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Abstract

The frequency of oil spills and the increasing amount of oily sewages not only cause
serious water pollution as well as a lot of ecological problems but also result in huge
economic losses. To address such problems, developing advanced technologies and
materials for achieving efficient oil/water separation is a critical way and emerging as
a hot research topic nowadays. Herein, we have reviewed the recent developments in
oil/water separation by using superwetting porous materials, mainly focusing on the
natural materials. By using the natural materials as the examples, we show how to use
the superwetting porous materials to separate different mixtures of water and oil,
including the inherent superwettability of the natural materials, separating
method/process, and separation mechanism. The natural superwetting materials are
usually low-cost, eco-friendly, and can be easily obtained, so the oil/water separation
based on the natural materials is the great promise to address above-mentioned
globally recognized oil contamination challenge. In addition, these natural examples
seem more attractive to the general researcher who is new to this field as well as the
expert and even common people, since natural materials look more interesting than
artificial complex materials. We believe our review will help beginners better
understand the significance, application value, mechanism and principle of oil/water
separation by superwetting porous materials.
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1. Introduction

The progress of human society allows our life to become better, but many
environmental and energy issues also appear associated with such progress. As the
global demand for energy continues to grow, oil-spill accidents and industrial oily
wastewater discharges occur frequently.® For example, in 1989, the Exxon Valdez
oil tanker ran aground on Bligh Reef and spilled 11 million gallons of oil into
Alaska’s Prince William Sound.® In 2002, the tanker Prestige encountered a storm and
split up at sea, spreading 20 million gallons of heavy fuel oil onto Spanish coasts.” In
2010, the Gulf of Mexico oil spill resulted in 200 million gallons of crude oil being
released into the sea (Figure 1a,b).® In the remarks (June of that year) from Oval
Office, U.S. President Barack Obama called the Gulf of Mexico oil spill “the worst
environmental disaster America has ever faced.”.® Most animals and plants living in
the waters near the incident area died (Figure 1c,d). On the other hand, much oily
wastewater is largely produced from many industries every day, such as mining, metal
smelting, textiles, biopharmaceuticals, petrochemicals, and foods.* Such oily sewage
has already become one kind of the common pollutants around the world and is now a
serious global environmental concern. The frequency of oil spills and the oily
sewages not only cause severe water pollution as well as a lot of ecological problems
but also result in huge economic losses.®** To address the above-mentioned problems,
researchers have developed various technologies and materials for achieving effective
oil/water separation until now, and oil/water separation is still a hot research topic to
protect the environment and reduce economic loss nowadays. Indeed, an explosive
growth of published papers describing oil/water separation has occurred in recent
years, as shown in Figure 2.

Figure 1. Gulf of Mexico oil spill accident. (a,b) Leaked crude oil covering on the ocean surface. (c,d) Seabirds
and sea turtles being killed by the leaked crude oil. Reproduced from ref. 5 with permission from the Editorial

office of Acta Physico-Chimica Sinica, copyright 2018.
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Figure 2. Numbers and corresponding citations of the published articles related to oil/water separation indexed in

ISI Web of Science by the title of “oil water separation”.

Conventional methods for oil/water separation include absorption, gravity
separation, skimming, flotation, centrifugation, and so on.* Although above methods
could also make certain effects in handling most oil/water mixtures, these methods
usually suffer from many limitations such as low separation efficiency, the need of an
external input of driving energy, and the generation of secondary pollutants. For
example, porous materials such as sponges, foams, and textiles are commonly used to
absorb oils from water once in emergency situations such as oil-leakage/spillage
accidents occur. However, such materials simultaneously absorb oil and water,
resulting in poor separation selectivity and low efficiency. The reuse of the separated
oils is very difficult because the purity cannot meet the minimum requirement for
reuse. Moreover, these materials do not have anti-oil-contamination ability. They lose
absorbing function after just once separation, and then are generally burned or buried
in the ground. Such treatment causes secondary environmental pollution with the
release of toxic gases and land contamination. Above limitations drive people to
further develop more effective separating materials and systems.

Recently, superwetting micro-porous materials (i.e., their surfaces show
superhydrophobicity-superoleophilicity or superoleophobicity-superhydrophilicity)
have been successfully introduced into the research field of oil/water separation
because water and oil have different interface effects, and such materials show great
separating performance compared to the conventional materials.”** The
superwettability can be obtained by designing appropriate surface microstructures and
chemical composition on material surfaces.**** In 2004, Feng et al. fabricated an
in-air superhydrophobic and superoleophilic polytetrafluoroethylene (PTFE) coated
metal mesh.*® This mesh could separate the mixture of water and oil because the mesh
only allowed oil to penetrate through. This kind of superhydrophobic porous materials
is usually called “oil removing” material.' In order to avoid the problem that “oil
removing” materials are easily contaminated and blocked by oil adhesion, in 2011,
Xue et al. put forward a new strategy of using underwater superoleophobic porous
membrane (i.e., hydrogel-coated stainless steel mesh) to separate the oil/water
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mixtures.”* The as-prepared mesh exhibited superhydrophilicity in air and becamé: s e
superoleophobic after the immersion in water. Therefore, the pre-water-wetted mesh
only allowed water to penetrate through, showing “water removing” property.
Following the above-mentioned achievements, an increasing number of porous
materials with various superwettabilities were developed and successfully applied in
oil/water separation (Figure 2)."***3 Although those superwetting materials have a
satisfactory separating ability, some existing disadvantages still restrict those
materials to just the laboratory and hinder the large-scale practical applications of
them.™*® The cost of the materials, the expensive equipment required, the complex
preparation process, and the human labor for constructuring superwetting
microstructures will become tremendous burden towards the large-scale application.
Another issue is secondary pollution. The surfaces of the most widely used materials
have rough superwetting microstructures, which are generally formed by chemical
corrosion, surface modification, or other chemical treatments.* The waste produced
to create the separating materials will cause a new environmental problem (disposing
of the waste). Therefore, taking into account the large-scale practical application, a
simple, low-cost, eco-friendly, green route that can efficiently separate large amounts
of the mixtures of water and oil is highly desired.

In this article, we will review the recent developments in oil/water separation by
using porous superwetting materials, mainly focusing on the natural materials. The
article starts with a brief introduction of the urgency and significance of developing
oil/water separating technology. Then, three typical separating ways based on the
superhydrophobicity or superoleophobicity of porous materials are presented. The
next part shows several natural materials, one by one, with various inherent
superwettabilities that are successfully applied in oil/water separation, including the
wettability, separating method/process, and the separation mechanism of each case.
Natural materials look more interesting than artificial complex materials. Thereby,
these natural examples seem more attractive to advanced undergraduates, the general
research chemists as well as the experts. Finally, a brief discussion of current
challenges and prospects in this area is provided in our own perspective. We believe
our review will help beginners better understanding the significance, application value,
mechanism and principle of oil/water separation by superwetting porous materials.

2. Mechanism of oil/water separation by superwetting porous

materials

2.1 Superhydrophobic mesh/membranes

In 2004, Jiang et al. first reported an artificial superhydrophobic and superoleophilic
metal mesh that could be used for the effective separation of oil and water.™® A
micro/nanoscale hierarchical structure was generated on the surface of a stainless steel
mesh by spraying the homogeneous emulsion containing PTFE with low surface
energy onto the mesh surface. Figure 3a-c shows the scanning electronic microscopy
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(SEM) images of the surface microstructure of the resultant rough mesh. After, the ' acsoao00r
coating treatment, the meshes still kept open without blocking (Figure 3a). Due to the
synergy effect of the resultant hierarchical microstructure and the intrinsic chemical
property of PTFE substrate (i.e., inherent hydrophobicity and oleophilicity), the PTFE
coated mesh was endowed with both superhydrophobicity and superoleophilicity in
air. Water droplet on such mesh could maintain a ball shape with contact angle (CA)
of 156.2 2.8 °(Figure 3d), and could easily roll off as long as the mesh was tilted 4<
Such ultralow adhesive superhydrophobicity is ascribed to that water droplet on the
structured mesh surface is at the Cassie wetting state (Figure 3f). An air layer is
trapped in the rough microstructure and forms an air cushion underneath the droplet,
which prevents the water droplet from effectively touching the surface of the PTFE
coated mesh. In contrast, when a diesel oil droplet was dropped onto the mesh, it
would rapidly spread out and finally permeate through the mesh within 240 ms
(Figure 3e). The inverse superwettability of the as-prepared mesh to water
(superhydrophobicity) and oil (superoleophilicity), respectively, makes the mesh be
effectively applied in the separation of diesel oil and water. As shown in Figure 3g,
when the oil/water mixture is poured onto the mesh film, water phase in the mixture is
repelled by the mesh because of superhydrophobicity thereby always stay above the
mesh, whereas the superoleophilicity results in that oil wets the rough mesh and
further passes through the mesh, achieving separation.

a) e EE. d) n water | f) Air

Diesel oil

O Cassie state
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Figure 3. Achievement of oil/water separation based on the superhydrophobic and superoleophilic mesh. (a-c)
SEM images of the PTFE-coated stainless steel mesh. (d) Shape of a water droplet on the as-prepared mesh. (e)
Process of a diesel oil droplet permeating through the as-prepared mesh. (f) Schematic diagram showing the Cassie
wetting state. (g) Schematic diagram showing the separation mechanism by using a superhydrophobic and

superoleophilic mesh. Reproduced from ref. 13 with permission from Wiley, copyright 2004.

Following the above separating principle, various superhydrophobic meshes and
membranes have been developed for achieving efficient oil/water separation.'®846-62
For example, Wang et al. deposited a rough copper layer onto a copper mesh substrate
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by electrochemical deposition.'* Copper sulfate solution was used as the electrolytes s s s
After further modification of the structured mesh with long-chain fatty acid, the
resultant copper mesh showed superhydrophobicity and superoleophilicity in air. The
mixture of diesel and water was successfully separated by the mesh. Kong et al.
simply immersed a commercial phosphor-copper mesh in distilled water at room
temperature for 3 h to deposit highly dense ordered Cu,O nanorods on the mesh.™
After the 1-dodecanethiol surface modification, the mesh with Cu,O nanostructures
became superhydrophobic and superoleophilic. The as-prepared mesh could separate
the diesel-water and the hexane-water mixtures. Song et al. prepared a
micro/nanoscale hierarchical rough stainless steel mesh with superhydrophobicity by
a chemical etching method.'® The stainless steel mesh was firstly immersed in the
solution composed of 1 mol-'L™* CuCl, and 1 mol-L™" HCI to generate surface
microstructures. Then, the mesh was treated with stearic acid to lower surface free
energy. Based on the superhydrophobic mesh, an oil/water separating device was
designed. Li et al. used the flame of paraffin candle to burn the surface of a stainless
steel mesh to coat the metal mesh surface with a layer of nanoscale particles.’” The
color of the coated mesh turned to black because of the deposition of candle soot layer.
Subsequently, the smaller hydrophobic silica nanoparticles were deposited on the
candle soot-coated mesh. The as-prepared mesh had both superhydrophobicity and
superoleophilicity, and could even repel hot water and strong corrosive liquids. The
superhydrophobic mesh was able to separate various oils and organic solvents like
kerosene, toluene, petroleum ether, heptanes, and chloroform from water with
separation efficiency above 99.0%. Moreover, the mesh also presented excellent
environmental stability for separating the mixtures of oil and hot water and different
corrosive solutions. Huang et al. applied a one-pot hydrothermal reaction to obtain
large-scale flower-like TiO, particles-coated cotton fabrics.'® The surface wettability
of the TiO,@fabrics changed from superhydrophilicity to durable
superhydrophobicity and superoleophilicity by a hydrogen-bond-driven process via
fluoroalkylsilane modification. The superhydrophobic fabrics exhibited remarkable
mechanical and environmental stability and could selectively separate oil from
various water/oil mixtures. Moreover, the separating process was easy to recycle. Xue
et al. fabricated superhydrophobic and superoleophilic textiles by a continuous
“double-dip double-nip” method."® The commercially available poly(ethylene
terephthalate) (PET) textiles were firstly dipped into ethanol and nipped by two rolls
under the pressure of 20 Mpa. Then, the textiles were dipped into a
polydimethylsiloxane (PDMS)-based solution and nipped again under the pressure of
0.2 Mpa. The dried textiles showed great superhydrophobicity/superoleophilicity and
had the ability to separate the mixture of water and hexane. Yong et al. created a kind
of rough microstructure on the thin PTFE sheet by femtosecond laser ablation.”® The
ablated surface exhibited durable ultralow-adhesive superhydrophobicity even after
storing in various harsh environments (e.g., strong acid, strong alkali, and high
temperature) for a long time. A through microholes array was further generated on the
rough superhydrophobic sheet by a subsequent mechanical drilling process. When oil
and water droplets were dropped onto the sheet, oil droplets would spread out quickly
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and penetrate through the microholes array-structured superhydrophobic PTRE,shegls cacroa000r
whereas water droplets were prevented and maintained on the sample surface. Taking
advantages of the inverse superhydrophobicity and superoleophilicity, the as-prepared
sheet was successfully applied in the field of oil/water separation and is also very
efficient to separate the mixtures of oil and corrosive acid/alkali solutions, exhibiting
the strong potential for practical application. Cortese et al. fabricated
superhydrophobic and superoleophilic diamond-like carbon-coated cotton textiles
through plasma-enhanced chemical vapor deposition.”® The resultant cotton textiles
could separate water from a broad variety of oils and organic solvents (e.g., vegetable
oil, diesel, gasoline, and crude oil) using gravity. Crick et al. coated various copper
meshes with extremely rough silicone elastomer films.*® The coating of the polymer
was carried out by aerosol assisted chemical vapor deposition and endowed the mesh
with superhydrophobicity. Organic solvents (hexane, petroleum ether and toluene)
could be easily removed from water by using the superhydrophobic polymer-coated
copper mesh. Singh et al. obtained zirconia-coated cotton fabrics with
superhydrophobicity, superoleophilicity, and photocatalytic property.”® The fabric
could separate the mixtures of water and a series of oils with the efficiency above
99% even after repeated use for 10 cycles. Even though the coated fabric was suffered
from harsh conditions (acidic, alkaline, salty, ultraviolet irradiation, and mechanical
abrasion), its superhydrophobic/oleophilicity was still retained. Such durability
allowed the fabric to work for a long period in the oil/water separation.

2.2 Underwater superoleophobic mesh/membranes

In 2011, Jiang et al. further fabricated a novel superhydrophilic and underwater
superoleophobic metal mesh by coating the environment-friendly polyacrylamide
hydrogel onto a stainless steel mesh.?* The hydrogel modification not only endowed
the mesh surface with hydrophilic chemical composition but also resulted in a large
number of nanoscale papillae structures on the resultant mesh surface (Figure 4a,b),
which made the mesh be superhydrophilic in air and underwater superoleophobic (in
an oil/water/solid three-phase system). In a water medium, the CA of an oil droplet on
the rough mesh reached up to 155.3 1.8 °(Figure 4c). The mesh also showed a very
low adhesion to the underwater oil droplet (Figure 4d). As shown in Figure 4g, when
the superhydrophilic rough substrate (such as the hydrogel coated stainless steel mesh)
is immersed in water, water will fully wet the substrate and be filled in the space of
the rough microstructure, forming a trapped water layer. Water is an ideal oil-repellent
material, so the trapped water layer can provide the oil-repulsive force to prevent the
effective contact between the underwater oil droplet and the textured mesh. Such oil
wettability can be considered as an underwater version of Cassie wetting state (Figure
4g). When the mixture of water and crude oil was poured onto the as-prepared mesh
film that was previously wetted by water, water in the mixture could permeate
through the mesh while the oil was intercepted above the mesh (Figure 4e,f). As a
result, the oil/water mixture was successfully separated. Such separating process
could apply to a series of mixtures of water and various oils, with high separation
efficiency (>99%). Figure 4h depicts the mechanism of separating an oil/water
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mixture by using a pre-wetted underwater superoleophobic mesh. Qil phase,in, thé
mixture is repelled by the pre-wetted mesh and unable to pass through the mesh
because of the superoleophobicity (in water) of the textured mesh, but water can wet
the rough superhydrophilic mesh and then permeate through the mesh.

In water d)

In water
. Underwater Cassie state
h) Water
6 A 0Oil
K]
Substrate Subsirate A u
""' o T
;‘a,_ﬂj?'_ -
E The coated

Figure 4. Achievement of oil/water separation based on the pre-wetted underwater superoleophobic mesh. (a,b)
SEM images of the hydrogel-coated stainless steel mesh. (c) Static shape and (d) rolling behavior of an oil droplet
on the as-prepared mesh in a water medium. (e,f) Separating the mixture of water and crude oil by using the
pre-wetted as-prepared mesh: (e) before separation, (f) after separation. (g) Schematic diagram showing the
underwater Cassie wetting state. (h) Schematic diagram showing the separation mechanism by using a
water-wetted underwater superoleophobic mesh. Reproduced from ref. 21 with permission from Wiley, copyright
2011.

Inspired by Jiang’s work, a large number of underwater superoleophobic porous
materials have been applied in the field of oil/water separation.®*® Wen et al. coated a
stainless steel mesh with zeolite to endow the mesh surface with fine nanoscale rough
structures apart from its inherent microscale meshes.?> The zeolite-coated mesh had
excellent underwater superoleophobicity and was able to separate different oil/water
mixtures in a harsh environment. Similarly, Liu et al. deposited graphene oxide layer
on a stainless steel mesh and opened the meshes by subsequent oxygen plasma
irradiation from the mesh’s back.”? When the mesh was immersed in water and an oil
droplet was placed onto the resultant surface, the oil droplet kept a sphere, revealing
excellent underwater superoleophobicity of the graphene oxide-coated mesh. The
mixture of water and bean oil, which simulated the kitchen sewage, could be
efficiently separated by such pre-wetted mesh. Zhang et al. fabricated a
superhydrophilic and underwater superoleophobic Cu(OH), nanowires-structured
copper mesh by a chemical-based oxidation method.?* The copper mesh was just
treated by immersing in the aqueous solution of NaOH and (NH,4),S,0s. The resultant
mesh showed excellent separating capacity for not only water-rich immiscible
mixtures but also dispersed oil/water mixtures. In addition, the mesh could withstand
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the corrosion of strong acid and alkali, and had strong anti-pollution ability. Zhanggt’ s roso00c
al. deposited the Cu ions from the electrolyte on the surface of a copper mesh
substrate via a simple electrodeposition process.” The as-prepared rough porous mesh
showed high superoleophobicity and ultralow adhesion to an underwater
1,2-dichloroethane droplet, with the oil CA (OCA) of 162<and oil sliding angle (OSA)
less than 2< The mesh has a good environmental stability for separating acid and
alkali mixtures of water and oil, with the separating efficiency higher than 99%. By
using a heat treatment, Yu et al. prepared rough nanoscale texture on the surface of
nickel mesh substrate.?® Combined with inherent micro-meshes, the as-prepared
NiO/Ni  meshes with the micro/nanoscale hierarchical structure showed
superhydrophilicity in air and superoleophobicity underwater. The mesh could
separate different oil/water mixtures in harsh environments with high efficiency,
reusability, and durability. Tao et al. used the non-woven fabric as the support to
fabricate a hierarchical rough poly(vinylidene fluoride) (PVVDF) membrane via phase
inversion method and subsequent peeling process.?” There were lots of pores with the
diameter of 50-100 pm randomly distributing on the membrane surface. The
surrounding area of the micro-pores was covered by the tightly packed spherulites of
several micrometers and the nano-fibrils. The multi-scale rough microstructures
resulted in both underwater superoleophobicity and underoil superhydrophobicity of
the as-prepared membrane surface. The membrane was able to separate different
kinds of oil/water emulsions, involving both oil-in-water and water-in-oil emulsions.
Gao et al. reported an underwater superoleophobic nitrocellulose membrane with both
microscale and nanoscale pores.® The nanopores were intrinsic structure of the
nitrocellulose membrane, and the perforated microscale holes array was fabricated by
a facile perforating method. A variety of oil/water mixtures (including gasoline, diesel,
hexane, petroleum ether, high-viscosity crude oil/water mixtures, and even corrosive
oil/water mixture) were successfully separated by the resultant membrane with a high
separation efficiency (>99%). The penetration of water was very slow for the original
membrane only with overlapped nanopores, while the microscale pores made water
penetrate faster and easier through the dual-porous membrane. Li et al. fabricated a
series of micropores-array-structured ultrathin aluminum foils by femtosecond laser
perforating.?® Every laser ablated point finally formed a single micropore with the
diameter ranging from 2.4 to 32 um. By using the typical point-by-point ablation
process, a uniform through micropores array was created on the aluminum foil. The
as-prepared foils were superhydrophilic in air with water CA (WCA) of 7.8°and
switched to superoleophobic after the immersion in water. The measured OCAs were
153.1°to an underwater 1,2-dichloroethane droplet and 153.5°to an octane droplet,
respectively. The opposite wettabilities for water and oil allowed the porous
aluminum foil to have great oil/water separating function. Gondal et al. endowed
stainless steel meshes with underwater superoleophobicity by spray deposition of
nanostructured TiO, on the substrates.”® Oil/water separation with the efficiency of
99% could be achieved through the coated mesh. Such fabrication method can be used
to develop a large-scale oil/water separating device via coating large surface areas.
Joo et al. proposed a simple synthetic route to generate cross-linked ionic polymers in
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the vapor phase.”” After the surface modification of a stainless steel mesh wijth, the5 arss onoe
polymer thin film, the resultant mesh showed hydrophilicity/underwater oleophobicity

and could be successfully applied in oil/water separation. Chaudhary et al. obtained
superhydrophilic porous foam membrane by blending gelatin, agarose and natural
cross-linker.” Such porous membrane had some advantageous features in the
application of oil/water separation. For example, the biodegradability makes it an
eco-friendly material in comparison to the conventional separating mediums.

2.3 Oil-absorption 3D porous materials

Different from the superhydrophobic or underwater superoleophobic separating
mesh/membranes, three-dimensional (3D) porous bulk materials can also be used to
separate the oil/water mixture based on an absorption manner.2-'°* Qil absorbent
material is one of the most promising materials to clean oil from contaminated areas.
Traditional absorbents are mainly 3D materials and are rich in pores, such as porous
inorganic minerals (activated carbon, zeolites, clay, silica aerogels, and exfoliated
graphite) and organic synthetic porous polymers (polyurethane (PU) foams,
nonwoven polypropylene, and rubbers).* However, those materials usually have
ordinary surface wettability, so they also absorb water in addition to the leaked oils.
As a result, the collected oils cannot be reused because they still contain water
impurities, and the absorption process cannot be repeated. To improve the
oil-absorption capacity and reusability, superhydrophobic and superoleophilic 3D
porous materials have been developed recently, and such oil absorbent materials have
attracted more and more attention.*>**> As shown in Figure 5a, when this kind of
porous materials is in contact with the mixture of water and oil, the water phase in the
mixture is repelled by the materials and unable to enter into the inner porous space of
the 3D materials because of superhydrophobicity of the material surfaces, while oils
can be quickly absorbed by the materials driven by superoleophilicity and capillary
action.®® With shifting the materials to another place, the oil is removed from the
mixture and can be released just by squeezing. The separation process can be
continuously repeated by the cycle of oil absorption, transferring, and squeezing. The
oils no matter on water surface or underwater can be completely removed from the
oil/water mixture and be collected for reuse. Achieving oil/water separation by using
oil-absorption 3D materials is better than using separating membrane in some special
cases. For example, if a small amount of oil is leaked to the sea surface, we can just
remove the oil by an oil-absorption material. In contrast, we need to pour a large
volume of the mixture of the oil and seawater into the separating device based on 2D
porous filtering membrane, costing a lot of manpower and resources. For the case of
leaked heavy oils, the filtering method by using superwetting porous membrane might
not be possible because the oils are underwater and transferring the oil/water mixture
is very difficult, but the oil-absorption materials are able to directly take the
underwater oils out of the water.
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a) Superhydrophobic DOI: 10.1039/C8CP04009E

Figure 5. Removing and collecting oils from water surface by using a superhydrophobic and superoleophilic
sponge. (a) lllustration for the oil/water separating mechanism and process. (b) Photography of a
superhydrophobic sponge fabricated by solution-immersion processes. (c-e) SEM images of the framework surface
of the as-prepared sponge. (f-h) Selective absorption of oil from the water surface. (i) Image of the separated water
without any oil on its surface. Reproduced from ref. 30 with permission from ACS, copyright 2011.

Zhu et al. reported a simple method for removing and collecting oils and organic
solvents from the water/oil mixture by using the artificial superhydrophobic and
superoleophilic PU sponges.*® The sponge was treated by the electroless deposition
process to coat a layer of copper and subsequent chemical modification to lower
surface energy via a solution-immersion step. The as-prepared sponge looked dark
brown and was easily deformed by an external force such as mechanical squeezing,
exhibiting good soft and elastic property (Figure 5b). The 3D configuration reveals
that the sponges were rich in pores and interconnected framework (Figure 5c). The
size of the micropores ranged from 200 to 450 um. It is expected that the porous bulk
structure provides a huge space for oil storage. The surface of the framework of the
as-prepared sponge was covered by nanoparticles with the diameter of 100-200 nm
(Figure 5d,e). The sponge could selectively absorb oils from various water/oil
mixtures but repel water completely based on the synergistic effect of
superhydrophobic, superoleophilic, and porous features (Figure 5f-h). The absorbed
oils were easily collected by shifting the sponge to another container and a simple
mechanical squeezing process, leaving only water in the original container (Figure 5i).
Importantly, the recovered sponge could be efficiently reused in oil/water separation
for many cycles (Figure 5a). The authors further fabricated a new kind of
superhydrophobic PU sponges that are coated with Fe3O4 nanoparticles and
dopamine.® If the sponge was put on the surface of oil/water mixtures, it could
quickly and selectively absorb/remove oils (e.g., lubricating oil, crude oil, and octane)
from the water. Interestingly, the sponge could be easily controlled to move toward
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the oil-polluted region by a magnet due to the magnetism of the FezO, coating, SUGH’ acros000t
magnetic-actuated way for oil removal is able to promote efficiency and cost savings
in the process of real oil/water separation. By using the commercial melamine foams
as the 3D substrate, Du et al. generated a series of rough microstructures with
different dimensions on the foam surfaces via the combination of wet and dry
chemical treatments (including dipping, controlled precipitation, ice-mediated coating,
and annealing).*> After coating a PDMS layer, the sponge was endowed with
superhydrophobicity and superoleophilicity. The as-prepared sponge exhibited great
power in oil/water separation and selective oil adsorption. Cao et al. prepared
superhydrophobic cotton fabrics by the processes of the deposition of a modified
silica aerogel (ormosil) thin film onto the fabrics and the modification of PDMS top
coating.*® The superhydrophobicity and superoleophilicity allowed the resultant
fabrics to only absorb oils but repel water. However, the poor capacity restricted the
fabrics’ promising application for a large volume of oil removal. To effectively avoid
this problem, the authors covered the superhydrophobic fabric onto a 3D highly
porous sponge with strong absorption ability and large storage capacity, forming a
new oil-absorption device. This device could be applied to versatile oil/water
separation with high efficiency. When the separating process was further assisted with
a vacuum pump, the continuity and the speed of the separation of a large amount of
oil/water mixture were greatly improved. As an ancient technology, casting refers to
that a liquid material is poured into a mold, fills in the hollow cavity of the mold, and
subsequently solidifies. Choi et al. used the casting method to fabricate a PDMS
sponge by using the sugar as the template and using the liquid PDMS as the curing
material.®* After solidification of the PDMS, the sugar template was easily removed
just by immersing in water, resulting in rich pores in PDMS block. The resultant
PDMS sponge exhibited hydrophobic and oleophilic properties, and was very elastic.
The combination of the special wettability and the porous microstructure allowed the
sponge to absorb and remove oils from marine environments devastated by oil spills.
Su et al. fabricated a highly porous 3D ceramic nanowire aerogel through the
chemical vapor deposition method.*® The aerogel was assembled by a lot of
interweaving silicon carbide nanowires with the diameter of 20-50 nm and the length
of tens to hundreds of micrometers. Besides the excellent refractory performance,
high-temperature oxidation and heat resistance, thermal insulating property, the
silicon carbide nanowire aerogel also possessed ultralow density (~5 mg cm™), high
porosity (99.8%), large recoverable compression strain (>70%), and remarkable
fatigue resistance (more than 1000 cycles). The wettability of the aerogel was simply
changed from hydrophilicity to hydrophobicity by an oil-impregnating treatment. The
resultant aerogel could selectively absorb low-viscosity organic solvents on the water
surface with high absorption capacity (130-237 g g™), resulting from the integrated
properties of high porosity and low density. Tran et al. prepared a porous
graphene-PDMS sponge through the sugar templating method.*? The graphene sponge
with hydrophobicity and oleophilicity was used for efficient oil spill clean-ups and
water purification, by taking advantages of its remarkable adsorption performance for
removing oils from water surface. Hayase et al. developed a method to synthesize the
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superhydrophobic marshmallow-like gels, which were based on polysiloxang’ s rosooo:
networks.*® The gels were superhydrophobic and could be used as a sponge to absorb

and remove organic compounds from water. Calcagnile et al. used a solvent-free,
electrostatic particle deposition method to obtain a PU foam functionalized with
microscale PTFE particles and colloidal superparamagnetic iron oxide
nanoparticles.** The functionalized foam showed magnetic responsivity besides the

water repellence and oil-absorption ability. Therefore, the resultant foam could be

easily moved to the oil polluted waters by using a magnet, and selectively absorbed

the floating oil from the water surface, thereby purifying the water underneath.

3. Natural superwetting materials for oil/water separation

Extreme wettability and porous microstructure are necessary to achieve effective and
repeatable oil/water separation.**** Fortunately, lots of materials in nature and our
daily life simultaneously have above two features, such as sand layer, wood sheet, and
so on. Such natural superwetting porous materials are usually low-cost, eco-friendly,
and can be easily obtained, which make it possible to carry out large-scale practical
oil/water separating application.

3.1 Sand layer

Desert covers a vast area of the earth’s surface (Figure 6a) but is uninhabitable and
hard to development and exploitation. It is common knowledge that dry sands have
the strong power of water absorption, which signifies that sand layer may be the
superhydrophilic and underwater superoleophobic natural material and be an ideal
candidate for use to separate water/oil mixtures."”?*® Yong et al. studied the
superwettability of a sand layer in air and in water and demonstrated its great ability
for oil/water separation."* Figure 6¢-e shows the SEM images of the surface of the
sand particles. The sand layer exhibits a typical three-level rough microstructure (i.e.,
with macroscale, microscale, and nanoscale roughness). The size of the sand particles
ranges from 130 to 270 pm (Figure 6¢). Every sand particle has a microscale textured
surface rather than a smooth surface (Figure 6d). High-magnification SEM image
reveals that there are abundant nanoscale particles and debris randomly distributing
on the sand surface (Figure 6e). Sand is mainly composed of silicon dioxide. In
addition, it is demonstrated that sand particles also contain some metallic elements
(e.g., Na, Mg, Al, K, Ca and Fe) and numerous hydroxyl groups. The effect of both
high surface-free-energy compositions (silicon dioxide and metallic elements) and the
hydroxyl groups leads to the inherently hydrophilic chemistry of the sand surface.
When a small water droplet was dripped onto the sand layer, it would instantaneously
infiltrate the sand layer within 0.03s, indicating the amazing superhydrophilic
property of the sand layer. After the immersion of the sand layer in water, it exhibited
quasi-superoleophobicity or superoleophobicity and ultralow oil-adhesion to a wide
range of both heavy and light oil droplets, including 1,2-dichloroethane (Figure 6b,f),
petroleum ether (Figure 6g), decane, dodecane, hexadecane, sesame oil, crude oil,
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diesel, paraffin liquid, and chloroform droplets, as shown in Figure 7a. These .0l
droplets on the pre-wetted sand layer showed very high OCA values ranging from
146°to 151.5< while all of the corresponding OSA values were smaller than 10< The
adhesive force between a 1,2-dichloroethane droplet and the sand layer was measured
only to be 5.5 uN. The underwater ultralow oil-adhesive superoleophobicity is
ascribed to the formation of underwater Cassie wetting state in this oil/water/sand
three-phase system. The water entrapped both in the space and on the surface
microstructures of the sand particles prevents the oil droplet from effectively
contacting with the surface of the pre-wetted sand layer, because polar water
molecules generally repel most non-polar oil molecules.

b) In water

—
S00nm

Heavy Oil (1,2-dichloroethane)

‘F

In water

Light Oil (petroleum ether)

Figure 6. Oil/water separation by underwater superoleophobic sand layer. (a) Photography of the desert. (b) Oil
(1,2-dichloroethane) droplets on the sand layer in a water medium. (c-e) SEM images of the surface morphology of
the sand particles. (f,g) Shapes of underwater (f) heavy oil droplet (1,2-dichloroethane) and (g) light oil droplet
(petroleum ether) on the sand layer. (h) Pouring the mixture of water (blue color) and oil (red color) into the
designed separating device. (i) After oil/water separation. Reproduced from ref. 11 with permission from Wiley,
copyright 2016.

Based on the superhydrophilicity and underwater superoleophobicity of the sand
layer, an oil/water separating device was designed by using the sand layer as the core
component, as shown in Figure 6h. A sand layer with the thickness of 1 cm was fixed
between two bi-pass plastic tubes to act as the separating membrane, and a piece of
cloth was placed below the sand layer to avoid the loss of the sand particles. Before
separation operation, it was crucial to pre-wet the sand layer by pouring a small
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amount of water into the upper tube. Afterward, the mixture of oil (red colgr, dyed; s soronor
with Oil Red) and water (blue color, dyed with methylene) was poured into the
separating device (Figure 6h). It is obvious that the blue water quickly permeated
through the waterish sand layer under the force of gravity. Instead, red oil was
repelled by the pre-wetted sand layer and always stayed on the upper tube without
infiltration. As a result, the mixture of immiscible oil/water mixture was successfully
separated (Figure 6i), and such gravity-driving process could be repeated for many
times. The separation efficiency of the pre-wetted sand layer was investigated by an
optical microscope. It was found that there is almost none oil in the separated water
and there is almost none water in the separated oil. The thickness of the pre-wetted
sand layer had an important influence on the filtrate flux and the intrusion pressure of
oil during the oil/water separation process. When the thickness of the sand layer is 0.5
cm, the water flux was about 9648 L m?h™, and such layer could sustain over 39 cm
of petroleum ether. With the increase of the thickness of the sand layer, the filtrate
flux decreased quickly for an increased effective penetration distance, while the
intrusion pressure increased because thicker sand layer led to more trapped water in
the space of the sand layer. Since sand can be obtained directly from desert without
any physical treatment and chemical modification, this low-cost, large-scale, green
oil/water separation method has tremendous prospects in solving the problem of oil
spill incident and industrial sewage drainage.

Yong et al. further put forward a novel strategy to achieve large-scale oil/water
separation by using a U-shaped sand ridge.** As shown in Figure 7b, the sand is piled
up as a big U-shaped ridge (like a canal). The sand ridge is wetted by water in
advance before separation. The top part of the sand ridge can also be wetted due to the
superhydrophilicity of sand particles and the capillary action. When the mixture of
water and oil is poured into the valley of the pre-wetted U-shaped sand ridge, only the
water in the mixture can pass through the side wall of the pre-wetted sand ridge,
whereas the oil part is intercepted by the sand ridge, thereby achieving oil/water
separation. Such separation process is also spontaneous and is just driven by gravity.
Moreover, this U-shaped sand ridge is able to separate the mixtures of water with not
only light oils but also heavy oils.
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Figure 7. (a) Underwater superoleophobicity or quasi-superoleophobicity of the pre-wetted sand layer to a wide
range of oil droplets. (b) Large-scale oil/water separation by using a pre-wetted U-shaped sand ridge. Reproduced
from ref. 11 with permission from Wiley, copyright 2016.

Separating emulsified oil/water mixtures is also highly desirable and this process is
more difficult than the separation of immiscible oil/water mixtures.'®® Such difficulty
is caused by several objective reasons. On the one hand, there exist different multiple
forms of emulsified oil/water mixtures, such as surfactant-stabilized and
surfactant-free emulsions, oil-in-water and water-in-oil emulsions in various
environments. On the other hand, the size of the numerous droplets in the emulsified
mixtures is generally smaller than 20 pm. Recently, Li et al. successfully achieved the
separation of various emulsified oil/water mixtures by using the sand layer.!®® The
designed device is very similar to that of Yong et al. reported but without pre-wetting
the sand layer (Figure 8a)."" Because of the chemical components with high surface
free energy and hierarchical rough microstructures, the sand layer showed
superhydrophilicity (Figure 8b) and superoleophilicity (Figure 8c) in air. Furthermore,
the sand layer also exhibited remarkable superhydrophilicity in an under-oil
environment (Figure 8d). If a water droplet was dripped onto the sand layer in oil, the
water would be rapidly absorbed by the sand layer. As shown in Figure 8a, the
water-in-oil emulsion can be directly separated just by pouring the emulsion onto the
sand layer of the designed device. It should be noticed that the sand layer does not
need to be pre-wetted in this experiment. Figure 8e shows an example of separating
the Span 80 stabilized water-in-diesel emulsion. The milky emulsion turned from
opaque to transparent after passing through the dry sand layer (Figure 8f). From the
optical microscope images, it could be found that there were a large number of packed
micro-size water droplets in the original emulsion before separation (left part of
Figure 8f) while no water droplets were observed in the entire image of the separated
filtrate (right part of Figure 8f). Almost all of the tiny water droplets in the emulsion


http://dx.doi.org/10.1039/c8cp04009e

Page 17 of 41 Physical Chemistry Chemical Physics

iew Article Online

were removed by the sand layer even though the droplet size is much smaller than the s ros000t
interspace between sand particles (Figure 8g,h). The experimental result demonstrated
that the sand layer had strong separation capacity for a variety of surfactant-stabilized
and  surfactant-free  water-in-oil  emulsions,  including  water-in-diesel,
water-in-kerosene, water-in-petroleum ether, and water-in-hexane emulsions. The
separation efficiency reached up to 99.98% for the surfactant-stabilized water-in-oil
emulsions and 99.99% for the surfactant-free water-in-oil emulsions. The separation
efficiency increased with increasing the thickness of the sand layer, because a thicker
layer results in a longer effective separation distance. The measured filtrate flux were
about 400 L m*h™ (stabilized water-in-diesel), 2241 L m?h™ (water-in-petroleum
ether), 1456 L m*h? (water-in-kerosene), and 2342 L m?h™ (water-in-hexane),
respectively. These values are higher than that of other filtrate materials directed only
by gravity or even driven by external pressure, indicating that the sand layer had a
high filtrate flux for various water-in-oil emulsions. As the thickness of the sand layer
increased from 1 cm to 5 cm, the filtrate flux of water-in-oil emulsion decreased
quasi-exponentially. The separation mechanism of water-in-oil emulsions via the sand
layer is illustrated in Figure 8a. In general, the high-surface-energy chemical
components (e.g., silicon dioxide, several metal elements, and hydroxyl groups) of
sand surface endow the sand particles with stronger affinity to water than oil even in
an oil-rich environment. Therefore, the surface of sand particles can easily capture
micro-sized tiny water droplets from surfactant-free water-in-oil emulsions, so the
water droplets impurities are extracted from the emulsions. Regarding the
surfactant-stabilized emulsions, tiny water droplets and oil in the emulsions are linked
by the hydrophilic and hydrophobic particles of the surfactant. Fortunately, the
emulsion droplets can be easily demulsified by the sand surfaces with high surface
energy because the sand particles can provide external surface energy to break the
surfactant-induced force. Then, the exposed tiny water droplets are further captured
and absorbed by the sand particles.
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Figure 8. Separating water-in-oil emulsions by dry sand layer. (a) Schematic diagram of the SEparati”%’@Viﬁ?l%é/cscpozloogE

the separation mechanism. (b-d) Wettability of different water or oil droplets on the sand layer: (b) in-air water
droplet, (c) in-air oil droplet, and (d) underoil water droplet. (e) Separating the water-in-diesel emulsion. (f) Digital
photographs and optical microscope images of the surfactant-stabilized water-in-diesel emulsion (left part) before
and (right part) after separation. (g,h) Size distribution of the fine water droplets in (g) the original emulsion and (h)
the separated filtrate, respectively. Reproduced from ref. 105 with permission from RSC, copyright 2018.

The sand particles behave like a fluid and can flow, so the sand layer must be
supported by other materials to maintain its shape and prevent sand loss. Since we can
get significant amounts of sands from desert, the oil/water separation based on sand
layer is an inexpensive way. The sand layer is able to separate both immiscible
oil/water mixtures and emulsified oil/water mixtures with an enormous volume.

3.2 Wood sheets

Dry wood is a well-known water-absorption material. The inside of the wood is
composed of aligned tracheids (hollow fibers) with cell walls, forming a typical 3D
hierarchical microstructure. Such 3D microstructure plays a very important role in the
growth of the tree because this structure can transport water and nutrients from root to
leaves. The cell walls mainly consist of cellulose nanofibrils (40%-50%, w/w), lignin
(20%-30%, w/w), and hemicelluloses (20%-30%, w/w). Such hydrophilic nature and
inherent porous microstructure suggest that wood may be used to separate the mixture
of oil and water.

Figure 9a shows the photo of a spruce which is a major source of softwood. Figure
9b and c are the SEM images of the typical cross-section of a spruce wood.'%
Anisotropic arrangement of the softwood fibers (tracheids) can be observed. There
exist two different kinds of softwood fibers on the wood cross section: the latewood
(LW) region and the earlywood (EW) region (Figure 9b). The LW has thick cell walls
(~25 pm) and narrow lumina (~10 pm on each side), while the EW has thin cell walls
(~5 pm) and larger lumen area (~30 pm on each side). The complex wood
microstructure looks like a vascular network of the living tree for fluid transport. The
main wood microfeatures, lumina, and cell walls can well persevere even though the
tree is felled and cut. The wood cross section surface exhibited both
superhydrophilicity and superoleophilicity in air as water and oil droplets could
spread out quickly on such surface and penetrate in the wood capillaries within a very
short time. After the immersion of the wood sheet in water, different light and heavy
oil droplets (including hexadecane, 1,2-dichloroethane, diesel, gasoline, motor oil,
and olive oil) on the wood cross section surface displayed high OCA values ranging
from 141°to 155< In addition, all the measured OSAs to these oil droplets were
smaller than 7< It can be concluded that the water-soaked wood cross section shows
underwater superoleophobicity (or quasi-superoleophobicity) and ultralow
oil-adhesion to a wide range of oils (Figure 9e,f).

As shown in Figure 9d, the underwater ultralow oil-adhesive superoleophobicity is
ascribed to the formation of a stable solid/water/oil three-phase system. As the wood
sheet is dipped into water, water molecules firstly penetrate the cell wall and are
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bonded to hydroxyl functionalities. Then, water enters the cell lumina, leading, 40,4
fully hydrated state. Water is trapped in the wood hierarchical microstructure and
stabilized in the lumina by capillary forces, forming a thin water film on the wood
surface. This trapped water layer is able to prevent the oil droplet from contacting
with the wood substrate, thereby endowing the wood surface with the underwater
oil-repellent property.

Solid (wood)/water/oil interface

Oil droplet

(non-welting phase)

Water film
(wetting phase)

e) Wood cross-section

Wood cross-section

Figure 9. Microstructure and underwater superoleophobicity of the spruce wood cross section. (a) Pictures of a
Norway spruce tree and the wood disks (diameter = 20 mm, thickness = 1mm). (b,c) SEM images of the wood
cross section: (b) truncated tracheids from top view (left scale bar: 100 pm, right scale bar: 30 pm), (c) tracheids
from a side view. (d) Schematic diagram of an underwater oil droplet on the pre-wetted wood cross section surface.
(e,f) Pictures of dyed (e) light oil droplet (hexadecane) and (f) heavy oil droplet (1,2-dichloroethane) sitting on the
wood surface in a water medium. Reproduced from ref. 106 with permission from Wiley, copyright 2016.

Free oil/water mixtures could be separated by using the device where the
pre-wetted wood disk (with the thickness of 1 mm) was inserted between two glass
tubes, as demonstrated by Cabane’s group.'®® When the mixture of hexadecane and
water was poured into the upper tube, water phase would settle below the oil because
of its higher density, and permeate through the wood disk quickly along the aligned
tracheids. By contrast, the oil phase was intercepted above the wood disk due to the
underwater superoleophobicity of the water-soaked wood surface. Therefore, water
was successfully separated from the oil by this wood membrane. The porous
membranes for separating immiscible oil/water mixture are usually characterized by
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the separation efficiency, filtrate flux, and breakthrough pressure. The separatiQ’ scroso00c

efficiency (5 = (1_%)><100%) could be quantitatively calculated by analyzing the

oil contents after separation, where C, andC, are the oil concentration before and after

separation, respectively.

The wood sheet exhibited great separating capacity with the separating efficiency
for hexadecane being above 99.9%. Since wood cross sections are rich in opened
structure and large pores, a very high water flux (3500 L m*h™) was achieved for the
wood sheet with the thickness of 1 mm. The flux decreased to 1600 L m?h™ as the
thickness increased to 2 mm, because of a longer fiber length in spruce wood. The
breakthrough pressure is the maximum pressure that the membrane can support an oil
column. When the pressure was above this threshold, oil phase may penetrate through
the sheet; that is, the oil/water mixture will not be separated. The wood membrane
could support a hexadecane column with a maximum height of 35 cm, corresponding
to a breakthrough pressure of 2.64 kPa.

Different with the above-mentioned wood sheet that was obtained by cutting the
tree in the vertical direction (perpendicular to the trunk), Yong et al. used the Balsa
wood sheets that were obtained by cutting the tree along the trunk direction to achieve
efficient oil/water separation.** The micro-pipes in the tree trunk are break and
exposed when a tree is sawn into sheets, leading to abundant microgrooves on the
wood surface, as shown in Figure 10a-d. The width of the grooves is only several tens
microns. The wall of the microgrooves is further decorated with lots of nanoscale
protrusions (Figure 10d). The wood sheet surface has excellent superhydrophilicity
and underwater superoleophobicity. A uniform through microholes array was created
on the wood sheet (thickness of 1mm) by a mechanical drilling process (Figure 10e).
The fabricated microholes were ~340 pm in diameter and fully across from one side
to another side of the wood sheet. The rest area between the microholes still kept
inherent micro/nanoscale hierarchical structures (Figure 10e,f). After the immersion
of the porous wood sheet in water, the optical microscope image demonstrated that
the drill-induced microholes were open in water because the backlight generated from
the optical microscope could successfully pass through the microholes (Figure 10g).
When an underwater oil droplet was placed on the micro-holes-through wood sheet,
the OCA and OSA were measured to be 155.5 2 and 7 +2< respectively, revealing
that the porous wood sheet still had remarkable underwater superoleophobicity after
the formation of the microholes array (Figure 10h). A simple oil/water separating
device was prepared by using the micro-holes-through wood sheet as the separating
membrane because of its in-air superhydrophilicity and in-water superoleophobicity,
as shown in Figure 10i. The wood sheet was previously wetted by a small amount of
water (Figure 10j). Then, the mixture of oil (petroleum ether, red color) and water was
poured into this device (Figure 10k). Water could quickly pass through the wood sheet
and drip into the beaker below while oil was intercepted by the pre-wetted wood and
always stayed in the upper tube (Figure 10I). As a result, the mixture was successfully
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separated into two parts: separated oil and separated water. DOI: 10.1039/C8CPOA00SE
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Figure 10. Separating the oil/water mixture by the micro-holes-through Balsa wood sheet. (a-d) SEM images of
the wood sheet surface. (e,f) SEM images of the microholes-structured wood sheet. (g) Optical microscopy image
of the micro-holes-through wood sheet in water. Scale bar = 1mm. (h) Static shape of an underwater oil droplet on
the as-prepared wood surface. (i-1) A whole cycle of oil/water separation: (i) before, (j) pre-wetting the wood sheet
with water, (k) pouring the mixture of oil (petroleum ether, red color) and water into the upper tube, (I) after

separation. Reproduced from ref. 45 with permission from ACS, copyright 2018.

Because the oil/water separation mainly depends on the underwater
superoleophobicity and porous structure of the wood surface, it is believed that most
types of wood sheets can be utilized to separate the oil/water mixture. The wood has
high structure strength and can be easily produced to various shapes, such as sheets,
buckets, boxes, basket, and boats. Such diversity allows the wood sheets to have
multiple manners for practical oil/water separation. Light wood has advantages of low
density and low cost, the fabricated separating device can be easily transported to the
place where oil spill occurred. Once the wood-based separating device is damaged or
contaminated after a long-term work, it can be directly biodegraded by microbes in
soil. A potential deterrent was that wood will swell after absorbing water; such
expansion may results in the block of the artificial through-microholes or the inherent
micro-channels of the thick wood sheets. Therefore, the used wood sheets should not
be thick.
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3.3 Nutshells
Most nut shells are green lignocellulosic biomass materials, such as coconut shell
(Inset of Figure 1la). The coconut shell mainly contains plentiful amounts of
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bio-degradable and nontoxic glucan, xylan, and klason-lignin with thg, mas$
percentage of 29.30%, 25.92%, and 24.36%, respectively.'”” These chemical
compositions are usually hydrophilic. Besides, the surface of the coconut shell is
covered with abundant chemical or functional groups such as carboxyl, hydroxyl,
amino, amide, acetamido, and so on. Li et al. obtained waste coconut shell powder
(WCSP) by smashing cleaned coconut shells.”” Figure 11a-c shows the SEM images
of the surface microstructure of the WCSP. The WCSP particles present various
uneven shapes (e.g., bag-like, corral-like, paper-tube-like small shapes). Those
particles are randomly piled up together, leading to large empty space between the
particles, with the porosity of approximate 85.80% (Figure 11a). Regarding a single
particle, it exhibits a layer-by-layer packaged structure, and many apertures are found
on the layer surface (Figure 11b). In addition, there are many microscale debris and
nanoscale pores with the size ranging from 2 nm to 375 nm covering on the surface of
the WCSP particles (Figure 11c). The WCSP layer showed both superhydrophilicity
(Figure 11d) and superoleophilicity (Figure 11e) in air with CA of nearly 0°to either
water droplet or oil droplet. Such superamphiphilicity has resulted from the
combination of hydrophilic chemistry and hierarchical rough surface. In a liquid
medium, WCSP layer exhibited underoil superhydrophilicity (Figure 11f) and
underwater superoleophobicity (Figure 11g), respectively. Once a water droplet was
in contact with the WCSP layer placed in oil medium, the droplet would rapidly
spread out and result in a WCA of nearly 0< In contrast, when a variety of underwater
oil droplets were positioned onto the WCSP layer, all of the oil droplets could
maintain spherical shapes with OCA ranging from 155<to 163< The WCSP layer also
had very low underwater oil-adhesion because those oil droplets were able to roll off a
5<tilted WCSP layer freely.

The excellent underwater superoleophobicity ensures that the WCSP layer can
potentially be used as filtrate membrane for separating various immiscible oil/water
mixtures. As shown in Figure 11h, when the mixture of diesel (dyed with Oil Red O)
and water (dyed with methylene blue) was poured onto the pre-wetted WCSP layer,
the blue water would instantly start to permeate through the layer. It should be noticed
that the separated water in the beaker was colorless because the methylene blue dye
was fully absorbed by the WCSP particles. Finally, the diesel was retained on the
layer due to the great underwater superoleophobicity of the WCSP layer after the
water in the mixture being completely removed. In the same way, other immiscible
mixtures of water and various oils such as kerosene, petroleum ether, hexane, toluene,
and heptane were also successfully separated by the pre-wetted WCSP layer. The oil
contents in the filtrates of various oil/water mixtures after separation were less than 70
ppm, implying that the separation efficiency reached up to 99.99% for a series of
oil/water mixtures. In addition, the separating device using the WCSP layer as the
core component had great recyclability since the separation efficiency still maintained
above 99.98% even after 50 cycles of separation.

Page 22 of 41

ew Article Online
/C8CP04009E


http://dx.doi.org/10.1039/c8cp04009e

Page 23 of 41 Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/C8CP04009E

Oilwater
mixture

50 pn
—

Figure 11. Separating immiscible oil/water mixture and water-in-oil emulsion by using waste coconut shell
powder layer as the filtrating membrane. (a-c) SEM images of the surface of the WCSP particles. (d-g) Wettability
of different water or oil droplets on the WCSP layer: (d) in-air water droplet, (e) in-air oil droplet, (f) underoil
water droplet, and (g) underwater oil droplet. (h) Separation process of an immiscible oil/water mixture. (i)
Separation process of a water-in-oil emulsion. (j) Optical microscopy images of the water-in-oil emulsion before
(left part) and after (right part) separation. Reproduced from ref. 107 with permission from Elsevier, copyright
2018.

Apart from the immiscible oil/water mixtures, the WCSP layer also can separate
various water-in-oil emulsions by taking the advantage of the underoil
superhydrophilicity and the special porous microstructures of the WCSP particles.*®”’
As shown in Figure 11i, after the Span 80 stabilized water-in-oil emulsion being
poured onto the layer, all the emulsions could easily be separated with high separation
efficiency (99.98%). The collected filtrate was transparent rather than the milky color
of the original water-in-diesel emulsion. Figure 11j shows the optical microscopy
images of the mixture before and after separation. It can be seen that there are plenty
of densely packed water droplets in the original emulsion (left) while there is no
single water droplet in the filtrate (right). Further research demonstrated that the tiny
water droplets in the emulsion were also completely removed by the WCSP particles.
Different from most of the special-wetting materials that separate the water-in-oil
emulsions based on the “size-sieving” effect, in fact, the WCSP layer achieves
emulsion separation via an ““adsorption” effect. There exist many polar hydrophilic
functional groups such as carboxyl, hydroxyl groups on the WCSP surface. Therefore,
stronger intra- and inter-molecular hydrogen bonding can easily form, which endows
the surfaces of WCSP with stronger tendency to capture tiny water droplets from the
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polar water-in-oil emulsion because hydrogen bonding has a stronger affinity 19, Watgt; s soacooc
than oil. As long as the water-in-oil emulsion is poured onto the WCSP layer, the
emulsified water droplets will be quickly demulsified and then adsorbed by the WCSP

particles, only allowing the purified oil to permeate through the separating layer by

gravity.

Li et al. also used walnut shell powder (WSP) to achieve gravity-driven oil/water
separation.’® The walnut shell is made up of most typical hydrophilic substances
including lignin and cellulose which are rich in active groups (-OH and _COO ).
Walnut shell was firstly crushed into powder and dried. And then, the powder was
further passed through a 40 mesh sieve to obtain fine WSP particles with the size of
60-300 pm. In addition to the large empty spaces among the particles, a microscale
rough structure is also exhibited by the surface of the particles. Due to the hydrophilic
chemical composition, remarkable water absorption capacity, and the hierarchical
rough microstructures, the WSP layer had excellent superoleophobicity and ultralow
oil-adhesion to various small oil droplets in a water medium. A pre-wetted WSP layer
with the thickness of 1 cm was simply sandwiched between a beverage bottle and its
bottle cap to act as a separating membrane. When the mixture of water and diesel was
poured into the device, the water phase in the mixture immediately permeated through
the WSP layer because of the superhydrophilicity, whereas the diesel was intercepted
by the layer. The separation efficiency of the WSP layer reached up to 99.94% for
various oil/water mixtures. In addition to the high efficiency of separating the
immiscible oil/water mixtures, the WSP layer also had excellent adsorbing property to
the organic dyes (e.g., methylene blue, crystal violet, rhodamine B) in a water phase.
The WSPs layer was able to effectively remove dyes from water with the
decolorization rate above 99.2%.

The waste nutshell is green, low price, nontoxic, renewable and easily obtained.
Furthermore, the nutshell is usually one of the sources of worldwide pollutant to
environment. The conversion of the waste nutshell into a desired oil/water separating
material not only creates a unique way to cope with oil quality deterioration but also
reduces the pressure on the environment.

3.4 Waste potato residue-coated mesh

Li et al. reported a waste potato residue powder (PRP) coated mesh with robust
underwater superoleophobicity and underoil superhydrophobicity by spraying the
mixture of PRPs and waterborne PU onto a stainless steel mesh.'® PRP is a typical
superamphiphilic material because it consists of massive superhydrophilic and
superoleophilic substances such as starch, cellulose, and pectin. The PU was used to
increase the binding force between PRPs and the mesh. Compared to the flat surface
of the original mesh (Figure 12a), the as-prepared PRPs-coated mesh exhibited
hierarchical rough morphology with the spherical or irregular PRPs aggregating on
and attaching to the mesh surface closely (Figure 12b,c). Combining with the inherent
amphiphilic property of PRPs, the textured mesh simultaneously showed
superhydrophilicity (Figure 12d) and superoleophilicity (Figure 12f) in air. Once the
mesh was immersed in water, water would wet and be trapped in the rough
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microstructures of the mesh to form a water/solid interface. When an oil (Ker0sengy; s soaoooc
droplet was placed on such underwater mesh, the mesh showed underwater
superoleophobicity to the oil droplet with the OCA of 152< due to the strong
repellence of the tapped water layer (Figure 12e). Similarly, in the oil (kerosene)
medium, the mesh showed underoil superhydrophobicity to a water droplet with WCA
larger than 150 °due to the repellence of the tapped oil layer (Figure 12g). The further
experiment indicated that the as-prepared mesh could exhibit superoleophobicity to a
series of oil droplets in water, such as kerosene, rapeseed oil, petroleum ether, hexane,
and chloroform. Correspondingly, the mesh also exhibited (super-) hydrophobicity to
a small water droplet in various oils with WCA larger than 140< The special
wettability of the PRPs-coated mesh could be used to selectively remove water or oil
from the oil/water mixtures depending on whether the oil is heavier than water or not,
as shown in Figure 12h. For the case of the mixture of light oils and water (pwater >
poit), the mesh needed be pre-wetted by water in advance to obtain underwater
superoleophobicity. Such mesh was able to selectively remove water from an
oil/water mixture. When the mixture was poured into the separating device, the water
in the mixture was able to permeate through the mesh while the oil was intercepted by
the mesh (Figure 12h,i). Regarding the mixture of water and heavy 0ils (pwater < poil),
the mesh needed to be pre-wetted by oil in advance to obtain underoil
superhydrophobicity. Such mesh was able to selectively remove heavy oil from an
oil/water mixture. When the mixture was poured into the separating device, the oil in
the mixture could permeate through the mesh while the water was intercepted by the
mesh (Figure 12h,j). Such selective separation process showed high separation
efficiency and stable recyclability. The efficiency was higher than 96.5% for
separating various light or heavy oil/water mixtures. The separation efficiency
remained above 98.0% after 40 recycle numbers of separating kerosene/water mixture.
In addition, the potato residue-coated mesh also could be used to separate the
mixtures of oil and different corrosive water solutions (such as 1 mol L™ HCI, 1 mol
L™ NaOH, and 10 wt% NaCl).
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Figure 12. Selective oil/water separation based on the potato residue powder-coated mesh. (a) SEM image of the
bare flat stainless steel mesh. (b,c) SEM images of the potato residue powder-coated mesh. (d-g) Wettability of
different water or oil droplets on the PRPs-coated mesh: (d) in-air water droplet, (e) underwater oil droplet, (f)
in-air oil droplet, and (g) underoil water droplet. (h) Schematic diagram of the process of selective oil/water
separation. (i) Separating the mixture of water and light oil by using a water-wetted PRPs-coated mesh. (j)
Separating the mixture of water and heavy oil by using an oil-wetted PRPs-coated mesh. Reproduced from ref. 109

with permission from RSC, copyright 2016.

The water/oil separation mechanism of the PRPs-coated mesh is shown in Figure
13. If the mesh is hydrophobic or oleophobic (the water or oil contact angle 6 > 90°),
the breakthrough pressure is positive value (AP > 0), so the mesh can sustain a certain
pressure (negative capillary effect). Only when an external pressure is applied, the
water and oils can spontaneously penetrate through the mesh. On the contrary, when
the mesh is hydrophilic or oleophilic (6 < 909, the breakthrough pressure is negative
value (AP < 0), so the mesh cannot withstand any pressure (capillary effect). The
liquids are able to permeate the mesh spontaneously. The PRPs-coated mesh shows
both superhydrophilicity and superoleophilicity in air, so AP < 0, revealing that the
as-prepared mesh cannot support any pressure (Figure 13ab). When the water or oils
are poured onto such mesh, they will penetrate through the mesh spontaneously,
driven by the hydrophilic/oleophilic force and gravity. Once the rough mesh is
pre-wetted by water, the hierarchical microstructures on the mesh surface are
occupied by water. After oils being poured onto the mesh, the oils are repelled by the
mesh due to the repellent force provided by the water layer around the mesh surface. 6
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is obviously larger than 90=and A P > 0, so the pre-water-wetted mesh could,sUpREHE st soaooor
oil pressure to some extent (Figure 13c). Similarly, it can be inferred that the
pre-oil-wetted mesh could support water pressure to some extent (Figure 13d).
Therefore, it is clear that the superhydrophilicity and superoleophilicity allow the

wetting phase (water or oil) to quickly penetrate through the PRPs-coated mesh,

whereas the non-wetting phase is intercepted above the mesh by the underwater
superoleophobicity or underoil superhydrophobicity. As a result, the as-prepared mesh

can separate various kinds of light or heavy oil/water mixtures by selectively using

the underwater superoleophobic or underoil superhydrophobic properties.

b) 0il 0<90° Superoleophilicity

Underwater
superoleophobicity

R o
' 0 V 4
¥ ) - R~ 8

<) o 0>90°

Figure 13. Schematic diagrams of selective oil/water separation by using the potato residue powder-coated mesh.
(a) Water and (b) oil can penetrate through the superhydrophilic and superoleophilic mesh in air, because AP < 0.
(c) Oil cannot penetrate through the pre-water-wetted mesh, because AP > 0. (d) Water cannot penetrate through
the pre-oil-wetted mesh, because AP > 0. Reproduced from ref. 109 with permission from RSC, copyright 2016.

The single superhydrophobic membrane is suit to separate the mixture of heavy oils
and water, while the single underwater superoleophobic membrane is suit to separate
the mixture of light oils and water. It can be found that both of such two separating
films are not universally applicable. Each separating material is only suitable for a
certain case. Interestingly, the PRPs-coated mesh that integrates with underwater
superoleophobicity and underoil superhydrophobicity can separate both light oil/water
mixtures and heavy oil/water mixtures. The underwater superoleophobicity endows
the water-wetted mesh with the ability to separate the mixture of water and light oils,
while the underoil superhydrophobicity allows the oil-wetted mesh to separate the
mixture of water and heavy oils.
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3.5 Diatomite membrane

Diatom is a kind of unicellular photosynthetic microalgaes which are a major group of
microorganisms found in the oceans, waterways and soils of the world and play an
important role in the eco-system. The complete diatom frustules are cylindrical in
shape, with the diameter of 5-15 pm and the height of 10-15 pm (Figure 14a). There
are also many ordered nano-holes on the wall of the diatom frustules. The skeleton of
diatom is composed of hydrated amorphous silica. Lo et al. prepared the diatomite
membranes with hierarchical microstructures by using the freeze casing technique.*'
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The diatomite slurry consisting of diatomite powder, organic binder and,anioni&’ s roso00:
dispersant was poured into a tube. Under a unidirectional cooling flux, the ice crystals
solidified. Meanwhile, the lamellar structures were formed, with expelling diatomite
within the slurry. The ice template was then removed through a sublimation process
(with increasing temperature). As a result, the diatomite scaffold with the synthesized
lamellar microstructures was obtained. Figure 14b shows the morphology of the
transverse section of the as-prepared diatomite membrane. The diatomite membrane is
rich in elongated micro-channels and nano-porous structures. For the membrane
prepared with the cooling rate of 5 °C min™, the size of the channels is ~15 pm in
short axis and ~30 pm in long axis. Chemical analyses indicated that the diatomite
membrane is mainly made up of silica and aluminosilica, which are inherently
hydrophilic. The resultant membrane had both superhydrophilicity and
superoleophilicity in air. When the membrane was immersed in water, it showed
superoleophobicity against oils and various organic alkanes, with the OCA of 169.4°
for soybean oil (Figure 14c), 167.1°for hexane, 167.0°for hexadecane, 168.3< for
dodecane, 170.2<for light crude oil, and 171.1<for heavy crude oil. Even though the
membrane was immersed in 1 M HCI solution, sea water, and artificial sea water for
24 hours, no decrement of the OCA values was observed, demonstrating excellent oil
repellency of the membrane under harsh environments (Figure 14c). Remarkable
capacity for separating oil/water mixture by the diatomite membrane was
demonstrated. A pre-water-wetted diatomite membrane with the thickness of 2 mm
was fixed between two glass tubes. When the oil/water mixture was poured into the
upper tube, the membrane only allowed the water to penetrate through but the oil was
intercepted in the upper tube, because of the superhydrophilicity and underwater
superoleophobicity of the pre-wetted membrane. The porous diatomite membrane
could separate various free oil/water mixtures with the efficiency above 99.5%, even
under acidic and briny environments (Figure 14d). The water flux during the
separation was about 6602 L m™2h™. The measured intrusion pressure was 7.2 kPa
because the diatomite membrane could support an oil column (soybean oil) with the
height of 80 cm. After 30 cycles of separation, the diatomite membrane still
maintained its strong underwater oil repellency (Figure 14e). The pre-wetted
diatomite membrane was immersed into soybean oil bath for certain period of time,
and then it was taken out and flushed by water. It was found that long-term immersion
into oil bath did not weaken the underwater superoleophobicity of the membrane
(Figure 14f). Such durability of the diatomite membrane is important for the
long-term oil/water separation.
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Figure 14. Separating free oil/water mixture by using the diatomite membrane as the filtrating membrane. (a) SEM
images of the hierarchical microstructure of a single diatom frustule. The inset shows the high-magnification
nano-holes on the silica frustule. (b) Microstructure of the as-prepared diatomite membrane. (c) Oil contact angle
of an oil droplet on the diatomite membrane in different aqueous solutions. (d) Efficiencies of separating the
mixtures of oil and different aqueous solutions. (e,f) Underwater superoleophobicity of the diatomite membrane
after (e) different cycles of oil/water separation and (f) immersing in a soybean oil bath for a period of time.
Reproduced from ref. 110 with permission from Springer Nature, copyright 2017.
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3.6 Cotton ball

There are many kinds of fibrous substrates in nature, such as the cotton ball. Manna et
al. used the fibrous cotton to collect/clean oils from different forms of
oil-contamination, including floating light-oil, sedimentary heavy-oil, and emulsions
(Figure 15)."' To endow the cotton with both superhydrophobicity and
superoleophilicity, the cotton was treated by a scalable and eco-friendly dip-coating
method. The cotton was firstly functionalized with branched polyethylenimine and
then coated with ‘amine-reactive’ nanocomplex. After further modification of the
nanocomplex-coated cotton with octadecylamine molecules through a 1,4-conjugate
addition reaction, the resultant materials exhibited great ability to repel water both in
air (Figure 15a) and under oil (Figure 15c¢). The advancing CAs of a small water
droplet in air and in water were 161 <(Figure 15b) and 163 °(Figure 15d), respectively.
When the superhydrophobic cotton was submerged in water, a shiny reflection
appeared at the solid/water interface, surrounding the bulk cotton (Figure 15e). This
result indicated that air was trapped in the microstructure of the cotton, and this
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simple study eventually revalidated the existence of a stable Cassie wetting,state i1’ s ros000c
the material. However, oils were easily absorbed by the as-prepared cotton, with an
OCA of 0< The contrasting surface wettability of the cotton to water and oil provided
a simple basis to separate oil through both selective absorption and filtration processes.
The as-prepared superhydrophobic cotton was proven to separate bulk oil/water
mixtures through absorption-based selective oil collection, irrespective of the density
of the oils and their locations (both above and under the aqueous phase). In a real
environment, oil contaminants are either floating on the air/water interface (light oils)
or are sediments on the beds of the sea, lake, and river (heavy oils). As shown in
Figure 159, when a piece of the superhydrophobic cotton ball was in contact with an
oil/water mixture consisting of water and floating motor oil (light oil), the motor oil
would be rapidly soaked into the cotton but the cotton could not absorb any water. In
addition, the oil-soaked cotton was able to always float on the top of the aqueous
phase. By a similar absorbing principle, the superhydrophobic cotton also could
remove sedimentary heavy oils from the oil/water mixture, such as the mixture of
model-oil (heavy oil) and water (Figure 15h). The sedimentary oil was instantly
absorbed by the cotton after exposing the cotton to the oil phase underwater, while no
trace of water was noticed in the cotton. Regarding the mixtures of water and different
oils (e.g., chloroform, dichloromethane, silicone oil, ethyl-acetate, motor oil, and
kerosene oil), the synthesized superhydrophobic cotton showed the separation
efficiency above 97% and an absorption capacity above 2000% (with respect to the
mass of cotton), irrespective of the density and chemical composition of the oils.
Furthermore, even the water-in-oil emulsion could be separated by the device that was
made up of superhydrophobic cotton, as shown in Figure 15i-l. When the turbid
emulsion was poured into the separating device, the oil droplets were selectively
filtered through the cotton and instantly separated from the aqueous phase (Figure
15i,j). The micro water droplets (Figure 15k) that existed in the emulsion solution
were not observed in the oil phase after performing the separation process (Figure
151). Around 95% of oil in the emulsion was successively collected even after the
superhydrophobic cotton being repeatedly used for 100 times. The resultant
superhydrophobic cotton could even efficiently separate oil from aqueous phases that
are chemically harsh (including extremes of pH =1 & 12, artificial seawater, etc.), and
could maintain its separating ability even after prolonged exposure to UV irradiation
for 10 days and after incurring various physical deformations.
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Figure 15. Using the as-prepared superhydrophobic cotton to separate oil from different forms of
oil-contamination, including floating light-oil, sedimentary heavy-oil, and emulsions. (a,b) Water droplets on the
cotton surface in air. (c,d) Water droplet on the cotton surface underoil. (¢) Photography of a piece of an
as-prepared cotton ball in the water. (f) SEM image of the nanocomplex-coated cotton. (g) Removing floating
motor oil (red color) from water surface by using the as-prepared cotton. (h) Removing sedimentary model-oil
(heavy oil, red color) under water (blue color) from the oil/water mixture by using the as-prepared cotton. (i-l)
Separating the water-in-oil emulsion by using the as-prepared cotton. Reproduced from ref. 111 with permission
from RSC, copyright 2017.
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It is very difficult for the superhydrophobic or underwater superoleophobic 2D
membrane to address the oil-polluted water like a small amount of oil being leaked to
sea surface and the case of leaked heavy oils on the seafloor. Fortunately, the
superhydrophobic/superoleophilic cotton can solve these special cases by directly
absorbing and removing oils from water based on an absorption way.

3.7 Dandelion seeds

Dandelion seed (Figure 16a) is composed of an achene, a beak, and a radial array of
84-96 feathery/white fibers (i.e., pappi).**? The length of the fibers ranges from 4.65
to 5.90 mm. The fibers radially distributing around the beak are absolutely vital for
the dandelion’s multiply as they can collect rain droplets to aid seed germination and
take the dandelion seeds to find the best living environment.™® The diameter of the
fibers is about 20 pm (Figure 16b). There are some sharp-tipped spikes with a length
of ~19.9 um further distributing along the fibers (Figure 16c¢,d), which can enhance
the interaction between the fibers and liquid. The fibers showed hydrophobicity with
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the WCA of 130°to a small water droplet. When a dandelion seed was pushed against’ s ro.o00c
the water surface, the fibers would not immerse into the water phase and result in a
meniscal indentation underneath the fibers. Interestingly, the fiber assay was unable to
separate with water surface when it was pulled out from water but could encapsulate a
water droplet with the volume of ~10 pL inside the fiber assay (Figure 16a,e).
Although the fibers were oleophilic with OCA of 43.3and could be wetted by oil, the
fiber assay also had the ability to capture an oil droplet from an oil surface. Further
research indicated that such droplet-encapsulating capability resulted from the
cooperation between large numbers of fibers, which could not be achieved with a few
fibers. Because of the function of easily capturing and releasing liquid droplets, the
radical fiber assay becomes a promising tool for quantitative liquid transfer. The
liquid transport capacity can be improved by parallelization of the fiber assays (Figure
16e).

pappus
fibers

V. k)
h

| \ | |
| ~‘| »‘\ ¢« N
| air '\ “‘i;\\“‘i\\\
(j\\?\ I.‘\ pappus array

oil/water separation

_bel’ore_ after

Figure 16. Liquid-transferring ability of dandelion seeds. (a) Schematic diagram of a dandelion seed (top image),
capturing a water droplet (middle image), and capturing an oil droplet (bottom image) by a dandelion seed. (b-d)
SEM images of the microstructure of the fibers. (e) Parallelization of the fiber assays for improving liquid
transport capacity. (f) Transferring oil droplets from the mixture of water and light oil by using dandelion seeds.

Reproduced from ref. 112 with permission from Wiley, copyright 2017.

The liquid-transferring ability of dandelion seeds can be utilized for oil/water
separation by removing one liquid phase away from the mixture.**? Figure 16f shows
an example of separating the mixture of layered water and light oil (red color). After
the immersion of the dandelion seeds in the mixture, the fiber assay would be wetted
by the upper oil phase. When the dandelion seeds were taken out of the mixture, oil
droplets were encapsulated inside of every fiber assay and could be removed away.
The mixture was completely separated by continually repeating the transfer process.

Because the volume of the transferred oil by the dandelion seed is limited for every
transport, the oil/water separation based on the radical fiber assay is more suitable for
the case that little oils float on water surface. In addition, the reusability of the
dandelion seed should be improved in practical applications.
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4. Conclusions and outlook

The frequency of oil-spill accidents and the increasing amount of industrial
wastewater discharges have caused severe water pollution, not only resulting in huge
economic losses but also threatening the ecological system. Recently, many materials
with special wettability (such as superhydrophobicity or superoleophobicity) have
been developed to achieve effective oil/water separation. However, the cost of the
adopted materials, the expensive equipment, and the complicated process for
endowing those materials with special wettability become a tremendous burden for
large-scale application of oil/water separation. This review introduces the recent
developments of oil/water separation by using natural superwetting materials. For
every kind of natural materials, we briefly show how to use them to separate a
mixture of water and oil, including the inherent superwettability of the natural porous
materials, separating method/process, and separation mechanism. Because the natural
superwetting materials are usually low-cost, eco-friendly, and can be easily obtained,
so the oil/water separation based on those natural materials is a better choice to
address above-mentioned globally recognized oil contamination challenge.

Although the natural superwetting materials have been successfully applied in
oil/water separation and show great separating performance, there are still many
challenges in this field, and some of the problems still need to be solved before the
natural materials being used in the practical treatment of oil spill accidents and
industrial oily wastewater. Firstly, the reported superwetting materials in nature and
our daily life that have remarkable oil/water separating ability are still limited. Nature
is colorful; therefore, more such natural separating materials are being discovered in
coming years. Secondly, more qualitative and quantitative study is required to further
understand the interactions between the porous superwetting materials and oil/water
mixtures. For example, it is still less well known how do the oil/water mixtures
interact dynamically with a superwetting surface during the separation process. When
a superhydrophobic/superoleophilic surface is in contact with oil, the surface will
become an oil-infused surface in fact and may partly or even completely lose its
superhydrophobicity in theory. Similarly, in the separating process by using an
underwater superoleophobic material, the separated oils are usually on the material
surface rather than under water. The fundamental theory plays a very important
guiding role in using the natural materials to achieve efficient oil/water separation.
Thirdly, in most reported separation experiments, researchers usually used a pure oily
liquid as the oil contaminant and the model oil, but the pure oils are very different
from the oil pollutant in the true situation of an oil-spill accident. In some cases, the
real oil pollutant has a high viscosity and high density, which will weaken the
separation ability and efficiency of the material surfaces substantially because of no
matter the fouling of the separating materials or the damage of the pore structure and
special wettability of the substrate. The technology of separating the mixture of water
and high-viscous oils should be developed. Finally, and perhaps most importantly,
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although many natural superwetting materials have been proved to have, More  acroaooor
advantages than common artificial separating materials in low-cost, green, large-scale,
sustainable oil/water separation, those materials have still been not moved from

the laboratory to the market until now. In the future, researchers should attempt to

apply the natural separating materials in a real environment to practically solve the
pollution problems caused by oil spills and oily industrial wastewater.
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