80 and
DOSS, (b) investigating the toxicity of existing disper-
sants, and (c) formulating new dispersants. The publi-
cations on new dispersant formulations can be catego-
rized into three categories: (i) formulating dispersant
particles, (ii) formulating solubilized dispersants using
new surfactants, and (iii) formulating new dispersants
using biosurfactants. Although chemical dispersants
have been defined as a liquid blend of surfactants,
hydrocarbon-based solvent, and additives (Kujawinski
etal. 2011), some of the commonly investigated disper-
sants are particulates. The active ingredients in disper-
sant formulations are the surfactants. A surfactant is an
amphiphilic molecule with a hydrophobic tail and a
hydrophilic head. Hence, in the presence of water, sur-
factant molecules arrange themselves with the head
group aligned toward the water molecules while the tail
is aligned away from the water molecules. Such an
arrangement reduces the overall energy of the system
since the surfactant molecules replace the highly ener-
getic oil/water molecules at the oil-water interface.
When chemical dispersants are applied to an oil spill
and sufficient energy is exerted to the dispersant—oil—
water mixture, the slick is broken down into smaller
droplets due to the reduction of the oil-water interfacial
tension (Fig. 8) (Sorial et al. 2004). The oil droplets
diffuse both vertically and horizontally by the action of
the sea waves and remain in the water column because
they possess very little rising velocity. The increased
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Table 2 Sorption capacities of synthetic sorbent materials

Material Sorption Capacity (g/g) Oil type Literature source
Hollow carbon beads (~3 mm) 40.0 Motor oil Zeng et al. (2014)
Carbon nanotube sponges 180.0 Chloroform Gui et al. (2010)
Carbon nanotube sponges 140.0 Diesel oil Gui et al. (2010)
Carbon nanotube sponges 92.3 Mixture of crude and diesel oil Zhu et al. (2013)
Spongy graphene 86.0 Toluene Bietal. (2012)
Graphene oxide foams >100.0 Gasoline and diesel oil He et al. (2013)
Graphene coated polyurethane 90.0 Diesel oil Liu et al. (2013b)
Polyurethane foam modified with graphene 26.0 Diesel Liu et al. (2013a)
Superhydrophobic cotton 310.0 Gasoline oil Cortese et al. (2014)
Oleophilic 3-cyclodextrin microsphere 18.2 Diesel oil Song et al. (2013)
Oleophilic iron oxide microsphere 8.4 Lubricating oil Mao et al. (2014)
Poly(alkoxysilane) organogel 250.0 Diesel oil Kizil et al. (2015)
Silica aerogel 11.7 Crude oil Wang et al. (2012a)
Modified polyurethane microspheres 50.4 Diesel Lietal. (2012a)
Porous PDMS 9.0 Crude oil Zhang et al. (2013)
Poly(methyl methacrylate-butyl methacrylate) 9.7 Toluene Jietal. (2011)
Magnetic iron oxide nanoparticles 95.0 Crude oil Saber et al. (2015)
Carbon Nanotube-Fe 56.0 Diesel oil Gui et al. (2013)
Carbon nanotube sponges 112.2 Diesel Gui et al. (2011)
Composite polystyrene-polyurethane fibrous membranes 64.4 Motor oil Lin et al. (2013)
Organo-attapulgite-poly(butylmethacrylate) 12.8 Gasoline oil Wang et al. (2013b)
Magnetic iron oxide-polystyrene nanocomposite 3.0 Lubricating oil Chen et al. (2013)
Polyvinylchloride-polystyrene fibers 146.0 Motor oil Zhu et al. (2011)

surface area that arises from the smaller oil droplet size
helps to accelerate biodegradation of the oil by bacterial
action and hence reduces the environmental impact of
the spilled oil (Chapman et al. 2007).

Motivated by the need to find alternative dispersants
for emulsifying oil after oil spill, many researchers have
examined the emulsion forming capability of other ma-
terials. The next section reviews some of the dispersant
research findings after the Gulf of Mexico oil spill of
2010.

3.1 Particulate Dispersants
Emulsion formed solely by particle arrangement at the
oil droplet-water interface (Pickering emulsion) was

observed by Pickering (1907) and Ramsden (1903) in
1907 and 1903, respectively. Although commercial use
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of Pickering emulsion is not common, potential appli-
cation areas that take advantage of the properties of the
particles are emerging. For a Pickering emulsion to
form, the particles must be smaller in size than the
emulsion droplet. With this criteria, particle size in the
micrometer and nanometer ranges is required.

One of the most widely studied Pickering emulsions
was formed with carbon black. The interfacial tension,
surface elasticity, and emulsion forming capability of
carboxy! terminated carbon black have also been report-
ed (Saha et al. 2013; Powell and Chauhan 2014). The
functionalized carbon black stabilized the emulsion by
forming multiple layers of closely packed aggregates at
the oil droplets—water interface as shown in the Cryo-
SEM in Fig. 9b, d (Saha et al. 2013). The carbon black
coverage decreased the interfacial tension by approxi-
mately 72 %, and the decrease is accompanied by an
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Oil slick on water

wave current)

Surfactant align at the oil-
water interface

Formation of oil-in-water (o/w)
emulsion after an application of
energy

Fig. 8 A schematic representation of emulsion formation by an application of chemical dispersant

increase in the surface elasticity (Powell and Chauhan
2014). The increase in surface elasticity helps to stabi-
lize the emulsion against droplet coalescence.

The behavior of the carbon black at the oil-water
interface is dependent on the pH of the aqueous phase
with the carbon black behaving differently in acid con-
ditions and in the presence of NaCl (Saha et al. 2013).
The features observed at the oil-water interface are
related to the hydrophilic—lipophilic balance of the car-
bon black particles, which in turn are related to the
residual charge on the particle surface.

Usually, a combination of surfactants and particles
will provide the optimum characteristics for the emul-
sion. The surfactants often provide the low interfacial
tension to facilitate drop formation, and the particles
provide enhanced stability (Kraft et al. 2010). The syn-
ergy between particle and surfactant mixtures has been
exploited to make particle-stabilized emulsions. The
behavior of carbon black stabilized emulsions in the
presence of different anionic, cationic, and nonionic

o0

surfactants has been examined (Katepalli et al. 2013).
Findings reveal that depending on the amphiphile’s
interaction, interfacial activity, and the bulk concentra-
tion, some carbon black particles get displaced from the
oil-water interface and are replaced by the surfactants.
Despite these happenings at the oil droplet—water inter-
face, the emulsion remains stable. While the anionic and
nonionic surfactants bind to the carbon black by hydro-
phobic interactions, the cationic surfactants bind strong-
ly to the carboxyl group of the functionalized carbon
black (Katepalli et al. 2013). Carbon black provides an
alternative to dispersants that keeps emulsions stable at
high dilutions for months at a time, reduces
polyaromatic hydrocarbon partitioning into aqueous
phase, and potentially lowers the toxicity of dispersants
to bacteria and marine life (Bose et al. 2012; Saha et al.
2012; Rodd et al. 2014).

Graphene oxide which is a product of chemical ex-
foliation of graphite has been examined for its possible
application in oil spill remediation (Kim et al. 2010).

34 »_,_’ '.,-l 10m A _{ ¥ 1m

Fig. 9 Cryo-SEM of Octane(O)-in-Water(W) emulsion stabilized by carbon black (CB); a, b pH 3.3, 0.0075 wt% carbon black, ¢, d 0.6 M
NaCl, 0.015 wt% carbon black (Saha et al. 2013)
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The amphiphilic behavior of graphene oxide is depen-
dent on their size with smaller-size graphene oxide
being more hydrophilic. This behavior can be attributed
to higher charge density resulting from the ionizable
carboxyl (—-COOH) groups. The degree of ionization
of the -COOH groups can be affected by pH. At high
pH, deprotonation of the —-COOH group is promoted
and this increases the charge on the graphene oxide. Due
to this, the zeta potential of graphene oxide can vary
from —50.2 mV (pH of 10) to —22.7 mV (pH of 2) (Kim
et al. 2010). All these factors influence the emulsifica-
tion behavior of graphene oxide.

Naturally occurring clay particles such as montmo-
rillonite, kaolinite, and laponite are known to disperse
oil through the formation of Pickering emulsions. Since
these clay particles have negative surface charges, they
are highly hydrophilic. The surfaces of these clay parti-
cles are typically modified with surfactants to lower
their hydrophilic—lipophilic balance (HLB).
Montmorillonite clay particles modified with bis(2-
hydroxyethylene)oleylamine stabilized oil-in-water
emulsion against coalescence (Dong et al. 2014). The
stability of the emulsions was attributed to the reduction
of the oil-water interfacial tension by the surface mod-
ified montmorillonite clay. The emulsion can be stabi-
lized over a long period of time due to the formation of
surfactant bilayer at the oil drop—water interface with the
surfactant head group pointing outward. Increasing the
surfactant-to-clay mass ratio resulted in a transitional
inversion, that is, the oil-in-water (o/w) emulsion was
converted to a water-in-oil (w/0) emulsion. A similar
observation was made when emulsion stabilized by
cetyl trimethylammonium bromide (CTAB)-modified
montmorillonite was examined at different clay—surfac-
tant mass ratios (Zhang et al. 2014a). A measurement of
the montmorillonite/CTAB contact angle revealed a
contact angle maxima at 15 mM CTAB concentration
after which a significant drop in the contact angle was
observed. The hydrophilicity of the modified clay was
therefore dependent on the surfactant concentration. A
similar observation was made when emulsion stabilized
by hydrophilic quaternary amine surfactants such as
BerolR648 and Ethoquad C/12 was studied (Cui et al.
2011).

Hydrophilic laponite particles can be rendered to be
hydrophobic by surface modification with aliphatic
amines (Wang et al. 2010; Li et al. 2012b). The hydro-
phobicity of the laponite particles was enhanced by the
adsorption of the amine at the laponite clay particle
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surface reducing the overall zeta potential. The reduc-
tion of the zeta potential makes it easier for the modified
laponite to adsorb at the oil-water interface (Li et al.
2012b). Increase in the amine concentration stabilized
the emulsion against coalescence and creaming. The
emulsions were also stabilized by the formation of a
rigid interconnected layer of laponite at the oil droplet—
water interface (Wang et al. 2010).

Naturally occurring halloysite nanotubes (HNTs)
have recently been examined for their possible applica-
tion in crude oil spill remediation (Owoseni, Nyankson
et al. 2014; Nyankson et al. 2015b; Owoseni et al.
2016). Naturally occurring halloysite nanotubes are ef-
fective in stabilizing o/w emulsions and can serve as
interfacially active vesicles for delivering oil-spill-
treating agents. The HNTs were loaded with surfactants
by using a vacuum suction method. The adsorption of
surfactants serves to lower the interfacial tension while
the adsorption of particles provides a steric barrier to
drop coalescence hence stabilizing the o/w emulsion for
a long period of time.

Due to the large volume of water in the ocean, a
significant amount of dispersant may not come into
contact with the oil. The solubility and miscibility of
dispersant components coupled with the ocean waves
often make it imperative to apply large amounts of
dispersant, with significant economic and environmen-
tal consequences. This problem is often associated with
the application of traditional liquid dispersants. To ad-
dress this challenge, dispersant composite particles with
paraffin wax as the dissolvable matrix and dioctyl sodi-
um sulfosuccinate (DOSS) as the surfactant have been
synthesized and their application for crude oil spills
examined (Nyankson et al. 2014; Nyankson 2015).
The mechanism of surfactant release is depicted in
Fig. 10. The effectiveness of the dispersant composite
particles prepared by a spray freezing method to stabi-
lize the emulsion was dependent on the solubility of the
dissolvable matrix in the crude oil, the presence of
neutral electrolytes, and the particle size distribution.

Oil-in-water emulsions formed and stabilized by sil-
ica nanoparticles modified with a zwitterionic surfac-
tant, capramidopropyl betaine, have been investigated
(Worthen et al. 2014). The role of the surfactant is to
lower the interfacial tension by adsorbing at the oil
droplet—water interface. The silica nanoparticles also
adsorb at the oil droplet-water interface and form a
steric barrier that prevents droplet coalescence and
creaming. At the oil droplet-water interface, the
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Fig. 10 Mechanism of surfactant
release from composite particle
(Nyankson et al. 2014)

Dissolvable matrix
(paraffin wax)

positively charged portion of the zwitterionic surfactant
is weakly attracted to the negatively charged surface of
the silica nanoparticles by electrostatic interactions. The
emulsion stability is highly dependent on the particle
size distribution of the silica nanoparticles. A similar
observation has been reported for silica nanoparticles
functionalized with Span 20 (Yu, Dong et al. 2014; Yu et
al. 2015) and polyalkyleneoxy moiety (Térncrona et al.
2012).

3.2 Plant- and Animal-Based Dispersants

Exposure of marine species to chemical dispersants has
resulted in significant membrane damage (Hook and
Osborn 2012). In view of the perceived toxicity of
chemical dispersant, a lot of research is being conducted
into finding alternative surfactants which are environ-
mentally benign. Dispersants formulated with soybean
lecithin have recently been reported (Nyankson et al.
2015a). The dispersion effectiveness of soybean-based
phospholipids (phosphatidylcholine and phos-
phatidylinositol) solubilized in water was reported to
be of the same order as Tween 80 solubilized in propyl-
ene glycol but higher than DOSS solubilized in propyl-
ene glycol at higher surfactant-to-oil ratios. The emul-
sion forming capability of soybean lecithin was im-
proved upon the addition of Tween 80 (Athas et al.
2014).

In addition to this plant-based dispersant, the emul-
sion forming capabilities of animal-based surfactants
have also been reported. Diethylolamide and
monoethylolamide fats which are derived from fish oil,
mutton, and beef have been promising in dispersing
crude oil on the laboratory scale (Asadov et al. 2012a;

Surfactant (DOSS)

Sea water

DOSS not released

DOSS is
released

"

Paraffin wax dissolves

Asadov et al. 2014). The efficiency of these animal-
derived surfactants was dependent on the concentration
of'the salt ions such as NaCl, KBr, and MgSQO,. Treating
the ethylolamides with phosphates (Asadov et al.
2012a) and the complexation of palmitic acid and
nitrogen-containing compounds (monoethanolamine
and triethylenetetramine) (Asadov et al. 2012b;
Asadov et al. 2013) increased their oil dispersing
efficiency.

Cactus mucilage, an extract from Opuntia ficus-
indica, is able to disperse crude oil slick as well as
absorb it while remaining afloat (Alcantar et al. 2012).
The powdered surfactant extract can be used in
remediating spilled oil on the surface of the sea as well
as under the sea as observed in the Deepwater Horizon
oil spill. Cactus mucilage therefore acts as a dispersant
and, also, as an absorbant. The ability of the cactus
mucilage to absorb the oil facilitates the removal of the
oil-mucilage aggregate after its application.

3.3 Polymer and Gel-Based Dispersants

Dendritic polymers such as poly(amidoamine) and
poly(ethyleneimine) exhibit strong and comparable dis-
persion capacities for oil (Geitner et al. 2012). The
dispersion capacity of these polymers is dependent on
their structure. That is, the dispersion capacity of
hyperbranched polymers is higher than that of the
dendrimers. However, the high cationic charge density
of poly(amidoamine) dendrimers has been shown to be
cytotoxic (Geitner et al. 2014). Examining the effect of
surface charge variation revealed that, although the cy-
totoxicity can be reduced by either making the
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poly(amidoamine) uncharged or by making it negatively
charged, the dispersion capacity is reduced.

ExxonMobil has recently formulated a positively
buoyant viscous dispersant gel for crude oil spill reme-
diation (Nedwed 2010; Nedwed et al. 2011). This new
dispersant formulation is made up of roughly 90 %
surface-active agents while the current commercial dis-
persants are at most 40-50 %. The highly viscous nature
of'this dispersant allows easy delivery as a spray of large
droplets that are persistent in breaking wave conditions
and adhere to the oil slick instead of being washed away
as experienced in the application of the current commer-
cial dispersants. In addition to this, the white gel mate-
rial visually contrasted with oil allowing response per-
sonnel to immediately evaluate slick coverage after a
dispersant application. The aforementioned allows for
the oil spill remediation with chemical dispersant to be
safer, easier, and efficient.

The emulsion forming capabilities of hydrophobically
modified chitosan combined with Corexit 9500A have
also been reported (Venkataraman et al. 2013). Chitosan
was hydrophobically modified by attaching the dodecyl
chains to the amine groups on the polymer backbone. The
emulsions formed by the chitosan and Corexit 9500A
were very stable compared to the emulsions formed by
using only Corexit 9500A. The enhanced stability of the
droplets is due to the increased electrostatic and steric
repulsions provided by the polymeric layering. The poly-
meric layering prevents droplet coalescence.

3.4 Biosurfactant

Biosurfactants are surface-active chemicals synthesized
by a wide variety of microorganisms. They are amphi-
philic compounds comprised of glycolipids, polysac-
charides, and lipopeptides (Banat et al. 2010).
Biosurfactants alter the physico-chemical conditions at
the oil-water interface by reducing the interfacial ten-
sion. Biosurfactants produced by Candida sphaerica
were able to remove 75 and 92 % of oil contained in
clay and silty soil, respectively (de Souza Sobrinho, de
Souza Sobrinho et al. 2013). The effectiveness of the
biosurfactant in removing oil is dependent on the phys-
ical properties of the oil and the conditions of the oil spill
environment. The emulsification properties of
Rhodococcus sp. strain TA6 which consists of extracel-
lular lipids and glycolipids have been studied (Shavandi
et al. 2011). An interfacial tension value of 30 mN/m
was recorded by this biosurfactant. The emulsification
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properties of this biosurfactant were unaffected even at
an extremely high temperature of 120 °C and a salinity
of 10 % NaCl. A biosurfactant produced from
Rhodococcus erythropolis can thus be used in oil spill
remediation even under harsh environments (Moshtagh
and Hawboldt 2014).

Surfactin and fatty acyl-glutamate are biosurfactants
produced from genetically modified strains of Bacillus
subtilis. The critical micelle concentration (CMC) of
these biosurfactants is dependent on salinity; hence,
their effectiveness in dispersing crude oil decreased
upon increasing salinity. It should be noted that the
CMC is the concentration above which micelles form.
Before reaching the CMC, the surface tension changes
strongly with the concentration of the surfactant. After
reaching the CMC, the surface tension remains relative-
ly constant. It is interesting to note that surfactin and the
commercial surfactant, sodium laurel sulfate, are more
toxic than the biosurfactant fatty acyl-glutamate (Marti
et al. 2014). In addition to dispersing crude oil,
biosurfactants can be used to increase the biodegrada-
tion rate of dispersed oil (Antizar-Ladislao 2010; Ron
and Rosenberg 2014). The ability of different bacteria
strains such as B. subtilis (Montagnolli et al. 2015),
Bioaug-SC (Sheppard et al. 2014), Pleurotus ostreatus
(Adedokun and Ataga 2014), and Alcanivorax
borakumensis (M 2014) to increase the biodegradation
rate of dispersed oil has been examined. These bacteria
naturally degrade spilled oil by feeding on it.

3.5 The Behavior of Tween 80, Span 80, and Dioctyl
Sodium Sulfosuccinate at the Oil Drop—Water Interface

The commercial Corexit dispersant formulations made
up of the surfactants Span 80, Tween 80, and dioctyl
sodium sulfosuccinate (DOSS) were applied after the
Deepwater Horizon oil spill of 2010 (Campo et al.
2013). The effectiveness of dispersants made up of
DOSS, Tween 80, and Span 80 in dispersing crude oil
has been shown to be governed by the relative percent-
ages of these surfactants in the dispersant, initial oil—
water interfacial tension observed upon dispersant—oil—
seawater contact, rate of decrease from the initial inter-
facial tension as DOSS is rapidly lost to the aqueous
phase, and the slowing kinetics of dispersant adsorption
at the oil-water interface as the concentration of Span 80
is increased (Riehm and McCormick 2014). The differ-
ent surfactants present in the commercial dispersant
influence the CMC which in turn influences their
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effectiveness in dispersing crude oil. For instance, the
CMC of DOSS solutions has been reported to reduce
drastically from 23.5 to 20 % in the presence of salt ions
(Steffy et al. 2011). In addition to the effect of salt ions
on the effectiveness of these surfactants in dispersing
crude oil, temperature has been reported to influence the
effectiveness in a significant manner. The effect of tem-
perature on performance of the dispersant is dependent
on whether or not the surfactants are anionic or nonionic
(Fingas 2010). While the anionic surfactant DOSS read-
ily desorbs from the oil droplet—water interface into the
surrounding aqueous phase (Reichert and Walker 2013),
the nonionic surfactant Tween 80 irreversibly adsorbs at
the oil droplet-water interface (Kirby et al. 2015). The
coalescence of emulsion droplets tends to minimize the
dispersion effectiveness of dispersants upon application;
hence, a stable emulsion must resist coalescence. Two
types of coalescence behavior can be observed, namely,
fast coalescence at low oil droplet surface coverage by
surfactants and slow coalescence at high oil droplet
surface coverage by surfactants (Reichert and Walker
2015). Coalescence is influenced by the presence of
neutral electrolytes and the interfacial elasticity.

4 Photoremediation

After an oil spill has occurred, some of the spilled oil is
lost through photooxidation (Lehr 2001). Most recent
studies published have shown that a nanogrid produced
from CuO and CuWO, photocatalysts can remove ben-
zene, toluene, ethylbenzene, and xylene (BTEX) from
produced water obtained from hydraulic fracturing or
fracking. The findings from this study can be applied as
an additional cleaning step after oil spill remediation
since studies conducted several months after the Gulf
of Mexico oil spill revealed that water-dissolvable

Fig. 11 Photoremediation of A
spilled crude oil into innocuous V~v
compounds by photocatalysis <]©[>
s v Q
Sun

organic compounds from the spilled oil were still pres-
ent in the Gulf waters (Ziervogel et al. 2012). Crude oil
is a mixture of smaller volatile and larger nonvolatile
hydrocarbon compounds. The smaller volatile hydrocar-
bon compounds can be remediated through natural
evaporation processes while the large nonvolatile com-
pounds can possibly be remediated though photooxida-
tion and by other remediation methods. The classes of
compounds present in crude oil are alkanes,
cycloalkanes, waxes, benzenes, BTEX, PAHs,
naphthenaromatics, resins, and asphaltenes (Fingas
2010). With these organic compounds being the main
components of crude oil, photoremediation through
photocatalysis may be the new area of attention for most
researchers in the near future. Photocatalysis is the ac-
celeration of a photoreaction in the presence of a cata-
lyst. The mechanism of the photocatalytic reaction at the
surface of a semiconductor involves multiple steps
(Shan et al. 2010): (a) Solar radiation with energy great-
er than or equal to the band gap of the semiconductor is
absorbed, (b) electrons are then excited from the valence
band to the conduction band creating an electron/hole
pair, and (c) the valence band hole is strongly oxidizing
and therefore can oxidize organic compound to innocu-
ous compounds while the conduction band electron is
strongly reducing. The process is summarized in Fig. 11.

Photocatalysis can therefore be utilized to oxidize the
various organic compounds present in the spilled oil. The
catalyst can be in a form of a nanogrid or particles. With
the nanogrid, the grid can be placed on the spilled oil
while utilizing solar radiation as its main source of energy.
For particulate photocatalyst, the particles can form a
slurry with the sea water and the spilled oil. Solar energy
can then be utilized to carry out the photocatalysis. The
second scenario can be limited by the concentration of the
particles as lesser solar energy can penetrate and be
absorbed when the particle concentration is too high.

Conduction Band (VB)
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Photo-excitation of
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The advantages of using photoremediation are (a) the
remediation cost will be reduced since free solar energy
will play a central role in the remediation process, (b) a
larger area can be targeted at the same time, (c) an envi-
ronmentally benign photocatalyst will be used to reduce
the toxicity of the remediation process, and (d) the highly
toxic organic compounds will be oxidized into innocuous
compounds. The perceived disadvantages are (a) the ap-
plication of photoremediation will be dependent on the
location of the spill since the solar insolations at the north
and south poles are smaller than at the equator, (b) the time
of the year that the oil spill occurred since the solar
insolations vary from month to month, and (c) the diffi-
culty in synthesizing a large amount of photocatalyst
should a large oil spill like the Deepwater Horizon oil spill
occurs. The fact that oxidation of the organic compounds
may result in the production of carbon dioxide which is a
green house gas is another perceived disadvantage. The
CO, produced can be captured and converted into a more
useful and benign products.

5 Conclusions

From this review, it is evident that research has been
conducted after the Deepwater Horizon oil spill with the
main objective of finding alternative and benign oil spill
remediation methods and to also understand existing
systems. New oil sorbents and dispersants have been
proposed from the findings of many research studies.
Natural oil spill sorbent materials are very promising
due to their ready availability and cheap cost. On the
other hand, environmentally benign plant-based surfac-
tants such as soybean lecithin are the future for oil spill
remediation. However, a very effective dispersant for-
mulation with near-complete dispersion effectiveness
can only be attained if in-depth research is conducted
to understand the behavior of the active ingredient
(surfactant) at the oil droplet—water interface. In-depth
research will include understanding the arrangement of
different surfactant mixtures at the oil droplet—water
interface, how emulsion coalescence can be reduced,
and how the interfacial excess of a given dispersant
formulation can be improved. Removal of spilled oil
from the surface of the ocean can also be achieved
through photoremediation. Future research in this field
may include developing an efficient photocatalyst sys-
tem to achieve a near-complete oil removal and that
carbon-based compounds such as CO, formed during

@ Springer

the photoremediation process can be captured and con-
verted into a more useful material through carbon cap-
ture. It is envisioned that continuous research into oil
spill remediation methods will help address most, if not
all, of the environmental concerns associated with
existing oil spill remediation strategies.
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