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O
il and fuel spills released during
industrial accidents or oil tankers
and ships sinking are catastrophic

for the marine and aquatic ecosystems. To
avoid such environmental disasters, im-
mediate polluted water purification and
long-term water preservation are essential.
These issues have inspired the recent sci-
entific research in the field of materials
science, with numerous studies aiming at
the development of new materials for
“water�oil separation”.1�6 The large-scale
application of this research area points to-
ward highly efficient but, at the same time,
low-cost systems. A common approach of
the previous studies is the combined con-
trol of the chemical and structural proper-
ties of the developed materials in order to
exhibit simultaneous superhydrophobicity
and superoleophilicity.
So far, superhydrophobic and superoleo-

philicmeshes,2,5�8
films,9 ormembranes10�13

have been used as filters that allow oil to
penetrate through them and keep water on
their surfaces. Although they can separate
oil contaminants fromwater efficiently, they
cannot be applied in the place of the oil
spills because the polluted water should be
first collected and then be filtered. Alterna-
tively, there are fabricated materials that
can selectively absorb oil contaminants
from a water�oil interface, with the major-
ity of them presenting various drawbacks
which limit their mass applicability. In parti-
cular, recent studies present highly hydro-
phobic and oleophilic magnetic spheres,
which can be placed on the polluted water
zone and subsequently be removed by
means of an external magnetic field
(MF).14,15 While these studies have themerit
of introducing the magnetic actuation, the
large quantities of microspheres needed
for purification of extensively polluted
areas prohibit their large-scale application.

In addition, recently developed carbon
foam systems, although they present high
absorption efficiency, are fabricated using
expensive materials and sophisticated
procedures,16 limiting theirmass production.
A simpler approach is the fabrication of
polymeric or nanocomposite foams, as pre-
sented in various recent studies.17�19 How-
ever, in somecases, thewetting properties of
the systems are either not characterized17,18

or they do not show the desirable super-
hydrophobicity and superoleophilicity,19 re-
sulting in low separation efficiency.
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ABSTRACT In this study, we present

a novel composite material based on

commercially available polyurethane

foams functionalized with colloidal super-

paramagnetic iron oxide nanoparticles

and submicrometer polytetrafluoroethy-

lene particles, which can efficiently se-

parate oil from water. Untreated foam

surfaces are inherently hydrophobic and

oleophobic, but they can be rendered

water-repellent and oil-absorbing by a solvent-free, electrostatic polytetrafluoroethylene

particle deposition technique. It was found that combined functionalization of the polytetra-

fluoroethylene-treated foam surfaces with colloidal iron oxide nanoparticles significantly

increases the speed of oil absorption. Detailed microscopic and wettability studies reveal that

the combined effects of the surface morphology and of the chemistry of the functionalized

foams greatly affect the oil-absorption dynamics. In particular, nanoparticle capping molecules

are found to play a major role in this mechanism. In addition to the water-repellent and oil-

absorbing capabilities, the functionalized foams exhibit also magnetic responsivity. Finally,

due to their light weight, they float easily on water. Hence, by simply moving them around oil-

polluted waters using a magnet, they can absorb the floating oil from the polluted regions,

thereby purifying the water underneath. This low-cost process can easily be scaled up to clean

large-area oil spills in water.

KEYWORDS: colloidal nanoparticles . foams . magnetic actuation .
superhydrophobic . superoleophilic
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RESULTS AND DISCUSSION

Here, we obtain a compositemagneticmaterial, with
highly efficient oil/water separation capability, using a
facile and easily scalable fabrication technique based
on inexpensive materials. The starting material is com-
mercially available polyurethane (PU) foam, which is
widely used for various everyday life applications such
as packaging, furniture construction, etc. The surfaces
of the PU foams are modified by submicrometer poly-
tetrafluoroethylene (PTFE) particles and colloidal
superparamagnetic iron oxide nanoparticles (NPs)
(Supporting Information, Figure S1 and Figure S2),
the latter covering all the reticulated network of the
cells inside the volume of the foams. The unmodified
foams exhibit inherent hydro- and oleophobicity,
whereas when they get modified, they become super-
hydrophobic, superoleophilic, and magnetic, exhibiting
water-repellent, oil-absorbing, and magnetically respon-
sive behavior. Most specifically, the PTFE coating on the
foams' surfaces, generated by triboelectric particle
deposition,20 renders the foams self-cleaning21�23 and
oil-absorbing. The combination of PTFE particles with
colloidal magnetic NPs as foams' coating and the simul-
taneous loading of the foams with the NPs result in a
remarkable increase in the rate of oil absorption. Finally,
the imparted magnetic response, due to the superpar-
amagnetic NPs, enables the foams to be magnetically
actuated. Such multifunctional foams can easily float on
water and be driven by a weak MF to target specific oil-
polluted water zones. Given that the PU foam is readily
available and that, as we demonstrate next, the NPs can
be easily recycled and reused, the proposed application
can be scaled up for fast and selective cleanup of large
areas of oil spills or for industrial water purification.

The triboelectric PTFE particle deposition is achieved
by spreading on the foam's surface PTFE powder,
roughly of the same weight as the one of the foam,
using a metallic palette, and subsequently rubbing it
with the palette against the foam's surface several
times. The introduction of oleic acid (OLAC)-capped
spherical superparamagnetic iron oxide NPs is done by
gently placing the PU foam on a glass substrate where
an amount of toluene-based NP solution, contain-
ing 12% of iron oxide with respect to the weight of
the bare foam, had previously been casted. The casted
solution is totally absorbed by the foam transferring
the NPs throughout the entire thickness of the reticu-
lated network of the foam's pores by capillary action.
The dimensions of the used foams reassure that the
NPs evenly cover the surface of the foams' pores
throughout their volume. Many recent studies are
focusing on the functional properties that polymer
matrices gain after the incorporation in their bulk with
magnetic NPs.24�26 In these studies, the nanoinclu-
sions were well bound into the polymer, whereas in
the present case, the deposited NPs interact with the
foams only with weak attractive surface forces. These
forces are strong enough to keep the NPs fixed in the
foams during the oil-absorption and oil�water separa-
tion experiments but weak enough to allow the NPs'
removal and recycle after their use as will be described
later. On the other hand, the PTFE particle addition
onto the foams' surfaces done by contact electrifica-
tion upon rubbing is forming a stable coating since
PTFEwhen charged triboelectrically can acquire strong
electrostatic forces.20 Four different types of modified
samples were prepared: PU/PTFE, PU/PTFE/NPs,
PU/NPs, and PU/NPs/PTFE, with the sequence of the
writing of the different components denoting the

Figure 1. SEM images of (a) PU foam, (b) PU/NPs, (c) PU/PTFE, (d) PU/NPs/PTFE, (e) PU/PTFE/NPs. Insets show higher
magnification images. (f)WCA (black squares), water hysteresis (red circles), and (g) OARmeasurements, performedon all five
samples.
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sequence of the application of the respective additives
to the pure PU foams.
In Figure 1a�e, the surface morphology of the foam

samples modified using combinations of PTFE and
colloidal magnetic NP solution is shown. The dimen-
sions of the pores of all the used foams are on the order
of a few hundreds of micrometers (Supporting Infor-
mation, Figure S3), which match with the sizes of
recently developed functional meshes for water�oil
separation.2,5

The pristine PU foam in Figure 1a shows the smooth-
est surface in comparison with the treated samples,
which show increased roughness due to the applied
surface modifications. In particular, the surface of the
PU/NPs samples (Figure 1b) appears like a crystalline
homogeneous layer, while at higher magnification,
detailed nanoscale roughness features become visible.
The PU/PTFE and PU/NPs/PTFE samples (Figure 1c,d)
present aggregated structures on their surface due to
agglomerates of PTFE particles, whereas these agglom-
erates seem to be covered by colloidal NPs in the PU/
PTFE/NPs samples (Figure 1e). The PTFE agglomerates
form both micrometer and submicrometer surface
roughness features. When the NPs are deposited over
the PTFE coating, the presence of hierarchical rough-
ness features at the micrometer, submicrometer, and
nanometer scale becomes visible (Figure 1e).
This difference in the surface morphology and

chemistry is reflected in the wetting properties of the
samples when in contact with water. Specifically, ap-
parent water contact angle (WCA) and WCA hysteresis
measurements are shown in Figure 1f. The addition of
NPs to the pristine PU foams increases their surface
hydrophobicity, and this can be attributed to the
induced roughness by the hydrophobic colloidal NPs
(WCA on flat NP layers: 101.17( 2.77�). However, water
drops strongly adhere on their surfaces like in the case
of the untreated PU foams. The hydrophobic character
of the system remarkably increases in the PU/PTFE and
PU/NPs/PTFE samples, where PTFE particles are depos-
ited as the outer layer, rendering them superhydro-
phobic and self-cleaning, with WCAs greater than
160� and hysteresis 7.23 ( 2.31 and 5.53 ( 2.21�,
respectively. It is well-known that PTFE is a hydro-
phobic polymer, which can become self-cleaning
if some roughness is introduced in its surface mor-
phology.2,3,22,23,27 In agreement with these findings,
the previously shown formation of surface features
both at the micrometer and submicrometer scale after
PTFE application contributes to the achievement of
self-cleaning foam surfaces. Finally, the PU/PTFE/NPs
samples are also found to be superhydrophobic, but
with diminished self-cleaning character, since the hys-
teresis is higher compared to that of the PU/PTFE and
PU/NPs/PTFE samples. This result is in perfect agree-
ment with a recent publication by Teisala et al.28 on
superhydrophobic surfaces with hierarchical roughness,

which demonstrates that when nanoroughness is intro-
duced water adheres to the surface by penetrating into
the nanofeatures.
When instead the foams get modified by magnetic

NP solutions with excess free OLAC (f-OLAC), they lose
their superhydrophobic character, with the only sam-
ples that retain this property being the ones with the
exposed PTFE particles. The change in the surface
chemistry of the foams due to excess f-OLAC causes
both a decrease of WCA and a significant increase of
theWCA hysteresis. The role of f-OLAC in the change of
the surface properties clearly indicates that when
colloidal nanoparticles are used for the modification
of the foams the amount of their free capping mol-
ecules should be minimized. An analytical discus-
sion on this effect is presented in the Supporting
Information.
Oil-wetting properties of the foams were investi-

gated next, by analyzing the behavior of oil drops
placed on their surfaces (Figure 1g). The pure PU foams
reveal a slightly oleophobic character, with an oil
contact angle (OCA) of 86.26 ( 8.72�. On the contrary,
all of themodified foams demonstrate an oil-absorbing
character, as the drops deposited on them are rapidly
absorbed. This is attributed to the oleophilic character
of both the PTFE polymer2,3 and the colloidal NPs that
drive oil into the foam. Indeed, the OCA of pure NP film
was 24.41 ( 2.19�. Figure 1g demonstrates a progres-
sive enhancement in the oil-absorption rate (OAR) of
the PU/NPs, PU/PTFE, PU/NPs/PTFE, and PU/PTFE/NPs
samples, in the specific order, with the last one being
more than 12 times faster than the first one.
Although the PU/PTFE/NPs samples show a super-

hydrophobic character and the highest OAR, possibly
due to the additional nanoroughness introduced by
exposed NPs (which can increase the oleophilic char-
acter of the system),1,9,29 their surface cannot be
properly defined as self-cleaning, due to its fairly high
WCA hysteresis (10.03 ( 2.45�). On the contrary, the
PU/NPs/PTFE samples, although characterized by a
lower OAR, are superhydrophobic with very low hys-
teresis and can be considered more suitable for clean-
ing water from oil contaminants since they are ex-
pected tomove withminimum resistance on the water
interface under the application of an external MF.
Examples demonstrating the suitability of PU/NPs/
PTFE samples for water/oil separation, due to their
extreme water repellency and efficient oil absorbance,
are shown in Figure 2a,b.
Figure 2a shows that an impacting water column

ejected from a pipet bounces off the sample, leaving it
completely dry. Moreover, when a mixed oil and water
drop is placed onto the foam's surface, the oil is rapidly
absorbed by the foam, leaving only clean water on its
surface (Figure 2b(1�4)). Since the surface energy of
the oil used in this study is 30 mN/m,30 close to this of
the exposed PTFE layer (∼18 mN/m31), the surface of
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the foam is spontaneously wetted by the oil. In con-
trast, water, due to its high surface tension 72mN/m,32

is strongly repelled by the modified foam's surface.
The submicrometer roughness of the exposed layer,
attributed to the dimensions of the PTFE particles,
enhances these properties, resulting into a super-
oleophilic and superhydrophobic surface.2 The oil is
subsequently driven through the porous surface of
the foam into its bulk, where its capillary flow is
further facilitated due to the oleophilic colloidal NPs
decorating the walls of the foam's pores. Since at the
same time water stays exclusively at the foam's
exterior, the modified foams successfully separate
oil from water.
The oil-absorption capacity c of the samples is given

by the ratio between the maximum absorbed oil
quantity into the foams' volume,mmax, and the foams'
mass,mf (c =mmax/mf). In order to define c for the PU/
NPs/PTFE foams, mineral oil drops were slowly depos-
ited on a foam sample placed in horizontal position
(Figure 2c). The foam absorbs all of the deposited oil up
to the quantity mmax, above which any additional
droplet penetrates through the foam's volume and
falls into a collecting pan underneath. Using this
method, the capacity was calculated to be c1 = 13.25 (
1.63, indicating that the maximum weight of oil that
the foam can absorb is more than 13 times its weight.
Besides their ideal wetting properties and high oil-

absorption capacity, the PU/NPs/PTFE foams can also
be magnetically actuated in order to be driven with
minimum friction onto polluted water zones by means
of a weak MF. In Figure 3a�e are shown photographs
of a modified foam floating over a water bath contain-
ing the maximum quantity of oil that the foam can
absorb, calculated as mentioned above (mmax =
13.25mf = 650 ( 0.1 mg).

The foam is moved by a weak MF, toward the oil-
polluted zone. Its weight change was measured at
different time intervals after it reaches the oil spill,
and as shown in Figure 3f, in about 6 s, the weight of
the foam increases, reaching almost its final value (m2 =
601 ( 0.1 mg). At this point, since the oil-absorption
capacity of the foam is not overcome, no evidence of
NPs is noticed on the water surface. The oil-absorption
capacity of the foam in this configuration (c2) is 92% of
the one measured with the configuration presented in
Figure 2c (c1). Anyhow, also in this “more realistic” case,
the amount of oil that the foam can absorb is more
than 12 times its weight (c2 = c1 � 0.92). It should be
mentioned that the measured capacity is similar also
when acidic, basic, or seawater are used. The compar-
isonwithother polymer-basedporous systems reported
for oil�water separation reveals that our system pre-
sents one of the highest oil-absorption capacities. In
fact, although the oil-absorption capacity of the pre-
sented foams is still lower compared to that of CNT
foams16 or polyelectrolyte gels,33 it is among thehighest
values reported for polymeric porous materials. To the
best of our knowledge, few studies calculated oil-
absorption capacities comparable to the one reported
here,10,34 whereas others found the weight of the
absorbed oil, of similar density as the one used herein,
to be 2.92,12 4,19 1.25,17 and 218 times higher than the
weight of their initial, drymaterial, all values well below
the one found herein.
As above-mentioned, after use, the NPs can be

removed from the oil-containing foams and recycled.
In fact, the NPs are detached from the foams' walls and
removed together with the absorbed oil after sonica-
tion in toluene for a few minutes. In this way, it is
possible to separate the NPs from the PU foams and
subsequently collect them using a magnet, in order to

Figure 2. (a) Prolonged water squirt on the PU/NPs/PTFE sample. (b1,2,3,4) Mixed oil (colored with blue dye) and water drop
are phase separated, and the oil is immediately absorbedwhilewater remains on the surface. The arrows in (b2) represent the
absorption of the oil. Time interval between frames b2 and b3 is less than 1 s. (c) Experimental setup used to determine the
foams' oil-absorption capacity. The sample is kept in horizontal position by twoneedles, and the excess of oil lost through the
foam is collected.
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be used again. The quantity of the extracted NPs, and
hence the NP extraction efficiency, depends on the
weight ratio between the polluted foam and the
solvent, toluene. The maximum amount of the NPs
that can be recycled is 80% of the initial quantity based
on elemental analysis measurements, and this was
obtained for a weight ratio, polluted foam/toluene, of
2/145. Part of the remaining 20% of NPs is retained in
the bulk of the foam, whereas some NPs can also get
lost during the magnetic collection.

CONCLUSIONS

In the present study, a new functional composite
material is developed and its water/oil separation
properties are demonstrated. In particular, commer-
cially available PU foams were functionalized by
means of OLAC-capped superparamagnetic iron oxide

NPs and PTFE particles. From our analysis, it can be
concluded that the samples obtained by depositing
first the NP solution and then PTFE particles are the
most effective in separating oil fromwater. In fact, such
functionalized foams present three important and
desirable features: water-repellency, fast oil absorp-
tion, andmagnetic actuation, attributed to both chem-
ical and morphological features. The fabrication
technique is simple and easy to be scaled up, while
the employedmaterials are inexpensive and some of
them can be recycled. Therefore, we propose the use
of the developed systems in the selective removal of
large oil spills from water by means of a magnetic
field that can drive the superparamagnetic, water-
repellent, and oil-absorbing foams from a distance
toward the polluted areas with minimal energy
consumption.

EXPERIMENTAL SECTION

Materials. The PU foam used as basic material for further
modification was donated by VITEC Inc. (U.K.). PTFE particles
(diameter 150�200 nm) and all solvents were purchased from
Sigma-Aldrich. Spherical NPs of spinel-cubic γ-Fe2O3/Fe3O4

were synthesized by a modified surfactant-assisted non-
aqueous synthetic approach.35,36 In brief, iron pentacarbonyl
(Fe(CO)5, Aldrich 97%) was decomposed in hot noncoordinat-
ing 1-octadecene solvent (ODE, Aldrich 90%) in the presence of
oleic acid (OLAC, Aldrich 90%), which has a double role (acting
as both oxygen source and as capping agent), at 320 �C under
nitrogen atmosphere for 3 h. Instead of introducing a mild
oxidizer in the high-temperature reaction step, the reaction
mixture was exposed to air at 120 �C and annealed for an
additional 2 h to allow oxidation to go to completion.37 For the
purpose of this work, monodispersed nearly spherical NPs of
10 ( 1 nm (see Figure S1 in Supporting Information) were

achieved by adjusting the concentration of the precursor
(0.25 M) and the surfactant-to-precursor molar ratio (4/1). After
allowing the crude reaction mixture to cool to room tempera-
ture, the NPs were precipitated by adding 2-propanol, washed
several times with acetone to remove precursor residuals and
unbound surfactants, and collected by centrifugation. Finally, the
precipitate was dissolved in a small amount of toluene. The NPs
mainly retain an oleate ligand cap bound to their surface, although
the presence of ODE cannot be excluded.24 In the present study,
two different solutions of colloidal NPs were used. The first one,
characterizedbya concentrationof 170.11mM(expressed in terms
of Fe2O3 molecular units), contained NPs that have been washed
four times, while the second one had a concentration of 75.69mM
and was prepared using NPs that have been washed only once, in
order to obtain solutions with different amounts of free (unbound)
OLAC and surface-bound oleate anions.

Modification of the Foams. Pieces of PU foams with dimensions
of 2.0 � 1.5 � 0.2 cm3 (length, width, thickness) were first

Figure 3. (a) Dye-colored oil on the surface of thewater in a Petri dish. (b,c) Subsequent removal of the oil by themagnetically
driven PU/NPs/PTFE sample. (d) Cleanedwater surface after the process. (e) Graph showing the variation of the weight of the
foam with time.

A
RTIC

LE



CALCAGNILE ET AL. VOL. 6 ’ NO. 6 ’ 5413–5419 ’ 2012

www.acsnano.org

5418

washed by dipping in isopropyl alcohol three times, 10 min
each time, and dried carefully under nitrogen flow. The deposi-
tion of PTFE particles exclusively on the surface of the foamswas
done by triboelectric charging. In particular, triboelectric PTFE
particle deposition was achieved by initially spreading a known
quantity of PTFE powder on the surfaces of the foams using a
metallic palette and subsequently rubbing the metal against
the foam surface several times. The deposition of magnetic NPs
was done by casting the toluene-based NP solutions onto a
glass substrate and then gently placing the thin PU foams on it.
TheNP solutionwas transferred throughout the entire thickness
of the reticulated network of the foams' pores by capillary
action. The dimensions of the used foams reassure that the
NPs evenly cover the surface of the foams' pores throughout
their volume.

Four different types of modified samples were prepared:
(1. PU/PTFE, 2. PU/PTFE/NPs, 3. PU/NPs, 4. PU/NPs/PTFE), with the
sequence of the writing of the different components denoting the
sequence of the application of the respective additives to the pure
PU foams. In particular, in the PU/PTFE samples, only PTFE particles
were applied onto the surface of the clean foam, at a relative
weightpercentageof about 100%with respect to theweightof the
foam; in the PU/PTFE/NPs samples, a toluene solution of colloidal
NPs was deposited over the previously deposited PTFE coating,
with the relative iron oxide weight percentage being ∼12% with
respect to theweightof the foam; in thePU/NPs samples, a toluene
solution of colloidal NPs was transferred to the as-received foam,
with a relative ironoxideweight percentageof 12%with respect to
the weight of the foam; and finally, in the PU/NPs/PTFE samples,
PTFE particles were transferred on the PU foam previously mod-
ified by magnetic NPs at a relative weight percentage of about
100%with respect to the weight of the pure foam. In the case that
PU samples were modified using the NP solution with excess free
OLAC molecules, we use the notation NPs* instead of NPs.

Characterization of the Colloidal NPs. Magnetic measurements
were performed on dried nanocrystal powder samples using a
SQUID magnetometer (Quantum Design). Zero-field-cooled
(ZFC) magnetization curves were measured by cooling samples
in a zeromagnetic field and then by increasing the temperature
in an applied field of 50 Oe. Field-cooled (FC) magnetization
curveswere recorded by cooling the samples in amagnetic field
of 50 Oe. Magnetization curves were measured by applying a
magnetic field up to 50 KOe. The results were normalized to
the iron oxide mass in the samples (Supporting Information,
Figure S2).

The amount of free OLAC/bound oleate in the two colloidal
NP solutions was determined by thermogravimetric analysis
(TGA), performed using a Mettler Toledo TGA/DSC1 STARe

System. Samples of 70 μL, corresponding to about 8 mg of
capped iron oxide, from the two different solutions were placed
in a platinum pan and analyzed under nitrogen atmosphere.
Theywere first subjected to a heat ramp from50 to 110 �Cwith a
rate of 10 �C/min, and to a final isothermal step for 30 min, in
order to evaporate the solvent. They were then heated from 50
to 600 �C through a temperature ramp of 5 �C/min and finally
subjected to an isothermal treatment at 600 �C for 60 min in
order to determine changes in weight related to changes in
temperature. The derivative of the weight loss curve was
calculated and used to check the inflection points, where the
weight losses were most apparent. Following this method, the
two NP solutions used were proven to have different OLAC
content due to variable degree of purification. Specifically, the
first class of NP solution contains 15.1 wt % of OLAC, while the
second one contains 77.5 wt % of OLAC with respect to the dry
weight of NPs (Figure S4 in Supporting Information).

Wetting Properties. Measurements of water and oil contact
angles (WCA and OCA, respectively), water contact angle
hysteresis, and oil-absorption rate (OAR) were carried out with
a KSVCAM200 (Kruss, Germany) contact angle goniometer.
Distilled water droplets of 1 μL and mineral oil droplets of
4 μL were used for measuring the WCA and OCA, respectively.
The average contact angle values with corresponding standard
deviations were reported for each sample based on 5�8 mea-
surements. For the measurement of the water contact angle
hysteresis, advancingand recedingcontact anglesweregenerated

maintaining the sample surfaces at a flat position by increasing
and decreasing drop volumes (from 4 to 7 μL and vice versa) at the
syringe tip.6 The difference was recorded as the hysteresis.

The OAR was calculated by recording the variation in time
(one frame every 33 ms) of the volume of oil droplets deposited
onto the surfaces of the samples.

Electron Microscopy Studies. The size and shape of the as-
synthesized colloidal iron oxide NPs was routinely checked by
transmission electron microscopy (TEM) using a JEOL JEM 1011
microscope operating at 100 kV. The samples were prepared by
dropping a few drops of a dilute NP solution onto 400-mesh
carbon-coated copper grids and allowing the solvent to eva-
porate. Scanning electron microscopy (SEM) images of the
samples were recorded using a FEI NOVA NANOSEM200 instru-
ment, in low-vacuum and high-resolution acquisition mode,
using a Helix detector. The applied voltage was between 5 and
18 kV, under pressure of 1.2 mbar.

Water�Oil Separation Experiment. The demonstration of the
feasibility of cleaning an oil-contaminated water surface by
means of the functionalized PU foam was carried out using
distilled water and mineral oil (Sigma-Aldrich, viscosity 35.7 cSt,
density 0.84 gr/mL) colored by Oil Blue 35 dye (Sigma-Aldrich).
The magnetic field of the permanent magnet at the operating
distance (3 cm) was measured by means of a gaussmeter (Hirst
Magnetic Instrumentation Ltd., G.B.) and resulted to be 38 mT.

Elemental Analysis. Determination of the concentration of
iron in the NP solutions and of the amount of NPs which can
be recycled after using the functionalized foam to collect
mineral oil pollutant from the water surface was carried out
by elemental analysis using an ICP-OES spectrometer (700
Series, Agilent Technologies).
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