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Oil spills frequently cause devastating impacts on coastal ecosystems and communities. Spill response
methods for coastal regions, such as spill-treating agents, sorbents, and bioremediation, may face
constraints due to environmental concerns, limited absorption capacity, and low effectiveness. Fortunately,
the emergence of nanomaterials with unique properties has introduced promising solutions for coastal oil
spill remediation. These nanomaterials have shown great potential in oil removal, recovery, and degradation
through different mechanisms. Nanoparticles or nanocomposites can interact with spilled oil by breaking it
into small droplets and forming stable Pickering emulsions. They can also remove oil from water by
absorption, adsorption, or in combination with both due to their large surface area and numerous sorption
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sites. Furthermore, some nanomaterials possess catalytic activity to speed up the degradation of petroleum
hydrocarbons into less harmful compounds. Moreover, the introduction of nanomaterials can be beneficial
DOI: 10.1039/d4en00954a for bacteria proliferation, nutrient supply, and maintenance of favorable conditions, thereby accelerating
the oil biodegradation process by microorganisms. In this perspective, we discussed the interactions

rsc.li/es-nano between nanomaterials and oil, as well as their applications in various coastal oil spill response methods.

Environmental significance

Coastal regions are particularly vulnerable to oil spills, which can trigger a cascade of adverse environmental consequences. In response to this pressing
challenge, the integration of nanomaterials into oil spill response in coastal regions presents a promising and sustainable solution to improve the
effectiveness and efficiency of cleanup efforts. Nanomaterials possess unique properties that allow them to interact with spilled oil in different manners,
enabling their application across a diverse range of response methods, such as surface washing agents, dispersants, sorbents, and bioremediation. As
research in this field continues to advance, the application of nanomaterials is poised to lead to the development of more advanced and robust spill
response techniques, ensuring that more spilled oil will be removed thoroughly and quickly. This perspective presents a focused overview of nanomaterial-
oil interactions and possible applications in coastal oil spill response.

1. Introduction and  conducting  bioremediation.  However, these
conventional response methods often face limitations, such
as low oil absorption capacity, potential toxicity to aquatic
life, and slow remediation process.” Clearly, there is a
pressing need to develop more advanced spill response
techniques to cope with the challenges of oil spills in coastal
areas.

Fortunately, the use of nanomaterials has emerged as a

Spilled oil poses a grave threat when it reaches coastal areas,
inflicting long-term adverse effects on fragile coastal
ecosystems and communities."” Efficient and effective oil
spill response measures are essential for removing and
recovering spilled oil, thereby minimizing environmental
consequences to coastal regions. These measures include

deploying sorbents, booms, and skimmers, using spill-
treating agents (e.g., surface washing agents and dispersants),
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promising solution for coastal oil spill response, owing to
their inherent benefits of nanoscale size effects, versatility,
and environmental compatibility.®* Numerous studies have
reported that nanomaterials, with or without modifications,
can more effectively interact with oil to enhance oil removal
and recovery through mechanisms such as changing surface
wetting properties, stabilizing oil/water emulsion, and
decreasing interfacial tension. Moreover, some catalytic
nanoparticles or nanocomposites are capable of accelerating
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the breakdown of petroleum hydrocarbons, converting them
into less harmful substances. Additionally, the oil
biodegradation process by marine microorganisms can be
expedited with the help of nanotechnology, as nanomaterials
can disperse spilled oil into small droplets with a large
surface area for interaction, provide nutrients to oil-
degrading bacteria, and create or maintain favorable
conditions for microbial attachment and growth.'” These
remarkable features suggest that the application of
nanomaterials holds great potential for oil removal and
biodegradation. Therefore, the incorporation of
nanotechnology into various response methods in coastal
regions (Fig. 1), such as surface washing agents, dispersants,
sorbents, and biodegradation, is discussed in this article.

2. Interactions of nanomaterials with
oil

2.1 Adsorption

Adsorption is a surface-based exothermic process in which
oil from the water column or solid substrates adheres to the
surface of nanoparticles. This process can be categorized into
two main types: physical adsorption (e.g., Van der Waals
forces and electrostatic interactions) and chemical adsorption
(e.g., covalent bonds), based on interactions between oil and
nanoparticles.’®> Nanomaterial-based adsorbents exhibit
excellent performance in oil removal from coastal
environments due to their large surface area, easy
functionalization, numerous sorption sites, tunable pore size,
etc. Bio-based nanomaterials and nanoclay, with numerous
advantages such as environmental friendliness, easy
availability, and cost-effectiveness, have become preferred
choices for oil spill response methods in coastal regions,
although some of them may have low sorption capacity and

View Article Online

Environmental Science: Nano

poor oil wettability. For example, cellulose nanofibers are
hydrophilic due to the presence of hydroxyl groups on their
surfaces and lack of water and oil selectivity, restricting their
application in oil removal. However, their structures can be
modified or  functionalized  through  substituting
hydrophobic/oleophilic moieties to increase oil adsorption
and water repellency."* The adsorption efficiency is also
greatly affected by the shape, morphology, and porosity
(porous materials) of nanomaterials.

2.2 Interface interactions

The surface and interfacial properties of nanoparticles enable
them to accumulate at the oil/water or oil/water/solid
interface, profoundly affecting the behavior of spilled oil in
coastal environments. These nanoparticle-driven interactions
can manifest in various ways, such as interfacial tension
reduction, wettability alteration, and emulsion stabilization
or destabilization."® The presence of nanoparticles often
leads to lower interfacial tension between oil and
water, promoting the breakup of oil slicks into smaller
droplets to improve oil removal efficiency and facilitate oil
dispersion and biodegradation in coastal regions.
Furthermore, hydrophilic nanoparticles have the ability to
alter the wettability of solid substrates from an oil-wet to a
water-wet status, facilitating the mobilization of stranded oil,
and their concentrations, size, surface properties, as well as
base fluid characteristics are critical to determine the
wettability alteration degree. For example, nanoparticles with
smaller sizes and higher charge density will experience a high
degree of electrostatic repulsion among themselves, which is
beneficial for fluid stability and their spreading on substrate
surfaces. When confined to the wedge in the three-phase
contact region, they also exert high disjoining pressure that

Nano-enhanced oil spill remediation in coastal regions
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Fig. 1 Schematic diagram demonstrating the application of nanomaterials in coastal oil spill response and cleanup.
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forces nanoparticles move forward, separating oil from solid
surfaces.'® Moreover, nanoparticles can act as Pickering
emulsifiers, adsorbing irreversibly at immiscible biphasic
interfaces and preventing droplet coalescence. The stability
of formed Pickering emulsion is largely determined by the
wettability of nanoparticles. Other nanoparticle parameters,
such as morphology, can also affect the emulsion stability,
with cylindrical shapes reported to have the potential to
generate more stable emulsions.”” Compared to surfactant-
stabilized emulsions, Pickering emulsions exhibit superior
stability, = environmental friendliness, and  broader
applicability, showing great potential for oil spill recovery.

2.3 Catalytic activity

Photocatalytic nanomaterials, such as ZnO and TiO,
nanoparticles, possess the remarkable ability to degrade
petroleum hydrocarbons when exposed to solar energy, which
can greatly enhance oil degradation and decrease the
environmental consequences. For example, when TiO, is
exposed to light, the electrons in the valence band (VB) are
excited by photons to the conduction band (CB), generating
electron (e")-hole (h*) pairs, which will interact with water
and dissolved oxygen to form reactive oxygen species (ROS).
The ROS generated at the active sites of the photocatalytic
nanomaterials can then degrade hydrocarbon molecules
through successive radical reactions, ultimately converting
them into inorganic and nontoxic substances, such as carbon
dioxide and water."® Piezocatalysis of nanoparticles is able to
convert ceaseless mechanical energy into chemical energy to
initiate redox reactions. The piezoelectric nanomaterials have
the ability to generate electric charges when subjected to
mechanical stress, such as the motion of water. These
generated electric charges can then interact with water and
dissolved oxygen to produce ROS for oil degradation."’

2.4 Biodegradation

The incorporation of nanoparticles can significantly enhance
the oil biodegradation by microorganisms in different ways
during oil spill response in coastal areas. As an
environmentally friendly alternative to chemical surfactants,
some nanoparticles, such as nanoclay, can assemble at the
oil/water interface and act as Pickering emulsifiers to
stabilize oil droplets, which is beneficial for oil-consuming
bacterial proliferation. The biodegradation rate will also be
improved because of the large surface area of oil and
increased oil bioavailability. These nanoparticles often have
buffering ability and the capacity to adsorb protons
generated during hydrocarbon breakdown, being crucial for
maintaining suitable pH levels and sustaining bacterial
metabolism and growth. Meanwhile, nutrient adsorption will
be facilitated with the generation of C-O-Na-Si complexes on
bacterial cell walls to enhance bacterial activity.">*°
Furthermore, nanoparticles can be engineered for the target
release of essential nutrients to oil phase to promote the
bacterial degradation of spilled oil.>* Moreover, the cell walls
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of oil-degrading bacteria can be encapsulated and
functionalized with nanoparticles to impart magnetic
responsiveness, which can accelerate the oil biodegradation
process.

3. Nanotechnology-based response
methods in coastal regions
3.1 Surface washing agents

Surface washing agents are used to remove the stranded oil
from shoreline substrates in coastal regions. Nanomaterials
have emerged as a versatile tool in the formulation of these
surface washing fluids, offering several advantages in oil
removal through various mechanisms. The primary
mechanisms by which nanomaterials enhance the
performance of surface washing fluids include wettability
alteration, interfacial tension reduction, and the
enhancement of disjoining pressure between oil and solid
surfaces  (Fig. 2a).*> Bio-based nanoparticles or
nanocomposites, such as cellulose nanocrystal and its
functionalized composite, modified nanoclay, and chitosan/
rhamnolipid complexes, have been utilized as green and
responsive washing fluids to treat oiled beach sand. These
nanomaterial-based washing fluids have demonstrated high
oil removal capacity, reduced oil biotoxicity to algae, and
efficient ionic strength-responsive separation of washing
effluents, making them promising candidates for shoreline
cleanup applications. In addition, magnetic-mediated surface
washing fluids containing iron-based nanomaterials have
also been developed to remove oil from the shoreline. For
instance, a washing fluid containing magnetite nanoparticles
functionalized with carboxyl groups achieved over 70% of
engine oil removal from oiled sand under conditions of 1 g
L%, 300 rpm, and 20 °C. The performance of these magnetic-
based washing fluids can be influenced by various factors,
including salinity, temperature, mineral concentration, and
magnetite concentration. The underlying mechanisms
involve the synergistic effects of interfacial tension reduction,
wetting behavior alternation, the transport behavior of
magnetite, and changes in solid—fluid contact.>® The
magnetic responsiveness of these nanomaterial-based
washing fluids enables the treatment of the magnetic fields
to recover the oil and magnetite, thereby reducing the
potential for secondary pollution. Furthermore, surface
washing fluids containing piezoelectric materials, such as
MoS,, could not only physically remove oil from sand
through interfacial tension reduction but also chemically
degrade high-molecular-weight hydrocarbons into low-
molecular-weight hydrocarbons through the triggering
piezocatalysis by water motion.”* Despite the promise of
nano-based washing fluids in terms of environmental
sustainability, further improvements in their oil removal
performance and broadening application range are crucial to
fit diverse cleanup scenarios in coastal regions, such as Arctic
and subarctic climatic conditions. Meanwhile, molecular
simulations can be conducted to investigate how
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Fig. 2 (a) Oil removal mechanisms of nanoparticles used as surface washing fluids. (b) A nanoparticle-based dispersant example using the synergy
of xanthan gum and silica nanoparticles. (c) Using and recycling of nano-based magnetic sponge for oil sorption and regeneration. (d) Accelerating
natural breakdown process of spilled oil through the addition of nanoparticles.

nanoparticles interact with oil molecules at the molecular
level, providing a deeper understanding in oil detachment
mechanisms and processes, which will help develop more
efficient and adaptable formulations.

3.2 Dispersants

Chemical dispersants, typically formulated with surfactants
and organic solvents, are commonly used to reduce the oil/
water interfacial tension and disperse oil slicks into small oil
droplets.***® However, these dispersants may pose toxicity risks
to aquatic organisms, especially in more sensitive coastal
environments. As an environmentally friendly alternative to
chemical dispersants, nanoparticles can adsorb on the oil/
water interface and  stabilize = emulsions, forming
nanoparticle-based dispersants with high effectiveness and
less toxicity.”” The nanoparticle-stabilized oil droplets
function in a manner similar to naturally occurring oil
particle aggregates (OPAs) found in near seashore regions
that are composed of suspended sediments and oil droplets.
The large surface area created by nanoparticles enhances the
interaction between the spilled oil and indigenous bacteria,
thereby accelerating the biodegradation of the oil in coastal
areas.”® Various types of nanoparticles such as naturally
occurring clay mineral, silica, carbon black, and nickel
hydroxide have been used as dispersants to form stable
emulsions in simulated oil spills, and their surfaces are often
precisely engineered by other additives to change
hydrophilic-lipophilic balance, optimize wetting
characteristics, and further reduce interfacial tension to

44 | Environ. Sci: Nano, 2025, 12, 41-47

generate more stable emulsions with much smaller oil
droplets, improving the dispersion ability. In addition to
chemical modification, physical adsorption of oppositely
charged polymer on nanoparticles was also applied in oil
dispersion. For example, a proposed dispersant that mixes
xanthan gum with silica nanoparticles demonstrates a
synergistic emulsification effect, where the electrostatic
interactions between the two components lead to greater
stability and reduced coalescence of the oil-in-water emulsion
(Fig. 2b).>® The size of oil droplets generated by nanoparticle-
based dispersants was significantly influenced by factors
such as nanoparticle type and properties, oil characteristics,
and environmental conditions. Like chemical dispersants,
nano-based dispersants cannot be recovered or reused once
applied to disperse spilled oil in coastal regions. Some
nanoparticles used in formulating nano-dispersants, such as
silicon dioxide and nickel hydroxide, may not degrade easily,
potentially accumulating and disrupting marine ecosystems.
Focusing on biodegradable or natural-origin nanoparticles
and conducting long-term environmental impact studies of
nano-dispersants is essential to ensure the sustainable use of
nanotechnology in coastal oil spill response.

3.3 Sorbents

During oil spill response, sorbents (insoluble products) are
commonly deployed to remove spilled oil from water through
absorption, adsorption, or a combination of both.
Nanotechnology-based sorbents have emerged as a promising
solution, offering high oil sorption capacity, low cost, and

This journal is © The Royal Society of Chemistry 2025
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excellent oil selectivity; these sorbents can take various forms
including aerogels, foams, sponges, nanoparticles, fibers,
and so on. Bio-based nanomaterials are considered potential
candidates for sorbents, as they offer advantages such as
biodegradability and biocompatibility. However, most of
these bio-based sorbents require modifications to achieve
optimal performance, such as changing wetting properties,
increasing surface area, reducing density, and optimizing
microstructures. Cellulose-based sorbents have been well-
studied for their application in oil spill cleanup and have
demonstrated promising results.’® Sorbent derived from
inorganic nanocomposites (e.g., carbon nanotubes, graphene,
mineral clays, and silica) also exhibited excellent
performance with chemical stability, great sorption ability,
and excellent recyclability. For instance, a sponge coated with
reduced graphene oxide has shown absorption capacities of
over 80 g g~* for all types of organic liquids with a maximum
value of 160 g g for chloroform and did not show
deterioration even after 50 reuse cycles.”’ Furthermore,
magnetic sorbents functionalized with nanoparticles have
been developed to improve stability, increase wetting ability
and sorption ability, and make them recyclable (Fig. 2c). The
collected oil can be easily removed through the application of
magnetic fields. Challenges for the application of nano-
sorbents include synthetic methods that are difficult to
implement on a large scale, the involvement of harmful
chemicals, nanoparticle flaking during use and reuse, and
the lack of cost estimation. A green synthesis approach
should be developed to ensure cost-effective production of
nano-sorbents. Meanwhile, ensuring stronger adhesion of
nanoparticles to sorbent matrices is crucial and can be
achieved through advanced surface modification techniques.
There is also a need for a detailed cost-benefit analysis
covering production, use, recycling, and disposal of nano-
sorbents during oil spill response in coastal areas.

3.4 Nano-enhanced bioremediation

Incorporating nanomaterials into bioremediation strategies
has been studied extensively to enhance the breakdown
process of spilled oil, particularly in the context of polluted
seawater water (Fig. 2d). Sustainable Pickering emulsifiers,
such as the addition of clay minerals like kaolinite,
montmorillonite, and nontronite, have been found to be
beneficial for oil degradation by microorganisms, even in
high oil concentrations (i.e., ~150 g 1" of heavy oil).** These
clay minerals, with their large specific surface areas and high
cation exchange capacities, have demonstrated a more
significant level of oil biodegradation.*® A nanoscale reaction
model has been proposed, in which bivalent cations (i.e.,
Ca** and Mg®" ions) at interlayer and hydrated surfaces can
locally bridge clay minerals and bacterial cells or biofilms,
promoting the nutrient supply to the bacteria from clay
surface.”® In addition to using unmodified clay minerals,
nanoparticles can also be functionalized to further accelerate
the oil biodegradation process, although this approach can

This journal is © The Royal Society of Chemistry 2025
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sometimes result in inhibition. For example, modified
halloysite nanotubes with amphiphilic polypeptoid have been
shown to form more stable oil emulsions as stabilizers with
much smaller droplet sizes. They were also found to be
noncytotoxic toward an alkane degrading bacterium, thereby
promoting greater bacteria  proliferation.*®  Similarly,
functionalized mesoporous silica nanoparticles with a gated
system of hydrophobicity-responsive features have enabled
the release of nutrients at the oil/water interface, stimulating
bacteria to degrade the oil.>" It is worth noting that the
possibility of modifying the bacteria itself to enhance the
biodegradation of spilled oil has also been explored,
although the relevant studies in this area are limited.*
Current research on nano-enhanced bioremediation is largely
confined to lab-scale studies under well controlled
conditions, making it difficult to predict its effectiveness in
highly dynamic coastal environments, such as those with
varying nutrient availability and salinity. Another concern is
associated with unknown environmental impacts of
introducing nanomaterials into marine environments,
particularly  synthetic = nanomaterials (e.g;, magnetic
nanoparticles). Future research is needed to evaluate the
performance of nano-enhanced bioremediation under more
complex scenarios, such as low temperature, high salinity,
and varying nutrient levels, and to further explore long-term
biological impacts of released nanoparticles. Additionally,
studies should prioritize the use of more sustainable and
eco-friendly nanomaterials, such as mineral- and bio-based
nanoparticles, to minimize potential environmental risks.

4. Conclusions and future outlook

The use of nanomaterials has shown great promise in
addressing oil spill response, particularly in coastal areas that
are vulnerable to the adverse effects of spilled oil.
Nanomaterials possess unique characteristics that allow them
to interact with the oil from water column or shoreline
substrates due to their great adsorption capacity, interfacial
properties, catalytic activity, and ability to enhance
biodegradation, significantly accelerating oil removal and
degradation. Based on these promising characteristics, the
application of nanomaterials has been studied and
investigated in a series of oil spill response methods in
coastal regions, including surface washing agents,
dispersants, sorbents, and biodegradation. The results of
these studies have been encouraging and have demonstrated
the potential of nanomaterials to improve the effectiveness of
oil spill cleanup efforts in coastal areas. It is important to
note that nano-based solutions in this area are still being
developed and are mainly based on laboratory-scale
experiments, which may not fully reflect the complexities and
challenges of oil spill response and cleanup in coastal
regions. However, the findings of these studies can provide
critical insights into the design and implementation of field
tests and on-site applications.
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There is a need to scale up these tests to mesocosm or
field experiments to validate the feasibility and efficacy of
nanomaterials under more real-world conditions in coastal
oil spill response. Since nano-enhanced response methods
such as dispersants, bioremediation, and in situ treatment
with washing fluids may release nanoparticles into coastal
environments during oil spill response, future research
should emphasize the use of safer nanomaterials with better
environmental compatibility and less toxicity. For nano-based
sorbents, nanoparticles should be encapsulated in
biodegradable carriers or in that are easier to collect and
recover to minimize environmental impacts. However,
environmental risks associated with using nanotechnology in
spill response still need to be thoroughly investigated, as
nanoparticles can interact with sediments, vegetation,
microorganisms, and marine animals (e.g., invertebrates and
fish) in coastal regions and may also accumulate through the
food chain.
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