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Accepted: 25 September 2021 gyperhydrophobic and magnetic materials with multiple functions (e.g., con-
Published online: tinuous oil collection, remote oil removal in confined spaces under magnetic
3 January 2022 driven, separation of oil/water emulsions, and good oil absorption capacity

with robust stability) are highly required for practical oily wastewater remedi-
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Science+Business Media, LLC, high internal phase emulsion template method. The as-prepared sponge exhibits
high water-repellence and superoleophilicity with water/oil contact angles are
155° and 0°, respectively. Given the magnetic properties of Fe;O,4, our sponge
displays the capacity for remote oil capture under magnetic driven. Addition-
ally, continuous oil collection has been also realized with the equipment of
pumper. Different from some previous reported sponges, our sponge also
possesses the unique ability to separate surfactant stabilized oil/water emul-
sion. Besides, our sponge can also act as a high-efficiency oil absorbent with
robust cycling stability (oil recovery rate can reach 92%, even after 10 absorp-
tion-centrifugation cycles). These outstanding functions make our sponge hold
great potential for the purification of oily wastewater.
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Introduction

GRAPHICAL ABSTRACT

This work reported a simple and environmentally-friendly approach to prepare
multi-functional magnetic and superhydrophobic sponges via high internal
phase emulsion (HIPE) method. The PS/Fe;0, composite sponges exhibited
unique properties: (i) high water-repellence and good oleophilicity; (ii) the
function as a high-efficiency oil absorbent with robust cycling stability; (iii)
ability to remove oil remotely under magnetic driven; (iv) continuous oil col-
lection; (v) the capacity to separate surfactant stabilized oil/water emulsion.
These outstanding performances make our sponge is of great importance for
practical oily wastewater remediation.

Superhydrophobicity Superoleophilic
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o St+DVB+GMA ' H:O
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Remove Oil Remotely
Under Magnetic Driv,

oily wastewater purification (e.g., chemical reagent
dispersal [4], centrifugation [5], in-situ incineration
[6], skimmer collection) [7], usually face some prob-

Frequent oil spills and the discharge of large amounts
of industrial oily wastewater have caused serious
environmental pollution and huge economic losses
all over the world [ [1]-[3]. Traditional methods for

lems such as high energy consume, low separation
efficiencies, and secondary pollution. Recently,
superhydrophobic materials-based bionic strategies
have gained special attentions for their unique
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capacity to selectively remove oil from wastewater
[8]-[18]. Su et al. used F-Fe;O4 nanoparticles and
PDMS under a static magnetic field to adjust the
surface morphology and wetting method by chang-
ing the ratio of F-Fe;O, nanoparticles to PDMS.
Utilizing the asymmetric adhesion properties of
superhydrophobic fabrics, it has been successfully
applied to lossless droplet transmission and oil/wa-
ter separation [8]. Li et al. used trimethylsilyl-termi-
nated-poly-(dimethylsiloxane)-co-polymethylhy-
drosiloxane (PDMS-co-PMHS) to coat the surface of
the sponge skeleton and successfully applied the
modified sponge to oil/water separation [19]. Zhou
et al. have prepared superhydrophobic RGO@PU
sponges via dip-coating and solvothermal treatment
with the assistance of ethanol, which can be applied
to separate oil/water mixtures [20]. Among diverse
superhydrophobic  materials, superhydrophobic
sponges (SSs) are of particular interest due to their
high oil removal/absorption properties [21]-[24];
however, most reported SSs can only remove/absorb
oil on the top of aquatic systems, which could not be
applied in collecting oil under water or at some
confined locations.

To enhance the oil capture capacity of these SSs,
decoration of magnetic materials with SSs have been
widely investigated owing to these composite spon-
ges can remotely capture oil under magnetic driven
[25]-[31]. For example, Wang et al. prepared mag-
netic superhydrophobic sponges by simply modify-
ing commercial sponges with PDA/Fe;O4
nanoparticles and then used them to remove under-
water oil via a remotely controlled external magnetic
field [32]. Boukherroub et al. modified polyurethane
sponge with Fe;O, and high-density polyethylene
and used it to separate an oil and water mixture, as
well as demulsification [33]. Zhan et al. designed a
new type of magnetically driven three-dimensional
superhydrophobic carbon fiber material for continu-
ous oil/water separation in harsh environments [34].
Shi et al. prepared a magnetic superhydrophobic
porous materials through Fe;O, nanoparticles,
dopamine and fluorine-containing siloxane modified
polyurethane sponge [35]. Although many successes
have been achieved, constructing magnetic SSs with
continuous oil collection, remote oil removal in con-
fined spaces under magnetic driven, separation of
oil/water emulsions, and good oil absorption capac-
ity with robust stability, is still a challenging to be
realized.
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Herein, we report a simple and environmentally
friendly approach to prepare aforementioned multi-
functional magnetic and superhydrophobic sponge
via high internal phase emulsion (HIPE) method, in
which Fe;O4 nanoparticles were decorated with
polystyrene (PS) sponge. The addition of Fe;O4
nanoparticles not only imparted a magnetic response
to the material, but also beneficial for enhanced
hydrophobicity (water contact angle is as high as
155°) for the formation of hierarchical micro-nanos-
tructures on the surface of PS sponges. Our Fe;O,/PS
composite sponge exhibited some unique properties:
(i) high water-repellence and good oleophilicity
(water/oil contact angles are 155° and 0°, respec-
tively); (ii) the function as a high-efficiency oil
absorbent with robust cycling stability; (iii) ability to
remove oil remotely under magnetic driven; (iv)
continuous oil collection; (v) the capacity to separate
surfactant stabilized oil/water emulsion; these out-
standing performances make our sponge is of great
importance for practical oily wastewater remediation.

Materials and methods
Materials and reagents

Styrene (St), divinylbenzene (DVB), glycidyl-
methacrylate (GMA), Span80, azobisisobutyronitrile
(AIBN), iron(IlI) chloride hexahyrate (FeCl;e6H,0),
sodium acetate (NaAc), toluene, ethylene glycol (EG),
and absolute ethanol were all purchased from
Chengdu Kelong Chemical Reagent Factory. Poly-
ethyleneimine (PEI, branched, M, = 70,000, 50%
aqueous solution) was purchased from Innochem
Technology Co., Ltd., Beijing. Deionized water was
used throughout the experiments. All chemicals were
of reagent grade and wused without further
purification.

Synthesis of amine-functionalized Fe;O4
nanoparticles (Fe;O4-PEI)

Amine-functionalized Fe;O4 nanoparticles were syn-
thesized by a solvothermal method [36]. In a typical
approach, FeCl;e6H,0 (13.5 g) was first dissolved in
150 mL EG by mechanical stirring to form a trans-
parent solution. Then, NaAc (12.0 g) was added to
the FeCl; solution to form uniformly dispersed
solution. Finally, PEI (6.0 g) was added in and stirred
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vigorously until dissolved. The above mixture was
stirred vigorously at room temperature for 0.5 h and
then transferred to a Teflon-lined stainless steel
autoclave and reacted at 200 °C for 8 h. The black
product (Fe;O4,-PEI) was washed with deionized
water and absolute ethanol and collected by an
external magnetic field.

Preparation and polymerization of high
internal phase emulsions (HIPE)

During the HIPE synthesis, Span 80 (0.15 g), AIBN
(0.05 g) initiator, and Fe;O4-PEI nanoparticles (0.05 g)
were ultrasonically dispersed in an oil phase con-
sisting of St (0.15 g), GMA (0.1 g), and DVB (0.25 g).
Deionized water was gradually added to the above
mixture. After adding 2 mL of water each time, the
system was vigorously shaken by hand until a sticky
and uniform HIPE was formed. The as-prepared
HIPE was put in a convection oven, and the organic
monomers were polymerized at 65 °C for 8 h. The
obtained grey monolith was soaked in absolute
ethanol to remove residual surfactant and monomers
and then dried in a convection oven at 50 °C for 10 h.
Finally, a magnetic superhydrophobic polystyrene-
based porous material containing 10 wt% Fe;O,-PEI
was obtained and labeled as MSPS_j¢,. The samples
of MSPS.5¢, and MSPS. 54, were prepared via the
same route. The monolith prepared without Fe;O4-
PEI nanoparticles was labeled as a hydrophobic
polystyrene-based porous material (HPS). The

Scheme 1 Schematic
illustration of the fabrication of
the superhydrophobic and
magnetic PS/Fe;0, sponge.

St+DVB+GMA

production process of the hierarchical skeleton is
schematically illustrated in Scheme 1.

Characterization

The surface morphology of Fe;O,-PEI nanoparticles
and the monolith were characterized by scanning
electron microscopy (SEM, JEOL JSM-5009LV) at an
accelerating voltage of 20.0 kV. The elemental com-
position of samples was characterized by energy-
dispersive spectroscopy (EDS) accompanied by SEM.
Transmission electron microscopy (TEM) images
were obtained by a JEOL JEM-2100 F transmission
electron microscope (JEOL, Tokyo, Japan). Fourier-
transform infrared spectroscopy (FTIR, Nicolet 6700,
Thermo Fisher Scientific, USA) was used to deter-
mine the chemical composition of the materials, and
the absorption spectra were recorded from 500 cm ™"
to 4000 cm™'. X-ray diffraction (XRD) analysis was
performed using a DX-2700 diffractometer with Cu
Ko radiation. An automatic mercury porosimeter
(AutoPore IV 9500) was used to test the density,
porosity and pore size distribution of porous mate-
rials. Karl Fischer moisture tester (Mettler V10S) was
utilized to test the water content in the liquid before
and after the separation of the oil/water emulsion.

Surface wettability measurements
Water contact angles (WCA) and oil contact angles

(OCA) of the monolith surface in the air were mea-
sured using a contact angle goniometer (OCA 25,

Polymerization

Drying

* Fe304-PEI
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Data physics Instruments GmbH, Germany) using 3
puL deionized and petroleum ether droplets at five
different locations on each sample.

Ability to remove oil remotely
under magnetic driven

To broaden the range of superhydrophobic sponge,
Fe;04-PEI nanoparticles were decorated with poly-
styrene sponge. The MSPS_1y4 can be pushed and
accurately guided by magnetic force to follow a
predetermined path to the contaminated site.

Continuous oil collection tests

For continuous collection of floating oil in situ from
seawater, a simple oil collection apparatus was uti-
lized to measure the oil/water separation ability of
MSPS ¢4, at the dynamic state during pumping.

The saturated oil absorption capacity

To investigate the saturated oil absorption capacity of
the materials, a variety of organic solvents and oils
were used, and the results can be described by for-
mula 1:

- M, - M,

A
C M,

where Ac (g/g) is the saturated oil absorption
capacity of the material, and M, and M, are the mass
of the materials after and before reaching saturated
oil absorption, respectively.

The oil/water mixture separation efficiency

The oil/water mixture separation efficiency was cal-
culated using this formula 2 [19]:

Mg
V=—

my

x 100%

Herein, my, and m, were the mass of water before

and after separation, respectively.

Separation of surfactant-stabilized
emulsions

To simulate the real stable emulsions in practical
application, three kinds of surfactant-stabilized
water-in-oil (W/O) emulsions were prepared. The
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water-in-petroleum ether emulsion was marked as
SSE-1, SSE-2 for the water-in-toluene emulsion and
SSE-3 for the water-in-chloroform emulsion, respec-
tively, the mentioned emulsions were prepared by
mixing oil and water (Voi: Viyater = 99:1) with 5 g/L
Span 80 surfactant and stirring for 3 h.

The separation efficiency (E) of the emulsion can be
determined by calculations using the following for-
mula 3 [37]:

E = (I-8) x 100%

Herein, Cy and C; refer to the water content in the
original W/O emulsion and the separated liquid,
respectively. Water content in the separated filtrate
was analyzed by the Karl Fischer analyzer.

Results and discussion
The morphology of the Fe;O4-PEI particles

SEM has been used to characterize the as-prepared
Fe;04-PEI nanoparticles as shown in Fig. 1a, b with
low and high magnifications, respectively, indicating
the spherical shape of the nanoparticles and the
average diameter is about 350 & 20 nm. The crystal
structure of Fe;O4-PEI nanoparticles has been char-
acterized by XRD (ESI; Fig. S1). Five typical diffrac-
tion peaks of (220), (311), (400), (511), and (440) planes
towards cubic Fe;O4-PEI crystal structure have been
observed [38]. To confirm the existence of PEI, EDS
and FTIR have been combined to characterize the
Fe;04-PEI nanoparticles (ESI; Fig. S2 and Fig. S3). The
N elements from PEI could be detected clearly by
EDS. For the FTIR spectrum, the peak at 582 cm™' is
ascribed to the stretching vibration of Fe—O-Fe. The
peaks at 1042 (5 c.n) and 1632 cm ™" (§ n_p), 2920 and
2961 cm™' are according to the asymmetric and
symmetric stretching vibrations of -CH,- in PEI
[36, 39], respectively. Figure 1c, d display the TEM
images of the as-prepared Fe;O,-PEI nanoparticles,
confirming the thickness of PEI coating layer is about
4 nm. EDS, FTIR and TEM confirm the existence of
PEI on the outer surface of Fe;O, nanoparticles.

Morphologies of Fe;04/PS composited
sponges

SEM has been used to characterize the morphologies
of Fe;04/PS composited sponges with various Fe;O4-
PEI nanoparticles loading as shown in Fig. 2. As for
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Figure 1 SEM images (a and
b) and TEM images (c and
d) of Fe;04-PEI nanoparticles.

pristine PS sponge, high porosity with three-dimen-
sional interconnected network structure could be
observed (Fig. 2al-a3). The pore size of PS sponge
was about 25 £ 3 pm. As the loading content of
Fe;04-PEI nanoparticles was 5 wt%, the porosity was
not changed (Fig. 2b1, b2). Fe;O4-PEI nanoparticles
could be detected on the outer surface of PS sponge
(Fig. 3b), forming the hierarchical structures on the
outer surface and benefiting for enhanced superhy-
drophobicity. Further enhance the loading content to
10 wt%, more Fe;O4-PEI nanoparticles could be
detected on the outer surface of sponge (Fig. 2c1-c3).
As the loading content was as high as 15 wt%, some
of pores, formed in the skeleton, could be detected for
the serious agglomeration of Fe;O4-PEI nanoparticles
(Fig. 2d1-d3) [40, 41], which deteriorated the perfor-
mances of composite sponge. The continuity of
molecular chain was broken by excessive solid
nanoparticles, without polymerization of monomer
molecules around nanoparticles, thus forming win-
dows in the skeleton [42]. The test of pore size dis-
tribution through the automatic mercury porosimeter
and the result is shown in Fig. 54. With the content
increase of Fe;O4 nanoparticles, the pore size distri-
bution becomes narrower. Nanoparticles promote the
stability of the system, thereby reducing the merging
of small droplets into one large droplet [41, 43].
Thanks to the combined structure of large pores and
small pores, the large pores can realize the rapid
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absorption oil through capillary force, and the small
pores can realize the separation of oil/water emul-
sion through the “size screening effect” [37, 44].
Therefore, the as-prepared sponges are expected to
be used for the separation of oil/water emulsions. In
addition, as the increasing of Fe;O, nanoparticles
content, the density gradually increases but the
porosity is similar (ESI; Table S1). It was found that
the experimental density was higher than the theo-
retical value and the experimental porosity was lower
than the theoretical value, may be due to the presence
of closed cells inside the sample [31].

The decoration of Fe;O4-PEI nanoparticles
throughout the PS sponge could be attributed to the
strong interactions between PEI and PS as proven by
FTIR spectrum (ESI; Fig. S3). The weaken absorption
peak at 839 and 907 cm™' in the meantime the
enhanced absorption peak at 3435 cm ™', confirmed
the reaction of the primary amine of Fe;O,-PEI with
the epoxy group on GMA via a ring-opening reaction
[45]. Upon increasing the nanoparticle content, the
water contact angle gradually increased. The water
contact angle (WCA) of HPS was only 145.5°, but the
WCA of MSPS.g4 reached 155°. Increasing the
nanoparticle content further increase the roughness,
which increased the water contact angle. Upon fur-
ther increasing the Fe;O4-PEI nanoparticles content,
the degree of agglomeration of nanoparticles
increased, which was unfavorable for the
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100 pm

1 pm

Figure 2 SEM images of (al, a2 and a3) HPS, (b1, b2 and b3) MSPS_ss, (c1, c2 and ¢3) MSPS_jge,, and (d1, d2 and d3) MSPS_;se.

construction of micro-nanostructures,  which
decreased the water contact angle (ESI; Fig. S5). Thus,
Fe;04/PS  composited sponge with Fe;O4-PEI
nanoparticles loading content of 10 wt% has been
chosen for the following characterizations.

The superhydrophobicity and oleophilicity
of MSPS-l()%

The surface wettability of the MSPS.p4 has been
characterized by measuring the water/oil contact
angles (W/OCA) on the surface (Fig. 3a). It can be
found that the WCA was 155 + 0.2° and OCA was
O°confirming the surface superhydrophobicity and
oleophilicity. To clearly exhibit such wettability, two
water droplets (dyed with blue water-based ink) and
petroleum ether (dyed with oil red O) were dropped
onto the surface of MSPS_ iy, in which the water
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drops could maintain their spherical shapes, while
petroleum ether drops were quickly absorbed. Fig-
ure 3b shows the dynamic water adhesion of MSPS.
10%- Under an external force, the water droplet con-
tacted the MSPS_y¢, surface for one minute; however,
when the needle tip was moved upward, water
droplet left the surface of the material. In addition,
when a water droplet fell on the surface of MSPS 199,
with a slope of 7°, the water droplet would bounce
and rolled on it (Fig. 3c). To prove the uniformity of
the whole sponge, three steps were cut within a
monolith and the hydrophobicity of each surface has
been also measured (Fig. 3d). It could be found that
all the water drops (colored by red or blue water-
based ink) could maintain their spherical shapes,
directly confirming the uniformity of the whole
sponge. Given the high porosity, our MSPS_;y, also
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Figure 3 a Photograph of water droplets and petroleum ether
dropped on MSPS_;¢o,, b Dynamic water adhesion of MSPS_¢e,
¢ The droplet dynamics were captured by high-speed video
recording at 500 frames per second, d Photograph of water

displayed ultra-low density (Fig. 3e), which holds
great potential for working as high-efficiency oil
absorb agent. Figure 3f and Video S1 show that
MSPS.1p9, remains hydrophobic even after oil
absorption reached saturation. Organics that cause oil
pollution include light oils, as well as heavy oils
deposited underwater [46]. When the density of a few
oil contaminants is heavier than water, chloroform
was concentrated underneath the water. MSPS_1(q,
could be utilized to absorb chloroform underwater;
therefore, external forces were used to cause MSPS.

)

343

(e)

droplets standing on the steps, € MSPS ¢, standing on a stamen.
f Hydrophobic properties of MSPS_jg, in petroleum ether,
g MSPS (s, absorbed chloroform underwater.

109 to contact chloroform. Chloroform was absorbed,
and air bubbles were generated on the surface of
MSPS_1p4, (Fig. 3g). When there was no oil absorbed
in water, air bubbles were not generated on the sur-
face, as shown in Video S2. The reason for this phe-
nomenon is that the interior volume of the MSPS_¢,
was occupied by chloroform, causing the air stored
inside it to be discharged. This phenomenon showed
that the surface of MSPS_ g4 is in a Cassie-Baxter
state, which indicated the excellent water repellency
of MSPS_10%.
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Oil absorption capacity and cycle stability
of MSPS_lO%

Various organic solvents and oils were used to study
the saturated oil absorption capacity of MSPS 1g,. In
these tests, MSPS_yq, was immersed in various
organic solvents and oils until it reached oil absorp-
tion saturation, and then weighted to give the weight-
based absorption capacity (weight (in gram) of sol-
vent or oil absorbed with per gram of MSPS 4%).
MSPS 494, displayed different oil absorption capabil-
ities toward various organic solvents and oils. The oil
absorption capacity of MSPS g4 toward petroleum
ether, toluene, crude oil, acetone and chloroform
were 27.8, 35.2, 344, 39.4, and 75.3 g/g, respectively
(Fig. 4a), which was affected by the viscosity and
density of the organic solvents or oils [47]. When the
MSPS 194, contacted with organic solvent or oil, the
oil penetrates into the material by capillary force.
Then, the oil replaces the air volume in the material.
Therefore, the greater the density of the oil, the
greater the mass of oil absorbed, and the greater the
absorption capacity. When MSPS g4 contacted the
oil/water mixtures, the organic solvents or oils were
drawn into the interior of the porous material due to

J Mater Sci (2022) 57:336-350

capillary forces and low surface energy. Furthermore,
on account of the opposite wettability for water and
oil, the as-prepared MSPS 144, was utilized to achieve
the separation of immiscible oil/water mixtures.
Figure 4b shows that the separating device was
assembled, which MSPS_;4¢, was cut into round slices
and seamlessly fixed in a conical funnel, and then an
immiscible oil/water mixture was poured into the
funnel. The oil flowed quickly through the MSPS (s,
into the beaker, but the water was blocked in the
funnel due to the opposite wettability of MSPS_j¢q.
Figure 4a shows that the separation efficiency of
MSPS_;¢q, exceeded 99.5% for various immiscible oil—-
water mixtures. In addition, the absorption capacity
and separation efficiency of pristine HPS and the
result is shown in Fig. S6. Compared with MSPS 1o,
the absorption capacity of HPS increased slightly,
may be due to the density of HPS was lower than that
of MSPS_144; the separation efficiency of HPS reduced
and due to the hydrophobic performance decreases.

The recycle stability of MSPS_14, is a key factor for
its practical oil/water separation applications. Pet-
roleum ether was selected as the target to evaluate
the repetitive oil absorption capacity of MSPS_yq,. In
the cycle tests, MSPS_1o¢, was placed into an oil/ water

” =2

Absorption capabilities(g/g)

Separation efficiency (%)

Centrifugation
MSPS g,

Cotton

Holder

Figure 4 a Separation efficiency of MSPS (s, for immiscible oil/
water mixtures and the absorption capacity of MSPS_ o, for
various oils after reaching saturation. b Photographs of the oil/
water separation process: a piece of MSPS._j¢o, fixed in a conical
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funnel to separate a mixture of chloroform (50 mL, dyed with oil
red O) and water (50 mL, dyed with blue water-based ink).
¢ Absorption-centrifugation recycling of MSPS_jo,. d Recycle
stability of MSPS_;¢o, for petroleum ether.
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Figure 5 a Remote oil removal in confined spaces under magnetic driven. b Clean-up of two Petroleum ether droplets from water

following predesigned routes using a magnetically guided MSPS_jgo,. ¢ Cleaning of chloroform from water via magnetic control.

mixture until saturated oil absorption was reached.
Then, the grey monolith was removed and weighed.
MSPS_1p4, was then put into a centrifuge tube with a
holder and centrifuged at 2000 rpm for 2 min. The
grey monolith was weighed to investigate residual oil
after centrifugation (Fig. 4c). The regenerated MSPS.
10% was used for oil absorption tests in the next cycle.
Although the oil absorption performance of MSPS 194,
was slightly lower than the original, it still displayed
a large oil absorption capacity. The main reason for
the slight reduction in its oil absorption was because
a small amount (approximately 8%) of petroleum
ether in MSPS 144, had not been completely removed
by centrifugation (Fig. 4d). This shows that MSPS 194,
had stable recycle stability and can be used for
practical oil/water separation.

Figure 6 a The maximum
intrusion pressure of water. a
b Schematic of the device for
the continuous collection of
floating oil. ¢ Photographs of
the continuous collection of
oil.

Ability to remove remote 0il under magnetic
driven

It is necessary to remotely control the removal of oil
from oily wastewater under dangerous or severe
conditions. When an oil/water mixture existed in a
complex and confined pipeline, MSPS 4, was con-
trolled to absorb oil via an external magnetic field
(Fig. 5a and Video S3). The sponge was accurately
and rapidly guided to the petroleum ether droplets
by controlling the direction of the magnetic field.
Reaching the oil droplets, the oil was immediately
absorbed by the sponge. After cleaning an oil droplet,
MSPS_1pq, was directly guided to the next pollution
point for operation (Fig. 5b and Video S4). To prove
the precise control and wide applicability of MSPS.
109 to absorb oil, MSPS_ o4 was utilized to clean
chloroform according to predesigned routes (Fig. 5c
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Figure 7 a Photograph of Span80-stabilized W/O emulsion
separated using MSPS_jq,. b, ¢ and d Optical micrograph of
Span80-stabilized emulsion. e, f and g Digital photographs of
emulsion and filtrate. h, i and j Optical micrograph of filtrate.

and Video S5). Excellent oil absorption capacity and
magnetic response characteristics broaden the appli-
cation range of MSPS j¢q,.

Continuous oil absorption of MSPS 4,

To be applied for the continuous collection of floating
oil, the maximum intrusion pressure of MSPS_;44, was
investigated. The maximum intrusion pressure was
measured by pouring water onto the foam to mea-
sure the maximum height (H .. (Fig. 6a). The
intrusion pressure (P) was calculated by the follow-
ing formula2 [48]:
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'mmm

e ="y Y

k separating efficiency for three W/O emulsions. L Digital
photographs of SSE-1 and filtrate with MSPS_o, after five oil/
water emulsion separation/ethanol cleaning cycles.

P = ngmax

where p and g are the density of water and the
acceleration of gravity, respectively. The calculated
intrusion pressure was about 2 kPa.

According to the method proposed by Ge et al.
[49], to continuously collect floating oil in situ from
seawater, the dynamic oil/water separation ability of
MSPS 44, during pumping was characterized with a
simple trapping device. MSPS 444, grey monolith was
connected to a tube and placed on the surface of the
oil/water mixture, and the other end of this tube was
connected to a container with a pump (Fig. 6b). Since
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the porous MSPS o4 possesses the opposite wetta-
bility for water and oil, during continuous floating oil
collection, it quickly absorbed petroleum ether (dyed
with oil red O) and blocked water. Eventually, pet-
roleum ether was completely absorbed and trans-
ferred into the container (Fig. 6c and Video S6). This
continuous floating oil collection device can poten-
tially be used in situ for the emergency treatment of
oil spills in offshore oil fields.

Oil/water emulsion separation

Compared with immiscible oil/water mixtures, it is
much more difficult to separate oil/water emulsions.
In this work, three stable water-in-oil emulsion were
prepared with Span80 to simulate the separation oil/
water emulsions (Fig. 7a). There were numerous
droplets in the milky white water-in-oil emulsion
(Fig. 7 b, ¢, d), but a transparent oil phase was
obtained after separation (Fig.7 e, f and g). An
optical microscope image of the collected filtrate in
Fig. 7h, i and j showed that no droplets were
observed throughout the image. The separation effi-
ciencies of the three surfactant-stabilized water-in-oil
emulsions are 92%, 85%, and 86%, respectively
(Fig. 7k). In addition, after simple ethanol washing to
remove the surfactant attached to the framework,
MSPS 4y, still has good oil/water emulsion separa-
tion performance (Fig. 71) even after five oil/water
emulsion separation/ethanol cleaning cycles [37].

Conclusions

In summary, we have developed a superhydrophobic
and magnetic sponge for multi-functional oily
wastewater remediation by simply decorating Fe;O4
nanoparticles onto a PS sponge substrate. The sponge
exhibited a high oil absorption capacity (75 g/g
against chloroform) and robust recycling capacity
(92% recovery after 10 cycles). The sponge could also
be used for continuous oil collection. Interestingly,
compared with previous superhydrophobic sponges
used for oil/water mixture separation, our sponge
could also separate oil/water emulsions by simple
filtration under gravity. Given the magnetic proper-
ties of Fe3Oy o0il removal underwater or at some
special locations has been also realized. These out-
standing functions greatly expand the applications of
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