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ABSTRACT: The separation and removal of oil or organic pollutants from
water is highly imperative. The oil phases in surfactant-free oil-in-water
emulsions or in free oil/water mixtures can be smartly enriched and
transported by using superhydrophobic/superoleophilic iron particles (SHIPs)
under a magnetic field. For water-in-oil emulsion, SHIPs-based composite
membranes selectively allow the oil to pass through. Their convenient and
scalable preparation, excellent separation performance, and good reusability
are of great advantages for practical applications in wastewater treatment, the
cleanup of oil spills, emulsion concentration, and fuel purification.
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1. INTRODUCTION

The environmental and economic demands for the separation
and removal of oil or organic pollutants from water are highly
imperative, because of the worldwide oil-contaminated water
caused by industrial wastewater and oil spill accidents.1−4 Jiang
et al. first explored a superhydrophobic and superoleophilic
mesh to separate oil and water from a mixture.5 Because of the
special surface wettability, the mesh can smartly allow oil to
pass through but prevent water from leaching. Since then, the
separation of oil and water, based on the special wettability of
various materials, has attracted considerable attention.6−19

Generally, a “superhydrophobic surface” is defined by a water
contact angle of >150° and a roll-off angle of <10°;20,21

moreover, a “superoleophilic surface” refers to the surface on
which an oil droplet spreads quickly with a final oil contact
angle of ∼0°.21−24 The special wettable materials can be mainly
divided into three types: porous bulks, films, and particles.
Superhydrophobic and superoleophilic foams25−29 (or
sponges30−35) and aerogels36−39 are typical porous bulks that
can selectively absorb oil but repel water when being exposed
to an oil/water mixture. These materials can be regenerated by
washing, distillation, squeezing, or even burning after
absorption. Superhydrophobic films40,41 allow oil to permeate
while superhydrophilic films with underwater superoleopho-
bicity42,43 only let water pass, thus continuous separation of
water and oil from their mixtures can be achieved. The
separation efficiency depends on surface wettability and pore

size of the films. Besides, smart films with switchable
superoleophilicity and superoleophobicity in aqueous circum-
stances have been developed for controllable oil/water
separation.44 As far as particles are concerned, superhydro-
phobic magnetic particles have been successfully applied to
transport oil from water under magnetic field with good
reusability.45−47

The above-mentioned materials have good performance,
with regard to the separation of free oil/water mixtures where
the diameter (d) of the dispersed phase is >150 μm. Until now,
there have been only a few works concerning the separation of
oil/water dispersions (20 μm ≤ d ≤ 150 μm) or emulsions (d <
20 μm).48 Superhydrophobic/superoleophilic nanofibrous
membranes,49 carbon nanotube network films,50 and super-
oleophilic PVDF membranes51 have been successfully used to
separate water-in-oil (W/O) emulsions. However, these
membranes have no effect on separating oil-in-water (O/W)
emulsions. For O/W emulsions, inorganic membranes with
underwater superoleophobicity were developed.52 In addition,
Jiang et al. reported a continuous collection of silicon oil
droplets from a surfactant-free emulsion by oleophilic conical
needles.53 Yet, these materials are incapable of treating W/O
emulsions. Therefore, it is still a challenge to prepare materials

Received: March 3, 2015
Accepted: April 28, 2015
Published: April 28, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 10475 DOI: 10.1021/acsami.5b01901
ACS Appl. Mater. Interfaces 2015, 7, 10475−10481

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01901


that are versatile for the oil/water separation, including water-
rich or oil-rich free water−oil mixtures, and O/W and W/O
emulsions or dispersions. A breakthrough has been achieved by
Tuteja and co-workers,54 who fabricated a fluorodecyl POSS
and x-PEGDA coated hygro-responsive mesh membrane
showing superhydrophilicity and superoleophobicity both in
air and under water. This membrane is capable of separating
surfactant-free and surfactant-stabilized W/O and O/W
emulsions. Very recently, Xue and Liu55 have developed an
intelligent PVDF membrane with underwater superoleopho-
bicity and under-oil superhydrophobicity, which can separate
various O/W and W/O emulsions.
Herein, we report a facile preparation of superhydrophobic/

superoleophilic iron particles (SHIPs) that can separate not
only free oil/water mixtures, but also surfactant-free O/W and
surfactant-stabilized W/O emulsions, with a high separation
efficiency, magnetic tracking efficiency, and good reusability. To
the best of our knowledge, this is the first report on using
superhydrophobic particles for emulsion separation. The facile,
low-cost, and scalable preparation procedure and the efficient
performance promise a potential application of SHIPs in
wastewater treatment, fuel purification, and the separation of
emulsions and dispersions.

2. EXPERIMENTAL SECTION
2.1. Materials. Carbonyl-iron powder (Fe) was obtained from

Sigma−Aldrich Company. Copper sulfate (CuSO4), hydrochloric acid
(HCl, 37 wt %), xylene, chloroform, kerosene, toluene, ethanol, and
acetone were purchased from Beijing Chemical Reagent Company.
Span80, Tween80, cetyltrimethylammonium bromide (CTAB), and 1-
dodecanethiol were obtained from Alfa Aesar. Corn oil was purchased
from Wal-Mart. Silicone oil (DY-OH 502) was provided by
Shangdong Dayi Chemical Company. Paraffin wax (melting point
(mp), 53−57 °C) was purchased from Sigma−Aldrich. All reagents
were used without further purification.
2.2. Fabrication of Superhydrophobic/Superoleophilic Iron

Particles (SHIPs). Iron powder was decorated by copper via a typical
hydrometallurgy method. First, HCl (1 mL) was added to a 500 mL
CuSO4 solution (0.05 M) to make a reaction solution. Second, iron
powder (0.2 g) was added into 30 mL reaction solution and the
mixture was shaken for 2 min. Third, the reaction solution was poured
out while the modified iron powder was left behind by a magnet. The
modified iron particles were washed with deionized water three times,
followed by washing with ethanol, and then was dried at 60 °C.
Modification of the copper-decorated iron powder with mercaptan

was conducted in ethanol as reported.47 Copper decorated iron (1.0 g)
was added into a 50 mL ethanol solution of 1-dodecanethiol (volume
content: 0.1%). The mixture was shaken for 5 h. The powder then was
washed with ethanol three times and dried at 60 °C.
2.3. Preparation of Sandwich-Like Membrane for Separat-

ing Water-in-Oil Emulsion. A quantity of SHIPs (0.15 g) was
dispersed in 10 mL of ethanol. The mixture was filtrated under a
reduce pressure on a nylon filter membrane with a diameter of 4.0 cm.
The diameter of particle-deposited area was ∼3.8 cm. The particles-
deposited membrane was covered by another membrane to form the
sandwich-like membrane.
2.4. Preparation of Emulsions. Surfactant-free oil-in-water

emulsions with an oil content (Coil) of 2 and 5 wt % were prepared
as reported.53 Specifically, 2 g (or 5 g) of silicone oil and 98 g (or 95 g)
of deionized water were mixed and stirred vigorously. The mixture
then was treated under ultrasonication until a uniform emulsion was
obtained. Emulsions of corn oil and olive oil were prepared in the
same way.
For CTAB-stabilized O/W emulsion, CTAB (100 mg) was

dissolved in 50 g of water, and then silicone oil (3.75 g) was added.
The mixture was homogenized at 10 000 rpm for 20 min, then
sonicated for 3 h. Tween80 (0.65 g), H2O (50 g), and silicone oil (3.0

g) were mixed using the same method to obtain a Tween80-stabilized
O/W emulsion.

A water-in-toluene emulsion was obtained using a method reported
elsewhere.51 Span80 (0.44 g) was added into 100 mL toluene, and
then 0.88 mL water was added. The mixture was stirred for 3 h and
sonicated for 3 h.

2.5. Separation of Free Oil−Water Mixture and Emulsion.
The dosage of SHIPs for separating the free oil−water mixture was
measured as follows: water (5 mL) was added to a beaker of 10 mL,
then 200 μL of oil was added and the weight of oil (moil) was noted.
SHIPs were added slowly to the oil until all the oil was absorbed by
SHIPs and could be transported out by a magnet. The total weight of
SHIPs (mSHIP) was recorded. The absorption capacity was equal to
moil/mSHIP.

Separation of the oil-in-water emulsion was carried out as above.
Emulsion (2 g) was added to a vial of 10 mL, and then a small amount
of SHIPs was added. The mixture was shaken for 10 s. The process
was repeated until the water phase became clear. The absorption
capacity of emulsion is equal to memulsion/mSHIP, and the absorption
capacity of oil in emulsion is equal to (coilmemulsion)/mSHIP.

The sandwich-like membrane was fixed between two polytetra-
fluoroethylene (PTFE) flanges, which connected a glass tube and a
Büchner Flask. The freshly prepared water-in-toluene emulsion was
poured onto the membrane, and the separation process was carried
out under a reduced pressure. The filtrate was collected for purity
tests.

2.6. Preparation of Solidified Paraffin Marble. This process
was carried out in an oven at 80 °C. Paraffin wax (1.0 g) was liquified
beforehand and kept in the oven. Water of 80 °C (5 mL) was added to
a beaker of 10 mL, then 200 μL of liquid paraffin was added. SHIPs
(200 mg) were added to the liquid paraffin. A magnet was used to
draw the SHIPs/paraffin phase under water to form paraffin marble.
After that, the beaker was taken out of the oven and cooled to room
temperature. A solidified paraffin marble was obtained as a result.

2.7. Characterization. Scanning electron microcopy (SEM) was
performed on a JEOL Model JSM-7500F at an accelerating voltage of
5 kV. Size distribution of the pristine iron particles was analyzed from
the SEM image containing 357 particles, using Nano Measure
software. Contact angle data were obtained on a Krüss Drop Shape
Analysis System-100 (DSA 100), using a sessile water drop method
with 5−10 μL liquid drops. Before the contact angle test, particles
were affixed onto a glass slide by double-sided adhesive. The adhesive
was completely covered to avoid the influence of the adhesive on the
measurement of water contact angles. A microscope (Olympus, Model
IX71) was used to observe droplets in emulsions. An IKA mini shaker
was used to shake the samples. An IKA T25 digital ultraturrax
disperser was used to emulsify oil/water mixtures. The X-ray
diffraction (XRD) measurement was performed on a Empyrean X-
ray diffractometer, using Cu Kα radiation. The magnetic hysteresis
loops were measured using a vibrating sample magnetometer
(LakeShore, Model 7307). Infrared spectra were obtained from a
Fourier transform infrared (FT-IR) spectrophotometer (Bruker,
Model Tensor 27). A sample for FT-IR analysis was deposited
dropwise onto a silicon wafer and dried under an infrared lamp. The
purity of toluene was measured using a moisture titrator (Karl
Fischer).

3. RESULTS AND DISCUSSION

The fabrication of SHIPs is schematically shown in Scheme 1.
Commercially available carbonyl-iron particles are modified in a
reaction system containing CuSO4 and HCl, in which the
reduction of the Cu ion and the acid corrosion of iron occur
simultaneously.
The pristine iron particles, 0.5−5 μm in diameter (size

distribution shown in Figure S1a in the Supporting
Information), have a featureless surface (see Figures 1a and
1b). After the reaction, however, many nanoflakes appear on
the particle surface (Figures 1c and 1d). Energy-dispersive X-
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ray (EDX) results show the formation of copper (see insets in
Figures 1a and 1c) and X-ray diffraction (XRD) patterns
indicate the copper nanoflakes have a face-centered cubic
structure (see Figure S2a in the Supporting Information).8

Thus, hierarchically structured particles with microsized iron
cores and copper nanoflakes shells are formed (size distribution
shown in Figure S1b in the Supporting Information). The
magnetic hysteresis loops show only a minor decrease after the
modification (see Figure S2b in the Supporting Information).
Note that the existence of acid is important for the formation of
copper nanoflakes on the surface of the carbonyl-iron, because
of the lower reactivity of carbonyl-iron, relative to that of pure
iron. In a control experiment without introducing acid in the
reaction system, no copper was observed on the particle surface
(see Figure S3 in the Supporting Information for details).
The as-formed particles were then reacted with 1-

dodecanethiol to reduce the surface energy. Because of the
hierarchical morphology and low surface tension, SHIPs are
obtained, since the water and oil contact angles on the SHIPs
coatings are ∼160° and ∼0°, respectively, compared to the
values of 110° and almost 0° on the coatings of the untreated
iron particles (see insets in Figures 1e and 1f).56−61 The roll-off
angle of water on the SHIPs coating was <3°. A kerosene
droplet of 5 μL spread on the surface of SHIPs within 2 s and
reached a final contact angle of 0° (see Figure S4 in the
Supporting Information). The contact angle data show that
SHIPs have superhydrophobicity and superolephilicity. There-
fore, SHIPs disperse in oil but float on a water surface, because
of its selective wettability, while the pristine iron particles
disperse both in water and oil.
Based on the selective wettability and the magnetic response,

SHIPs can smartly collect oil microdroplets from surfactant-free

O/W emulsions and controllably transport the oil phase under
a magnetic field. Figures 2a−d show the process of separating a

silicone oil-in-water emulsion. A certain amount of SHIPs is
added into the emulsion and the mixture is shaken on a mini-
shaker for 10 s. An aggregate of silicone oil and SHIPs then
forms under water, which we termed as oil marble,
corresponding to the “liquid marble”.47,62,63 The separating
efficiency is dependent on the amount of SHIPs used.
Insufficient SHIPs leads to a translucent liquid after shaking,
implying that there are still oil droplets remaining in the water
(Figure 2c). After adding additional SHIPs and shaking the
system again, clean water is obtained (Figure 2d). The as-
formed oil marble (in the bottom) can be easily transported by
a magnet. The oil droplets, once dispersed in the emulsion
(with a diameter of ∼1−10 μm, the size distribution of the oil
droplets is shown in Figure S5a in the Supporting Information),
cannot be observed via fluorescence microscopy after the
separation (see Figures 2e and 2f), and the characteristic peaks
of silicone oil also disappear in the infrared spectrum of the
clean water after separation, showing a high separation
efficiency (Figure 2g). It has been found that 1 g of SHIPs
can clean up to 10.5 g (2 wt %) or 5.5 g (5 wt %) emulsions,
respectively.
A reasonable mechanism is shown in Figure 2h. SHIPs

initially float on the emulsion surface, because of its ultrahigh
water repellency (step I). The particles will be forced into the
emulsion under shaking. The particles may exist as four types:
free particles floating on the surface, particles capsulated by an
air layer (red arrow, in Cassie state56), and particles wetted by
oil (black arrow) and by water (in Wenzel state56) (step II).
Because of the superhydrophobicity and superoleophilicity of
SHIPs and the collision between the oil droplets and particles,
the SHIPs are more preferably to be wetted by oil during the
further shaking. To reduce the total surface energy of the
system, a big oil marble will be formed under the magnetic field
with most of the SHIPs located at the water/oil interface (step

Scheme 1. Fabrication of the Superhydrophobic/
Superoleophilic Iron Particles (SHIPs)

Figure 1. SEM images of iron powders (a, b) before and (c, d) after
the superhydrophobic modification. Insets in panels a and c are the
EDX results. (e, f) Digital photos showing the pristine iron particles
and the SHIPs in water and oil, respectively. Insets are the respective
profiles of water and kerosene on the surfaces of the powders. The size
distribution of the SHIPs is shown in Figure S1b in the Supporting
Information.

Figure 2. (a−d) Photographs showing the separation of the surfactant-
free emulsion of silicone oil-in-water. Panels c and d reflect the
incomplete and complete separation, respectively, depending on the
amount of SHIPs used. Alsos hown are fluorescence microscope
images of the emulsion (e) before and (f) after the separation. (Red
droplets in panel e are silicone oil dyed by fluorescent dye.) (g) FT-IR
spectra of the emulsion and the clean water left after the separation.
(h) Schematic illustration of the separation of the silicone oil-in-water
emulsion.
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III). That is why the separation efficiency is dependent on the
amount of SHIPs used. A complete separation can be achieved
only with sufficient SHIPs (step IV). In the separation process,
the greatly reduced oil/water interface area contributes mainly
to the free energy decrease of the entire system.
SHIPs can also be used to effectively separate other

surfactant-free O/W emulsions (see Figures S5b and S5c in
the Supporting Information). Although surfactant-free emul-
sions are temporarily stable and have a tendency to be
destabilized with time, the separation process requires a
relatively long time. The time required for complete
demulsification of the above-mentioned emulsions was more
than 5 days (Figure S5d in the Supporting Information). Such a
long demulsification time is not tolerable in some cases, like
treating the oily water in an incident of toxic organic leakage.
By using the SHIPs, however, the separation is completed
within tens of seconds. Since surfactant-free emulsions are
common in chemical engineering, the use of superhydropho-
bic/superoleophilic particles to separate surfactant-free emul-
sions is a more effective and environmentally benign method.
SHIPs cannot be used directly for separating W/O emulsions

in the above-mentioned manner, since the particles disperse
well in the continuous oil phase. The dispersed water droplets
in oil will be absorbed, along with oil, by the particles if they are
placed into the emulsions directly, resulting in a noneffective
separation (see Figure S6 in the Supporting Information).
Here, W/O emulsions can be separated by a simple device,
shown in Figure 3a, where a sandwich-like composite

membrane of nylon-SHIPs-nylon (Figure 3b) is fixed between
two PTFE flanges. Toluene or kerosene in Span80-stabilized
W/O emulsions is allowed to permeate the membrane while
water droplets are prevented from passing through (see Figures
3c−e), showing selective penetration. The purity of the filtrate
is above 99.9% for both toluene and kerosene, suggesting a high
separation efficiency. The initial membrane flux of separating
the Span80-stabilized water-in-kerosene emulsion was ∼270 L
m−2 h−1, under a pressure difference of 90 kPa. The amount of
SHIPs was 0.15 g, and the diameter of particle-deposited area
was ∼3.8 cm. It should be noted that the amount of SHIPs
affects the separation performance. The nylon film cannot be
completely covered if the amount is <0.15 g, leading to an

ineffective separation. An excess amount increases the thickness
of the membrane, resulting in a lower flux.
The separation process is quite similar to that using

superhydrophobic membranes, in which the surface wettability
and pore size of the membrane are the critical parame-
ters.50,51,55 Herein, because of the superoleophilicity and
superhydrophobicity of the particles, the oil phase in the W/
O emulsion was allowed to pass through the gaps between the
particles while the dispersed water droplets were blocked on
the membrane surface. Demulsification of the emulsion is more
likely to occur under a reduced pressure during the separation
process, since the fluorescence microscope images show that
the particles in the top layer were polluted by water (Figure S7
in the Supporting Information). The demulsified water droplets
will foul the membrane by blocking the pores. As a result, the
flux rate of the emulsion decreases with time (see Figure S8 in
the Supporting Information). The pollution can be washed
away by filtrating ethanol, and the composite membrane
returns to normal and the separation rate recovers. It has been
demonstrated that most of the surfactant remained in the good
solvent after the separation.50,54 Therefore, in our case, Span80
was more likely found in toluene after the separation. This
method enlarges the application scope of superhydrophobic
particles in the oil/water separation.
The SHIPs are also applicable for separating free oil/water

mixtures. As shown in Figures 4a and 4b, for both kerosene

floating on the water surface and chloroform lying under water,
the oil phase can be exclusively enriched by the SHIPs and the
particles/oil phase can be facilely taken out under magnetic
force with clean water left. When the particle/oil phase was
drawn under water and then the magnet was removed, a sphere
was formed spontaneously with the solid particles encapsulating
the oil droplet, which we referred as “oil marble” (correspond-
ing to the “liquid marble”).47,62 To analyze the distribution of
SHIPs in the resultant oil marble, paraffin wax is employed in a

Figure 3. (a) Picture showing the separation of a Span80-stabilized
water-in-toluene emulsion. The composite membrane allows toluene
to permeate while preventing water droplets from passing through. (b)
Illustration of a nylon−SHIPs−nylon composite membrane with a
sandwich-like structure, using 100 mg of SHIPs per membrane. The
diameters of the nylon membrane and particle-deposited area are 4.0
and 3.8 cm, respectively. (c) Photograph of emulsion before and after
separation. Also shown are corresponding fluorescence microscope
images (d) before and (e) after separation. Green droplets in panel d
are water dyed by fluorescent dye.

Figure 4. Pictures showing the effective enrichment and transportation
of (a) kerosene and (b) chloroform from the free oil−water mixtures
by using SHIPs under a magnetic field. Oil red is used as a colorant.
Also displayed are SEM images showing the distribution of SHIPs (c)
inside and (d) on the surface of the solidified paraffin marble. The
arrows indicate the SHIPs. (e) Absorption capacities of SHIPs for
different oils. (f) Change of the water contact angle (CA) and
kerosene absorption capacity of the SHIPs with different cycles.
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control experiment. The separation process was performed at
80 °C, above the melting point of paraffin (53−57 °C), making
paraffin floating on water surface as a liquid. “Paraffin marble”
could be obtained as described above. The system then was
cooled, resulting in the formation of a solid paraffin marble.
The structure of the marble is fixed. A core−shell structure can
be observed from the SEM images (Figures 4c and 4d; also see
Figure S9 in the Supporting Information). Only a small number
of SHIPs disperse inside of the marble, while most of the
particles locate on the surface of the oil marble. This
morphology is similar to that of the “liquid marbles” reported
by Queŕe,́62 in which a water droplet is capsulated by
hydrophobic particles. In our case, it is assumed that most of
the SHIPs prefer to remain at the interface between oil and
water, to minimize the surface free energy of the entire system.
The absorption capacity, which is defined as the weight of oil
that can absorbed by SHIPs per unit weight of SHIPs, is in the
range of 0.27−0.45 g/g for various organic solvents and oils
(see Figure 4e). The adsorption capacity is low, because the
density of SHIPs is pretty high (the density of carbonyl-iron
powder is 7.86 g/mL). The absorption capacities for the free
mixtures and the silicon oil in water emulsions are comparable,
possibly because of similar oil marbles that are formed after the
separation. The used SHIPs can be easily regenerated by
washing with organic solvents. For example, as shown in Figure
4f, the absorbed kerosene can be washed away by acetone and
no obvious change can be found in the absorption capacity and
contact angle of the regenerated SHIPs after seven cycles,
implying good stability and reusability.
Herein, the selective wettability of SHIPs plays an important

role for the separation. The pristine carbonyl-iron powders
cannot separate the oil/water mixture (see Figure S10 in the
Supporting Information). For surfactant-stabilized O/W
emulsions, SHIPs are easily wetted by water, because the
surfactants in the water reduce the surface tension of the water,
leading to the loss of the selective wettability to the continuous
phase and the dispersed phase in O/W emulsions (CTAB- and
Tween80-stabilized emulsions of silicon oil in water; see Figure
5).64−66 Therefore, the surfactant-stabilized O/W emulsions
cannot be separated by using SHIPs.

Compared to the reported superhydrophobic porous
materials,30−39 the advantages of SHIPs are applicable for
different oil−water mixtures, including surfactant-free oil-in-
water emulsions that superhydrophobic porous materials
cannot separate. The disadvantages of SHIPs are magnetic
dependence (for free oil/water mixture and surfactant-free oil-

in-water emulsion) and driving pressure dependence (for
sandwich membrane).

4. CONCLUSION
In conclusion, here, we have demonstrated a facile preparation
of hierarchically structured superhydrophobic/superoleophilic
iron particles (SHIPs). The oil phase in surfactant-free O/W
emulsions or in free oil/water mixtures can be smartly enriched
to form oil marbles by using the SHIPs and then transported
under magnetic field. In addition, a SHIPs-based composite
membrane has been developed to separate W/O emulsions
with an efficiency of >99.9%. The convenient and scalable
preparation, efficient separation, and outstanding reusability are
of great advantages for practical applications in wastewater
treatment, cleanup of oil spills, emulsion concentration, and
fuel purification.
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