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One-step synthesis of a steel-polymer wool for oil-water

separation and absorption

Ali T. Abdulhussein’, Ganesh K. Kannarpady' and Alexandru S. Biris'

Methods for the efficient and affordable remediation of oil spills and chemical leaks are crucially needed in today’s environment. In
this study, we have developed a simple, magnetic, porous material based on polydimethylsiloxane (PDMS) and steel wool (SW) that
can fulfill these needs. The PDMS-SW presented here is superhydrophobic, superoleophilic, and capable of absorbing and
separating oils and organic solvents from water. The material is mechanically and chemically stable, even in salty environments, and
can be magnetically guided. It exhibits good selectivity, recyclability, and sorption capacity, and can quickly and continuously
absorb and remove large amounts of oils and organic solutions from stationary and turbulent water. In addition, PDMS-SW's
inherently high porosity enables direct, gravity-driven oil-water separation with permeate flux as high as ~32,000 L/m*h and
separation efficiency over 99%. The solution immersion process used to prepare the material is easily scalable and requires only a
single step. Thus, with its demonstrated combination of affordability, efficiency, and ease of use, PDMS-SW has the potential to

meet the demands of large-area oil and chemical clean-ups.
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INTRODUCTION

The global, rapidly increasing use of oil as a main source of energy
has led to frequent marine oil exploitation and transportation.
Unfortunately, this increased marine-oil interaction has resulted in
catastrophes such as oil spills and chemical leaks." Spilled oils and
organic solvents harm both the environment and the economy.*™
For example, in 2010, around 5 million barrels of crude oil spilled
into the Gulf of Mexico, killing mang marine animals and
organisms and costing $600 million.>® Therefore, efficient,
effective methods for cleaning up oil and chemical spills in salt
and fresh water are desperately needed.

Methods such as in situ burning, dispersing factors, solidifiers,
enhanced bioremediation, skimmers, and booms have been
utilized to clean up oil spills, but they generally have low
separation efficiency, limited sorption capacity and recyclability,
and high operation costs, and they can even introduce secondary
pollution during the clean-up process.””'® Solutions that use
superwetting materials have also been explored, mainly based on
absorbency treatment and direct oil-water separation (filtration
treatment), and encouraging outcomes have been achieved.'"'? A
wide range of superwetting materials that are superhydrophobic,
superoleophilic, and superoleophobic under water have shown
significant promise for oil-water separation,’>'* including carbo-
naceous hydrogels/aerogels,’” sponges,'® and films'” and man-
ganese nanowires.'® However, the costly, toxic reagents/
equipment and complex, lengthy fabrication methods and
technologies required to create these materials limit their practical
use.

Inorganic mineral products,’”® natural sorbent materials,*®
artificial organic polymer absorbents,®’ surface-treated polyur-
ethane,?? inorganic or metallic-based meshes,?® and mem-
branes®**> have also been developed to separate oil and water.
Unfortunately, most of these materials suffer from poor separation

efficiency, lack of selectivity, low absorption capacity, inconve-
nient recycling, low stability, low flux, or degradation and polymer
swelling, severely hampering their practicality.”? Thus, a solution
for oil spills and chemical leaks is still needed. Ideally, this solution
would be a versatile material with low fabrication costs and stable
performance in both fresh and salt water environments, able to be
used as both a highly efficient absorbent (high capacity,
selectivity, recyclability, and reusability) and a separator with high
separation efficiency, high permeate flux, and low power.

In the oil-water separation field, “smart sorbents” are gaining
popularity; these materials’ absorption properties can be con-
trolled by electrical, phonetic, thermal, or magnetic input.?’ Of
these inputs, magnetically controllable absorbents have recently
received great interest, as they can be easily driven to the
contaminated area simply by exploiting the magnetic field.
Researchers have integrated and tested various water-repellent
tools with magnetic materials.>'*?432 To date, three main
strategies have been used to synthesize magnetic absorbents.?”
The first method involves depositing a magnetic layer on the
porous absorbent’s surface. This method has two major potential
disadvantages: (1) it can decrease the pore volume, which impacts
absorption capacity, particularly if the magnetic particles are larger
than microns,® and (2) the magnetic coatings might not be stable,
meaning that, in order to recycle the absorbent, repeating the
deposition and synthesis procedures will generally be necessary.?®
The second strategy involves polymerizing superhydrophobic
absorbents with magnetic nanoparticles, but production costs are
high, and most of the products collapse or fracture under
compression or stretching. The final method entails integrating
polymeric materials with magnetic nanotubes,®” but it requires
expensive nanomaterials and multiple, lengthy preparation steps,
prohibiting large-scale fabrication.
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In summary, creating magnetic separators tends to be costly
and complex, requiring magnetic nanoparticles/materials, and
most have exhibited poor oil-water separation properties, such as
low selectivity, poor recyclability/reusability, and low absorption
capacity and stability. ldeal magnetic absorbent materials would
be produced in one step without the need for magnetic
nanomaterials. In this study, we report for the first time a one-
step, simple, and affordable solution immersion method to
fabricate superhydrophobic, superoleophilic, and magnetic poly-
dimethylsiloxane (PDMS)-modified steel wool (SW) for oil-water
separation and absorption. This novel product does not require
extra nanomaterials or complicated techniques. The PDMS-coated
SW (PDMS-SW) absorbs various oils and organic solvents with high
selectivity and sorption/separation capacities, outstanding recycl-
ability, and excellent chemical, mechanical, and environmental
stability. Because of its inherent magnetization, the modified SW
can be guided by a magnet to selectively absorb oils floating on
the water’s surface. In addition, the PDMS-SW can be utilized in
conjunction with a vacuum apparatus to continuously absorb and
remove oil pollutants from water in both calm and turbulent
conditions, suggesting its usability for large-scale removal of oil
pollutants in both pure and salty environments. In gravity-driven
oil-water separation experiments, the material exhibited high
separation efficiency and high flux, as well as effective oil
separation in salty water.

RESULTS AND DISCUSSION

Fabrication and characterization of the PDMS-modified SW
material

Steel wool was chosen as the base material because it is porous,
affordable, inherently magnetic, and commercially available; it also
features high flexibility and mechanical stability that can be mass
produced. PDMS was chosen as the coating because it is a
commercially available silicone rubber that has high flexibility and
mechanical stability.3* PDMS can be irreversibly bound to many
materials and itself without adhesives.>* In addition, it can be used
with SW without altering the wool’s inherent magnetization.

To create the oil-absorbent material, we dipped commercially
available SW samples in a toluene solution containing PDMS, then
followed this with a heat treatment. A schematic of this simple,
fast preparation process is shown in Fig. 1; to the best of our
knowledge, no one else has reported modifying commercial SW to
enable its use for oil/water separation. The overarching rationale
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Fig. 1 Schematic diagram of the fabrication process used to create
the polydimethylsiloxane-modified steel wool
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behind this preparation method and materials is as follows. First, it
is easier and more practical to use a material that is commercially
available than to find or create new materials. Second, the process
is one step, simple, and cost effective and does not require extra
(costly) nanoparticles, special chemicals, or complex treatments.

We utilized scanning electron microscopy (SEM) to study the
microstructural morphology of the SW before and after PDMS
modification. Figure 2a, d shows that the SW has an open porous
network with uniform steel microfibers that are 25 um in diameter,
and the pores are different sizes, approximately 70 +20 um on
average. The wool's open porous network helps it to rapidly
uptake and transport oils, chemical solvents, outer gases, and
other liquids. Importantly, SEM analysis indicated that this porous
structure is nearly the same before and after PDMS coating,
demonstrating that the modification did not damage the pristine
structure of SW or block its pores. SEM micrographs at higher
magnifications revealed that a pristine single SW fiber has a rough
surface consisting of hierarchical structures (Fig. 2b, c). SEM
images also showed that, while the dip-coating process covered
the fiber's rough surface with a thin waxy PDMS film (Fig. 2e, f), the
modified SW had retained most of its original roughness. From
these results, we can conclude that the wool’s hierarchical
structures, together with its micro-porous architecture, formed a
composite interface in which air can be trapped beneath water
within the surface’s asperities, leading to superhydrophobicity (the
Cassie-Baxter model).>®

To further confirm that the SW was successfully modified by
PDMS, we analyzed the surface chemistry of both the pristine and
modified SW with X-ray photoelectron spectroscopy (XPS) (Fig. 3).
XPS identified the SW’'s main elemental peaks to be C 1s, O 1s, Si
2p, and Si 2s, with binding energies around 285, 532, 102, and
154 eV, respectively. New silicon peaks (Si 2p and Si 2s) appeared
in the wide-scan spectrum for the modified SW, demonstrating
that the Si-containing PDMS layer was incorporated successfully
onto the SW's fibers. In comparison with the pristine SW’s wide-
scan spectrum, the modified SW did not have an N 1s or Fe 1s
peak, indicating that the SW was well coated with PDMS.
Furthermore, elemental mapping analysis on the surface of a
PDMS-coated single fiber demonstrated clearly that Si was
uniformly distributed throughout the whole fiber (Fig. 4),
confirming successful coating by PDMS.

The pristine SW displayed superhydrophilic and superoleophilic
properties (see Supplementary Fig. S1). However, after being
coated with PDMS, the SW floated on the water’s surface without
taking in water (Fig. 5a); in contrast, the unmodified SW dropped
to the bottom of the beaker. Figure 5a inset shows that the surface
of the PDMS-SW looked like a silver mirror when held underwater
by external pressure, a phenomenon that indicates that air was
trapped between the solid interface and the water, thus
confirming that the PDMS-SW aligned with the non-wetting
Cassie—Baxter model. The superhydrophobicity of the modified
wool also caused deposited water droplets to form a nearly
spherical shape (Fig. 5b). In addition to its superhydrophobicity,
the modified SW showed excellent superoleophilicity—when
motor oil was dropped onto its surface, the oil was absorbed
immediately (Fig. 5b).

Clearly, the hierarchical structures and PDMS coating on the SW,
combined with the wool’s micro-porosity, made it superhydro-
phobic and superoleophilic. However, as is the case for a number
of porous materials, it was difficult to precisely measure the
superhydrophobicity of the modified SW using the water contact
angle method3® This is because the water droplets were
supported by the fibers of the SW, making the contact line
between surface and droplet unobtainable, which is necessary for
defining the contact angle (see Supplementary Fig. S2). Thus
water droplet bouncing was used instead.?” An 8-ul water droplet
was dropped onto the PDMS-SW surface from a height of 20 mm,
with a high-speed camera recording the bouncing process. The
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Fig. 2 Scanning electron microscopic images of a the original steel wool (SW), b a single SW fiber, ¢ the single fiber at high magnification,
d the modified SW, e polydimethylsiloxane (PDMS)-coated single fiber, and f PDMS-coated single fiber at high magnification
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Fig. 3 The X-ray photoelectron spectroscopic spectra of a the
original and b the modified steel wool

water droplet bounced off the modified SW easily, impinging the
surface then bouncing off instantly, thus indicating high super-
hydrophobicity and low adhesion (see Supplementary Video S1).
The potential energy of the droplet was converted to vibrational
energy, causing it to rebound before undergoing damp oscilla-
tions and ultimately resting on the modified wool surface in a
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near-spherical shape.3®3° In contrast, the oil droplet was absorbed
by the modified SW instantly (see Supplementary Video S2). These
results confirmed the simultaneous superhydrophobicity and
superoleophilicity of the modified SW, suggesting its potential
for real-world, selective oil separation and absorption from water.

Selective absorption by the modified SW

We performed two types of tests to evaluate the modified SW's
ability to selectively absorb oils/organic solvents in water. The first
test was performed on floating oil (see Supplementary Fig. S3, Fig.
63, and Supplementary Video S3). An external magnet was used to
control the PDMS-SW's direction on the surface of the oil-water
mixture, guiding it to the contaminated area. The magnetically
guided material quickly absorbed the floating oil (colored with
Sudan red) in the contaminated area, leaving only water under-
neath. The wool was then taken out of the solution. From start to
finish, the procedure took only a few seconds. In the second test,
we investigated the wool’s ability to selectively absorb oil under
water, using dichloromethane (colored by Sudan red) as the oil
because it sinks in water due to its high density. When we
immersed the modified wool in the dichloromethane-
contaminated water by an external force, all the oil was rapidly
—uwithin a few seconds—sucked up into the wool upon contact,
leaving clean, clear water with no sign of colored oil when the
wool was taken out (Fig. 6b and Supplementary Video S4). These
rapid absorption kinetics result from the modified wool’s
oleophilicity, capillaries, and high porosity.

The PDMS-SW showed high absorption capacities—up to 12-27
times its own weight—for common oils and organic solvents,
depending on the organic liquid’s density, viscosity, and surface
tension (Fig. 7a). This absorption capacity is higher than that of
several absorbents reported recently for similar organic liquids,
including a PDMS sponge (5-119/9),*® aerogel composite
(2-16 g/g),*" nitrogen-rich carbon aerogel (5-16 g/g),** magnetic
composite foam (13 g/g),28 magnetic silicone sponge (7-17 g/g),3°
nanowire membrane (<20g/g),'® and polypropylene sponges
(5-20 g/g).*® In addition, although the capacity of the modified SW
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Fig.4 a Scanning electron microscopic image of polydimethylsiloxane-coated single fiber; b-d energy-dispersive X-ray spectroscopic element

mapping of Si, C, and O, respectively
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Fig. 5 a Photograph of the original and modified steel wools (SWs) after being placed in water. Inset: photograph of the modified SW after
immersion in water by force; b photograph of water droplets (blue) as semi-spheres and motor oil (red) on the surface of the modified SW

is lower than that of other absorbents, such as new carbon
sponges,”>*** films,*® and aerogels,* these sorbents require
costly fabrication materials, special chemicals, and complicated,
lengthy processes, limiting their mass production. In contrast, the
preparation method for the PDMS-SW is one step, simple, easily
scaled up, and cost effective, and no expensive raw materials,
special chemicals or nanoparticles, or complex equipment are
required. Therefore, from methodology to cost to versatility, our
modified SW offers major advantages over current options for
cleaning organic leaks and oil spills.

npj Clean Water (2019) 10

Recyclability of the modified SW

Recyclability and absorbate retrievability are key considerations
when designing materials to remove oils and organic solvents,
due to the need for environmental and economic sustainability.
Our modified SW satisfies both considerations, as demonstrated
by mechanical squeezing tests (Fig. 7b). Hexane and motor oil
were selected as the model absorbates for investigating the
PDMS-SW's cyclic absorption/squeezing behavior. Figure 7c, d
shows the recyclability of the modified SW for hexane and motor
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Fig. 6 Photographs of the modified steel wool a being guided by a magnet to remove floating oil and b absorbing dichloromethane at the

bottom of a beaker

oil, respectively, through 100 cycles. The results demonstrate that,
because of the PDMS-SW's elasticity, absorbates stored in its
macrospores were able to be retrieved by mechanical squeezing.
In addition, the porous structure of the modified SW stayed the
same after multiple cycles of absorption/squeezing. The simplest
process for releasing an organic liquid, mechanical squeezing is
faster and more eco-safe and cost-effective than other reported
recycling processes, such as heat treatment* and burning.” For
hexane, the modified SW showed high recyclability, even after 100
absorption/retrieval cycles, with the absorbance capacity largely
remaining the same. However, for the viscous oil (motor oil), a
slight reduction in oil absorbance capacity was observed over the
100 cycles. This deterioration is due to residual oil remaining
inside the pores of the modified SW because it could not be totally
removed after squeezing the wool through that many cycles.

Rinsing with strong organic solvents such as dichloromethane,
trichloroethane, or dimethylformamide could be a good option for
removing residual oil that cannot be recovered sufficiently by
ethanol or acetone. For example, many materials, such as surface-
treated polyurethane,*® organic fibrous sorbents,*” and silicone-
treated textiles,*® have shown high absorption capacity, but their
recyclability was not satisfactory because certain oils stayed in
their pores and could not be adequately retrieved by alcohol or
acetone due to low solubility in these solvents. However, rinsing
with the powerful organic liquids listed above would dissolve
these absorbents easily, rendering them useless.?® In contrast, the
modified SW had high stability with these organic solvents (see
Supplementary Fig. S4); after rinsing with dichloromethane and
drying at 80 °C for several hours, the PDMS-SW showed roughly
the same absorption capacity as it did when fresh. Together, these
results affirm the high recyclability and reusability of the PDMS-
SW.

Published in partnership with King Fahd University of Petroleum & Minerals

Continuous absorption of various contaminants in multiple
conditions

In addition to being highly absorbent and recyclable, the ideal
clean-up material would be able to continuously absorb and
remove large amounts of oil and organic solvents from water. As
illustrated in Fig. 8a, we investigated our modified wool’s ability to
perform such continuous absorption. A small piece of the
modified wool was folded and crammed into the end of a narrow
tube, then that end was fixed in a beaker containing oil (toluene)
and water; the water was colored blue to distinguish it from the
clear toluene. The tube’s other end was connected to a vacuum
pump by the filter flask. The modified wool absorbed the toluene
quickly and repelled water completely. In addition, the toluene
was absorbed and removed simultaneously by the wool piece
when the vacuum system was turned on. A toluene stream
formed in the tube, and the oil was gradually sucked out of the
water. Eventually, all the toluene was completely removed from
the water’s surface, leaving only blue water in the beaker. The
retrieved toluene was collected into the filter flask, and no water
droplets were seen in it.

This experiment was also carried out with other contaminants in
water: sesame oil, mineral oil, gasoline, and n-hexadecane. The
modified SW completely separated the oils/organic solvent
pollutants from the water surface (see Supplementary Figs S5-
S8), without absorbing any water. The PDMS-SW's separation
efficiency for sesame oil, mineral oil, gasoline, and n-hexadecane
was 99.5, 99.3, 99.7, and 99.6, respectively. Furthermore, at least
25L of gasoline were able to be continuously collected by the
modified wool with a separation efficiency of 99.7%, as well as
high working stability. Therefore, the PDMS-SW has excellent
selective oil-water separation efficiency.

npj Clean Water (2019) 10
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Fig. 7 a Absorption capacity of the modified steel wool (SW) for different oils and organic solvents; b collection of motor oil from the
modified SW by simple mechanical squeezing; ¢, d the absorption capacity of the modified SW for hexane and motor oil, respectively, over

100 cycles

In real environments, such as the sea or a river, water is usually
in motion rather than stationary, as it generally is in laboratory
testing. Therefore, to mimic actual oil-polluted water conditions,
we repeated the previous experiments under highly turbulent
conditions. To create a turbulent effect, about 400 mL of toluene
were added to a similar amount of water, and the mixture was
strongly stirred via a magnetic bar at ~1080 rpm to cause oil
droplets to form in the water. We then began the vacuum-aided
process with an applied vacuum pressure of 5 kPa, as described
above. The oil droplets were continuously separated from water
once the vacuum was turned on, while the water was not
impacted at all (Fig. 8b).

While some continuous absorbents have been developed,®”*°
very few can continuously remove oil from seawater selectively
and in both static and dynamic conditions, even though these are
common environments for oil spills. Therefore, an inexpensive,
salt-tolerant, superhydrophobic absorbent for efficient oil/sea-
water separation is urgently needed. To test our modified SW's
potential to fill this need, we repeated the previous experiment
but with a complex oil (toluene)/saltwater mixture. To mimic
seawater, we added 3.5 wt% NaCl to the water and mixed it well*°
before turning on the vacuum. The PDMS-SW removed all the

npj Clean Water (2019) 10

transparent oil from the surface while leaving all the colored water
in the beaker (see Supplementary Video S5)—no water was visible
with the naked eye in the retrieved oil. Furthermore, in around
7.255s, the PDMS-SW removed the same amount of oil as a
PDMS-graphene sponge did in 30s.°

We also tested the modified wool's performance with the
oil-saltwater mixture under highly turbulent conditions. The
PDMS-SW continuously removed around 400 mL of toluene from
the water, and no blue water was visible in the collected oil in the
filtrate flask. The water level in the beaker was stable despite the
lengthy continuous pumping, indicating that the water was
unaffected by the modified SW. In addition, the separation
efficiency was maintained at 99.9% (detailed procedure given in
Supplementary Video S6).

The continuous, quick absorption performed by our inexpen-
sive, simply prepared modified SW in fresh and saltwater offers a
major advantage over other current absorbents, which require
expensive, complicated fabrication and can rarely perform in
saltwater. The results of all our tests show that the novel PDMS-SW
has strong practical potential for continuously absorbing and
removing large amounts of oil and organic solutions from water in
fresh and marine environments.

Published in partnership with King Fahd University of Petroleum & Minerals
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Fig. 8 Photographs show the continuous absorption and removal of toluene from a a nonturbulent oil-water mixture and b an oil-water
mixture made turbulent by a magnetic stirring plate. The water was colored by methylene blue to enhance the visual impact

Oil-water separation

In addition to selective absorption, direct separation of oil from
water is one of the main treatment techniques for addressing
water pollution. Various materials have been used to fabricate
superwetting surfaces, including metallic-based meshes,>' >3
membranes,”*** films,>® and filter papers>®. While these materials
displayed high oil-water separation efficiency and selectivity, they
also had a number of drawbacks, including complex fabrication,
costly raw materials, and weak mechanical and chemical stability,
limiting their large-scale production. Therefore, an efficient,
scalable oil-water separator for oil spills that is cost effective
and has low power consumption remains a serious need.

Given its superhydrophobic and superoleophilic nature and
high flexibility, we believed our modified SW could fill this need.
To test this potential, we conducted a practical oil/water
separation experiment (Fig. 9a). First, a small piece of wool was
cut (60 x 60 x 7mm?>), placed on stainless-steel mesh, and fixed
between two glass beakers. A mixture of cyclohexane (colored
with Sudan red) and water (colored with methylene blue) was
prepared and poured onto the PDMS-SW. The cyclohexane was
able to rapidly penetrate the separator and pass to the bottom of
the beaker underneath it, driven solely by gravity (Fig. 9b). In
contrast, the water was repelled by the modified SW and stayed in
the upper beaker (Fig. 9c). The entire oil/water separation
procedure was performed within a few seconds (see Supplemen-
tary Video S7) with no additional force, demonstrating the
easiness and low energy consumption of the process. Therefore,
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the PDMS-SW clearly allowed oils to rapidly pass through it but
prevented water from doing so, thus separating the two.

Furthermore, mixtures of toluene, gasoline, and sesame oil with
water were effectively separated by the modified SW, with
separation efficiency values reaching over 99% (Fig. 9d). Owing
to its robust coating adhesion, the modified SW retained its
superhydrophobicity after 40 separations, as demonstrated by XPS
analysis (see Supplementary Fig. S9) and a water droplet bouncing
off the surface (see Supplementary Video S8). In addition, we
repeated these oil/water separation experiments with saltwater
(3.5% salt). In a cyclohexane/saltwater mixture, the modified SW
successfully separated the cyclohexane from the saltwater, with
the separation efficiency staying >99% (see Supplementary Fig.
S10).

Permeate flux is an important factor for evaluating oil-water
separation, as higher permeate flux results in faster separation.>”
The modified SW displayed ultrafast separation of oil from water
via gravity alone. Different oil fluxes that permeated through the
PDMS-SW were evaluated and averaged after repeating 3 times; a
7-mm-thick wool sample was used. The average permeate flux
values for the oils—toluene, gasoline, and cyclohexane—were
32,0264+ 141.2, 30,793.6+432.7, and 27,029.1 +315.2 L/m%h,
respectively (Fig. 9e). These flux values are much higher than
those of many advanced separators reported in the literature,
including PFOTS-modified SiO,/carbon stainless-steel mesh
(<1000),>° a carbon-silica nanofibrous membrane (1500-3000 L/
m?h),*® a superhydrophobic and superoleophilic polyvinylidene
fluoride membrane (700-3500 L/m%h),%° and a polyethylene mesh

npj Clean Water (2019) 10
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(<7500 L/m>h).>” The superoleophilic nature and open-pore
network of the modified SW promoted this rapid mass transport.
In summary, the PDMS-SW's high separation efficiency, ultrafast
permeate flux (25,000-33,000 L/m*h), reusability, low-cost raw
materials, simple preparation, scalability, and usability in salty
environments make it a promising tool for real-world oil-water
separation.

The PDMS-SW's water intrusion pressure (P) was also investi-
gated by determining the maximum water column height (hpay)
that it could bear, via the following Eq. (1):

P = pghmax (1)

where p is the density of water, g is the acceleration of gravity, and
hmax represents the maximum height of water that the modified
SW can support. The PDMS-SW was able to completely support a
~14.6-cm-tall column of water (Fig. 10) without allowing any water
to pass through it. Thus the water intrusion pressure for the
modified SW is 1.43 kPa.

For the first time, to our knowledge, we have fabricated a
superhydrophobic and superoleophilic PDMS-SW and demon-
strated its efficient oil absorption and oil-water separation. The
solution immersion method we used requires only a single, simple
step, affordable materials, and no special chemicals or compli-
cated equipment and, as a result, is easy to scale up. The highly
porous PDMS-SW is also magnetic without the addition of
expensive nanoparticles, which were previously considered
required to make a material magnetic for this application. The
modified SW’s magnetic properties allow it to be guided without
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contact to oil-polluted areas. Moreover, after collecting contami-
nants and undergoing mechanical squeezing, the PDMS-SW can
simply be driven back to the contaminated area to recover more
spilled liquid. In addition, the PDMS-SW'’s raw materials can be
commercially and affordably manufactured on a large scale. These
factors make the PDMS-SW well suited for large-scale manufactur-
ing and thus for large-scale removal of oil spills and clean-up of
organic solvents from water. The modified SW not only shows
high absorption performance, including high selectivity, high
recyclability, and good capacity, but it can also continuously,
quickly absorb and remove large amount of various oils/organic
solvents from both calm and turbulent water. Furthermore, the
PDMS-SW can separate oils from water with great efficiency. In
addition, the oil-water separation process is ultrafast and solely
gravity-driven. Finally, the modified SW performs highly stable
absorption, even in salty environments. Based on the results of
this study, we believe that the PDMS-modified SW is a promising
material for water remediation, cleaning up large-scale oil spills,
and oil recovery.

METHODS
Materials

SW (super fine with #0000 grade code) was purchased from a local store in
Arkansas, USA. PDMS (Sylgard 184) was purchased from Dow Corning, USA.
Toluene, hexane, dichloromethane, cyclohexane, acetone, ethanol, n-
hexadecane, mineral oil, sesame oil, methylene blue, and Sudan red 7B
were provided from Fisher Scientific Inc., USA. Motor oil, silicone oil, and
diesel oil were obtained from a local store. Gasoline was purchased from a
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Fig. 10 Water intrusion pressure of the modified steel wool (water is
dyed with methylene blue)

local Shell gas station. All chemicals were utilized as received without any
purification.

Fabrication

PDMS (Sylgard 184) is a silicon elastomer that consists of two parts: an
elastomer base and a curing agent to promote cross-linking and hardening
in order to produce a heat-resistant polymer. Briefly, in this study, the
polymer and cross-linking agent were added in a 10:1 weight ratio to
50 mL of toluene. The mixture underwent constant magnetic stirring for
30 min or until it was a clear solution. A piece of commercial SW was cut
and cleaned ultrasonically in acetone for 15 min. The SW piece was then
put in the oven to dry at 80 °C for several hours. After drying, the SW was
immersed into the PDMS-toluene solution for 30s, removed and dried
under atmospheric conditions for 1 h, and then cured in the oven at 80 °C
for 24 h to obtain the final PDMS-modified SW.

Characterization

SEM was used to analyze the PDMS-modified SW’s surface morphology
(JEOL SEM7000FE). In addition, the modified SW’s surface chemistry was
analyzed using a Thermos Scientific K-Alpha X-ray photoelectron spectro-
meter. Elemental mapping was conducted using energy-dispersive X-ray
spectroscopy (Genesis spectrum). Water bouncing videos were taken by a
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high-speed digital camera (HiSpec 1) at a rate of 1000 frames per second.
All measurements were performed at ambient temperature.

Selective oil absorption and recyclability tests

Various oils/organic solvents were used in the absorption experiments. For
each type of oil/solvent, a piece of modified SW was immersed in the oil/
organic solvent until it was totally saturated, then removed and
immediately weighed. The weight measurement should be carried out
quickly to avoid any absorbate evaporation. The absorption capacity (k) of
the modified SW was determined in weight-gain ratio, as given in Eq. 2:

_ Wa-—-Wb

k
Wb

(9/9) )

where Wa is the weight of the modified SW in the oil/organic solvent-
saturated state and Wb is the weight of the modified SW in the initial state.
Each test was repeated three times.

The recyclability of the modified SW was evaluated by performing cyclic
absorption-simple squeezing tests with two organic solutions, hexane and
motor oil, separately. The absorption capacity was then calculated.

Oil-water separation

A piece of the PDMS-SW was placed on stainless-steel mesh and secured
between two glass containers. Oil-water mixtures were then poured onto
the modified SW, with gravity being the only driving separation force. Each
separation experiment was performed three times, and the separation
efficiency was determined by the following Eq. (3):

V
Separation efficiency = V—; x 100% 3)

where Va is the volume of water that remains on the surface of the
modified SW after the oil-water mixture is poured and Vb is the volume of
water in the oil-water mixture before pouring.

The flux (F) of the modified SW was calculated by the following Eq. (4):

v
F=— 4
St @
where V is the volume of the permeating liquid through the modified SW,
S is the effective contact area of the modified SW, and t is the permeating
time.
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