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ABSTRACT: In this work, we report a nonaqueous one-step method to synthesize
polystyrene macroporous magnetic nanocomposites through high internal phase
emulsions (HIPEs) formulated with the deep eutectic solvent (DES) composed of
urea:choline chloride (U:ChCl, in a 2:1 molar ratio) as the internal phase and co-
stabilized with mixtures of Span 60 surfactant and non-functionalized magnetite
nanoparticles (Fe3O4 NPs). The porous structure and the magnetic and lipophilic
properties of the nanocomposite materials were easily tailored by varying the
amount of Fe3O4 NPs (0, 2, 5 and 10 wt %) and the surfactant Span 60 (0, 5, 10,
and 20 wt %) used in the precursor emulsion. The resultant nanocomposite
polyHIPEs exhibit high sorption capacity toward different oils (hexane, gasoline,
and vegetable oil) due to their high porosity, interconnectivity, and hydrophobic
surface. It was observed that the oil sorption capacity was improved when the
amount of surfactant decreased and Fe3O4 NPs increased in HIPE formulation.
Therefore, polyHIPE formulated with 5 and 10 wt % Span 60 and Fe3O4 NPs,
respectively, showed the highest oil sorption capacities of 4.151, 3.556, and 3.266 g g−1 for gasoline, hexane, and vegetable oil,
respectively. In addition, the magnetic monoliths were reused for more than ten sorption/desorption cycles without losing their oil
sorption capacity.

■ INTRODUCTION

Currently, oil spills are of great concern because they cause
serious damage to the environment and threaten human
health.1,2 Several methods have been reported to remove the
spilled oils from the ocean, including in situ combustion,3

chemical treatment,4 bioremediation with microorganisms or
biological agents,5,6 and mechanical treatment with oil−water
gelators or sorbents.7 Mechanical treatment using sorbents has
been recognized as a preferable method over others since it can
remove and recover the spilled oils with efficiency, ease, and
low cost.8−10 Therefore, the development and application of
oil sorbents have received considerable attention and
represented a current challenging task.
A wide variety of oil sorbents have been investigated, such as

inorganic materials (e.g., zeolites, silica, clays, etc.),11−13

natural materials (e.g., cotton, floss, wool, etc.),14,15 carbon
nanotubes,16−18 graphene,19,20 and porous polymers,21−24

among others. Among these materials, porous polymers
obtained through high internal phase emulsions (HIPEs)
have demonstrated high oil removal capacity and fast oil
sorption rates because they commonly possess an intercon-
nected macroporous structure and high pore volume; addi-

tionally, their porous surface can be modified for target
sorbates.23−26

HIPEs are characterized by an internal phase volume
exceeding 74% that is dispersed within a polymerizable
continuous phase. The structure of HIPEs consists of
polyhedral and polydisperse droplets separated by a thin film
of the continuous phase that can be polymerized to yield 3D
macroporous materials commonly known as polyHIPEs.27,28

The porous structure of these materials can be easily tailored
by modifying the concentration and type of surfactant, the
internal to continuous phase volume ratio, the cross-linked
concentration used in HIPE formulation,29,30 and the initiation
locus of HIPE polymerization.31−33 In addition to surfactants,
emulsions can be also stabilized with different types of particles
(ranging from micrometers to nanometers), which are known
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as Pickering HIPEs.34−38 The incorporation of particles can
increase emulsion stability due to particles’ tendency to adsorb
quasi-irreversibly to the oil−water interface, which avoids the
phenomena of coalescence and Ostwald ripening.39−43 After
HIPE polymerization, particles remain embedded onto the
porous surface of the resultant (nano)composite polyHIPE.
Thus, the use of particles in HIPE formulation not only can
replace or reduce the amount of surfactant but also is an
accessible method for surface porous functionalization.39,40 It
has been reported that nanocomposite materials with different
properties (e.g., mechanical,26,41,42 thermal,43 electrical,44

magnetic,38,45 lipophilic38,45) can be obtained by the inclusion
of nanoparticles. For instance, nanoparticles (NPs) of silicon
carbide,46 magnetite (Fe3O4),

47,48 carbon nanotubes,26 and
cellulose49 have allowed improvement of lipophilic properties
that enhance the oil absorption performance of different
nanocomposite polyHIPEs.
Some works50−54 have reported the inclusion of function-

alized Fe3O4 nanoparticles to obtain magnetic nanocomposite
polyHIPEs via Pickering emulsions. For example, Zhou et al.50

functionalized Fe3O4 nanoparticles by either carboxylic acid
(RCOOH) or silane coupling agents (RSi(OC2H5)3) to
increase their hydrophobicity in order to obtain stable
Pickering emulsions with polar oils. The droplet size and
conductivity of the W/O emulsions were weakly influenced by
the coating type, coating extent, and modifier alkyl chain
length. In addition, the average droplet size and the volume
fraction of stable emulsions increased with the increase in the
oil/water ratio. In another research, Fe3O4-cellulose nano-
crystals were used to stabilize O/W Pickering emulsions.51

Both pH and magnetite responses were investigated. Stable
emulsions were obtained at pH 3−6, and the magnetic test
showed that the emulsion droplet diameter influences the
magnetic response, and the motion of smaller droplets
diameter toward the magnet was much faster as compared to
the bigger ones.51 It should be noted that in these studies,
unmodified Fe3O4 NPs are unable to stabilize W/O Pickering
emulsions.50,51 Other works34,55,56 also reported that the
functionalization of nanoparticles can offer better results in the
stability of emulsions; however, there is a latent need to obtain
nanocomposite macroporous materials with bare nanoparticles
exposed onto their porous surface for different applications
including water treatment,26,45 tissue engineering,41,42 support
for chemical reactions,57 and electricity generation.44 There-
fore, there is a great interest to develop new techniques that
allow the integration of non-functionalized NPs via Pickering
emulsion to obtain nanocomposite polyHIPEs.
Recently, deep eutectic solvents (DESs) have emerged as

non-aqueous alternatives to the internal or continuous phase of
HIPEs.25,26,30,41,42,58,59 DESs are a new generation of green
solvents described as eutectic mixtures of ammonium salts
(acting as hydrogen-bond acceptors, HBAs) and non-ionic
hydrogen-bond donors (HBDs).60 HBA and HBD compo-
nents are capable of self-association, often through hydrogen
bonding interactions, to form eutectic systems with a melting
point lower than the individual components. In addition, DESs
are considered designer solvents because their properties (e.g.,
viscosity, solubility, biocompatibility, biodegradability, thermal
property, etc.) can be easily modified by choosing both the
nature and the ratio of their components.60 The formulation of
HIPEs using DES as the internal phase was first reported by
Carranza et al.61 These researchers formulated HIPEs using a
DES composed of urea (U) and choline chloride (ChCl) in a

2:1 molar ratio as the internal phase and different
methacrylates as the continuous phase. HIPEs were poly-
merized at low pressure due to the negligible volatility of the
DES, thus significantly expanding on the polymerization
conditions available for poly(HIPE) synthesis.61 Subsequently,
styrenic polyHIPEs were synthesized through the formulation
of emulsions with DES of different viscosities.30 U, glycerol
(Gly), and ethylene glycol (EGly) were used as HBDs and
ChCl as HBA. It was observed that DES viscosity was essential
to enhance HIPE stability. A decrease in pore size and an
increase in the degree of openness were achieved when the
U:ChCl DES (DES with the highest viscosity of 750 cP at 25
°C) was used as the internal phase in HIPE formulation. It is
important to point out that an open macroporous structure is
one of the main aspects in the synthesis of polyHIPEs and it is
commonly controlled through the incorporation of large
quantities of surfactant, which is later removed. The high
amount of surfactant can lead to an environmental impact and
cost rise. Furthermore, the mechanical and morphological
properties of the macroporous materials can be affected.30 The
use of DES allowed the synthesis of polyHIPEs with controlled
pore size decreasing the amount of surfactant compared with
that required in aqueous HIPE formulation.30,58 On the other
hand, it has been reported that DESs’ intrinsic properties
facilitate the release of non-functionalized nanomaterials
toward the interface of Pickering HIPEs from a bottom-up
approach that allows the selective introduction of interfacial
functionality into polyHIPEs.26,41,42 For instance, HIPEs
formulated with U:ChCl DES were stabilized with nitrogen-
doped multiwalled carbon nanotubes (MWTCNTs) and
surfactant mixtures.26 These emulsions served as templates to
obtain poly(styrene) and poly(methyl methacrylate) nano-
composite polyHIPEs. MWTCNTs were deposited onto the
porous surface, which increased the hydrophobicity and pore
openness of the obtained polyHIPEs for the selectivity
sorption of fuels. All these results revealed that DESs have
emerged as a promising green tool for the creation of
macroporous nanocomposites with controlled surface proper-
ties.
In this work, the U:ChCl DES was used as the internal phase

of styrene-based HIPEs co-stabilized with the surfactant Span
60 and non-functionalized Fe3O4 NPs. Additionally, HIPEs
formulated with water were comparatively studied. The high
viscosity of the U:ChCl DES (750 cP at 25 °C62,63) played an
important role in obtaining stable emulsions and facilitated the
release of Fe3O4 NPs toward the DES/oil interface. After
emulsion polymerization, nanocomposite polyHIPEs with well-
defined interconnected macroporous structures and Fe3O4
NPs deposited onto their porous surface were exclusively
obtained when the U:ChCl DES was used as the internal
phase. Furthermore, co-stabilization of DES-in-oil HIPEs was
investigated by varying the concentrations of Fe3O4 NPs (0, 2,
5, and 10 wt % with respect to the continuous phase) and the
surfactant Span 60 (0, 5, 10 and 20 wt % with respect to the
continuous phase). The synergistic association between Fe3O4
NPs and Span 60 was essential to enhance the stability of DES-
in-oil HIPEs and allowed the modification of the porous
structure and the magnetic and lipophilic properties of the
resultant nanocomposite polyHIPEs. These materials were
successfully applied as selective sorbents for different oils (such
as gasoline, hexane, and vegetable oil), showing a competitive
performance and reusability.
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■ MATERIALS AND METHODS

Materials. Styrene (St, ≥99%), divinylbenzene (DVB,
≥99%), choline chloride (ChCl, ≥98%), urea (U, ≥99%),
Span 60 (sorbitan monostearate), magnetite nanoparticles
(Fe3O4 NPs, 97%, average particle size 50−100 nm),
potassium persulfate (KPS, 99%), and hexane were purchased
from Sigma-Aldrich. Vegetable oil, gasoline (Magna 87
octane), and ethanol were obtained from Golden Bell. Doubly
distilled and deionized water was employed. All materials were
used without further purification.
Preparation and Characterization of HIPEs. The

internal nonaqueous DES phase with a high viscosity of 750
cP was prepared according to other works reported.62,63 ChCl
was combined with U in a 1:2 molar ratio. The mixture was
heated at 60 °C until a clear viscous and homogeneous liquid
was obtained. ChCl was oven-dried at 90 °C before use to
remove all moisture. Subsequently, DES-in-oil and W/O
HIPEs were prepared by dropwise addition of the internal
phase (DES or water, 80 vol %) to the continuous phase
formed by St:DVB in a 10:1 molar ratio, respectively, in a 5 mL
glass vial while vortexing at 3200 rpm for 10 min at 25 °C. The
formulated emulsions were stabilized using different amounts
of Span 60 (0, 5, 10, and 20 wt %) and magnetite nanoparticles
(0, 2, 5, and 10 wt %) with respect to the continuous phase.
Emulsions were named HIPE-XS-YNP-Z, where X is the
amount of surfactant, Y is the amount of Fe3O4 NPs, and Z is
the type of dispersed phase (W for water and U for the
U:ChCl DES). HIPE morphology was studied by optical
microscopy (Olympus BX51) with a camera QICAM
(FAST1394) and the software Linksys 32. The droplet size
was determined in sets of 100 using Image J analysis software.
Synthesis and Characterization of Magnetic Nano-

composite polyHIPEs. To synthesize the macroporous
magnetic nanocomposites (polyHIPEs), the continuous
phase consisting of St-DVB was polymerized by free radicals
using KPS as the initiator (10 wt % with respect to the
monomers) added to the internal phase. Polymerization was
carried out at 60 °C for 24 h. After polymerization, monoliths
were washed by shaking (orbital shaker at 150 rpm) with water
for 3 days and then with ethanol for 1 day to remove the
dispersed phase and then dried in an oven at 37 °C for 24 h.
PolyHIPEs were named prefixing P to their precursor HIPE.
Conversion was determined gravimetrically by dividing the
mass of the dried monolith by its expected mass.
The total pore volume was determined using the equation

VT = −
ρ ρ
1 1

b w
, according to other works reported.25,30,41,44 ρb is

the polyHIPE bulk density calculated by measuring the volume
of monoliths with regular shape, and ρw is the wall density that
corresponded to the polymer density (1.05 g cm−3).30 The
polyHIPE macroporous morphology was observed by field-
emission scanning electron microscopy (FESEM, Mira from
TESCAN) at an accelerating voltage of 15 kV and a working
distance of 14 mm. All samples were gold-coated. The size of
the pores and the windows between the pores were calculated
in sets of 100 image readings using ImageJ analysis software.
These values were used to estimate the degree of openness of
the macroporous monoliths according to the Pulko and Krajnc

equation,64 = ×
×

O N d
D4

2

2 , where O is polyHIPE openness, N is

the average number of visible pore windows, d is the average
pore window diameter, and D is the average pore diameter.

To determine the presence of magnetite NPs onto the
porous structure of the polyHIPEs, elemental mapping was
carried out using energy dispersive X-ray spectroscopy (EDS,
Bruker). In addition, magnetic monoliths were analyzed by X-
ray diffraction (XRD, Empyrean diffractometer) with Cu Kα
radiation from 5 to 90° (0.02° step size and 30 s counting
time). Thermogravimetric analysis (TGA) was performed on a
TA Q500 V 6.7 instrument. The magnetic monoliths were
heated to 600 °C in N2 at a scan rate of 10 °C min−1, and the
observed mass loss was attributed to quantitative pyrolysis of
the polymeric component. The magnetization curves were
measured at room temperature under varying magnetic field
from −9000 to +9000 Oe on a 9500 microprocessor-
controlled vibrating sample magnetometer (VSM). Further-
more, polyHIPEs were analyzed to determine their hydro-
phobic properties using a contact angle measuring system
(OCA, DataPhysics with SCA20 software).
For the sorption−desorption test, the sorption capacity (Q)

of the monoliths for vegetable oil, gasoline, hexane, and water
was investigated by using a batch technique at room
temperature. A magnetic polyHIPE (25 mg) was added to
50 mL of oil or water at different times. Q was determined by
the equation Q = (W − W0)/W0, where W0 and W are the
weights of the magnetic monolith before and after sorption at
different times, respectively. Q is expressed in terms of mass of
oil or water absorbed per gram of dry monolith. After the
sorption process, the monoliths were centrifuged at 4000 rpm
to obtain the absorbed oil or water and determine the number
of sorption/desorption cycles of the monoliths.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Magnetic Styrene-

Based HIPEs Formulated with Either DES (U:ChCl) or
Water as the Internal Phase. Nanoparticles (NPs) can be
used effectively as emulsifying agents to obtain emulsions with
controlled droplet sizes when their specific surface-functional-
ization allows for kinetic adsorption that in turn supports the
formation of an effective diffusion barrier layer at the
interface.65,66 However, when the barrier cannot be formed
solely by NPs, the incorporation of molecular surfactants can
increase the stability of the emulsion through a co-stabilization
effect between the NPs and the surfactant.65,66 Herein, HIPEs
were formulated with a continuous phase (20 vol %)
composed of styrene and divinylbenzene (10:1 molar ratio,
respectively), Span 60, and non-functionalized Fe3O4 NPs
(50−100 nm diameter). Span 60 was employed due to its low
hydrophilic/hydrophobic balance value (HLB) of 4.7, which is
suitable for stabilizing water-in-oil (W/O) and DES-in-oil
emulsions.30 Fe3O4 NPs were added to provide magnetic
properties to the materials, but its co-stabilizing effect with
Span 60 was also evaluated. Accordingly, different amounts of
Span 60 (0, 5, 10, and 20 wt %) and Fe3O4 NPs (0, 2, 5, and
10 wt %) were used with respect to the continuous phase. The
U:ChCl DES (2:1 molar ratio) was selected as the dispersed
phase (80 vol %) due to its polarity and high viscosity (750 cP
at 25 °C62,63), characteristics that have been demonstrated to
be central for stable nonaqueous HIPE formation. Peŕez-
Garciá et al.30 demonstrated that DESs with high viscosities
used as the dispersed phase in the formulation of styrene-based
HIPEs increase the stability of the emulsions. In the same line,
Huerta-Marcial and Mota-Morales demonstrated that not only
the DESs’ viscosity but also the homogenization method
vortexing or high-speed homogenizer affects the stability and
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droplet size of HIPEs.59 Therefore, to comparatively evaluate
the stabilizing effect of DES, HIPEs were formulated with
water as the dispersed phase, using the same amounts of Span
60 and Fe3O4 NPs. The HIPEs were named as HIPE-XS-YNP-
Z, where X is the amount of the surfactant, Y is the amount of
Fe3O4 NPs, and Z is the type of dispersed phase (W for water
and U for the U:ChCl DES).
Physical stability of HIPEs was assessed by visual inspection

(Table 1). The HIPEs formulated without a surfactant, with
both water and DES, and different amounts of Fe3O4 NPs
(HIPEs-0S-YNP-U and HIPEs-0S-YNP-W, where Y = 0, 2, 5,
and 10 wt %) showed phase separation (Figure S1A) within
minutes. In the case of the HIPEs formulated with water,
HIPEs-5S-YNP-W (Y = 0, 2, 5, and 10 wt %) also showed
phase separation and HIPEs-10S-YNP-W and HIPEs-20S-
YNP-W (Y = 0, 2, 5, and 10 wt %) underwent phase separation
within 1 h. Otherwise, the high viscosity of DES in the HIPEs
formulated with the U:ChCl enhanced the stability time (>12
h), which was further extended by increasing the amount of
surfactant and Fe3O4 NPs (Table 1). HIPEs exhibited a high
viscosity and a gel-like appearance (flow resistance upon
inversion of their container, Figure S1B). It should be noted
that in the case of HIPEs formulated with 5 wt % Span 60 and
U:ChCl DES, stable emulsions were exclusively obtained with
amounts of Fe3O4 NPs equal to or greater than 5 wt %. These
results showed that there is a synergism between Fe3O4 NPs
and Span 60, which plays a crucial role in the stability of
HIPEs.
It has been reported that the combination of nanoparticles

with surfactants produces a synergistic effect that has been
used to improve the stability of emulsions.66−68 Such
synergism leads to improved stability compared with the sole
use of a surfactant or particles, becoming a novel approach to
form porous materials with open, interconnected structures.
Further, provided that nanoparticles remain onto the porous
surface after polymerization of the HIPE precursor, this is an
advantageous route for the functionalization of the polyHIPE
inner surface.26,41,42 Binks et al.68 systematically studied the
behavior and properties of oil-in-water emulsions stabilized by
using dual emulsifiers, finding that the synergy between
emulsifiers led to greater emulsion stability. In another
study,67 researchers found that the particles are generally
ineffective emulsifiers by their own means. Stable Pickering
emulsions are possible only by the particles’ functionalization

to change their wettability.51,69 Nevertheless, when used
together with surfactants, a co-stabilization effect occurs and,
thus, the stability of emulsions is improved.67 In this context,
non-functionalized Fe3O4 NPs were incorporated onto the
porous surface of monoliths, through a one-step method used
for the formulation of the DES-in-oil-HIPEs, where a co-
stabilization effect between Fe3O4 NPs and the surfactant Span
60 permitted obtaining stable emulsions and the non-
functionalized Fe3O4 NPs provided magnetic properties to
the final polyHIPEs.
The morphology of HIPEs was observed using optical

microscopy. Figure 1 shows representative micrographs of the

HIPEs without Fe3O4 NPs (Figure 1A) and with Fe3O4 NPs
(Figure 1B). The structure of the HIPEs consists of polyhedral
drops separated by a thin film of a continuous phase (St-DVB),
which is characteristic of this type of emulsion.30 Due to the
low stability of HIPEs-10S-YNP-W and HIPEs-20S-YNP-W (Y
= 0, 2, 5, and 10 wt %), the micrographs could not be obtained
(the drops collapsed during observation). From these results, it
can be determined that the stability of the emulsions is affected
by the type of dispersed phase. Herein, the HIPEs formulated
with the U:ChCl DES presented greater stability compared
with those formulated using water.
The high viscosity of the U:ChCl DES drastically reduces

the Ostwald ripening effect, thus preventing the collapse of the
thin walls of the continuous phase and the collapse of the
HIPEs.30,61 Furthermore, solvatophobic interactions between
the counterions of ionic liquids and the hydrocarbon portion
of surfactants, as well as cation−anion interactions, have been
reported to greatly modify the cloud point of non-ionic
surfactants.70,71 The significant influence on the behavior of

Table 1. Stability and Structural Morphology of HIPEs and polyHIPEs, Magnetite Nanoparticle Content (%Fe3O4 NPs)
Calculated from Thermogravimetric Analysis (TGA), Conversion Based on Gravimetry, and Magnetic Saturation of
polyHIPEsb

HIPE polyHIPE

code
stability
(h)

droplet diameter
(μm)

pore diameter
(μm)

pore window
(μm)

O
(%)

X
(%)

% Fe3O4 NPs
(wt %)a

magnetic saturation
(emu g−1)

VT
(cm3g−1)

5S-5NP-U 12 6.5 ± 0.54 7.3 ± 1.01 1.50 12.0 92 5.4 7.8 3.7
5S-10NP-U 14 6.1 ± 0.35 6.1 ± 0.12 1.40 8.5 93 11.7 12.1 4.3
10S-0NP-U 14 6.1 ± 0.14 5.4 ± 0.71 1.30 13.0 95 0 0 4.4
10S-2NP-U 16 4.7 ± 0.14 5.2 ± 0.71 1.20 13.0 95 2.4 3.1 4.4
10S-5NP-U >16 4.6 ± 0.02 5.1 ± 0.86 1.13 12.6 95 5.7 7.9 4.5
10S-10NP-U >16 4.5 ± 0.04 5.0 ± 0.97 1.12 9.7 95 12.1 12.9 4.8
20S-0NP-U >16 4.8 ± 0.20 4.9 ± 0.14 1.29 13.5 96 0 0 4.8
20S-2NP-U >16 4.2 ± 0.09 4.3 ± 0.01 1.17 13.2 95 2.9 2.8 4.8
20S-5NP-U >16 4.1 ± 0.48 4.1 ± 0.15 1.10 12.9 95 5.9 8.0 4.9
20S-10NP-U >16 3.4 ± 0.09 3.5 ± 1.01 0.90 10.1 95 12.5 13.5 5.1

aMeasured by TGA. Weight percent with respect to the total amount of polymer. bVT: total pore volume. X: conversion, O: degree of openness.

Figure 1. Representative micrographs obtained by optical microscopy
of the effect of magnetite NPs on the droplet size of emulsions (A)
HIPE-10S-0NP-U and (B) HIPE-10S-10NP-U.
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macromolecules (e.g., polymeric surfactants) by ionic liquids
can be seen as an extreme case of adding salt to the dispersed
phase of W/O emulsions, which drastically stabilizes the
emulsions through the decrease of the surfactant cloud point.72

Taking this into account, Carranza et al.61 proposed that DESs
have a similar effect to the addition of salt into the aqueous
internal phase of a HIPE and an analogous effect of ionic
liquids; these researchers suggested that DES improves the
stability of HIPEs through a decrease in the surfactant cloud
point, in addition to a high viscosity provided by specific
interaction between the DES’s components.
The droplet diameter of HIPEs formulated with U:ChCl

DES decreased when the amounts of magnetite NPs and Span
60 were increased (Table 1 and Figure 1). These results
demonstrate that the combination of Fe3O4 NPs and Span 60
allows the formation of a hybrid, which creates an efficient
diffusion barrier at the HIPE interface, hence preventing the
coalescence and Ostwald ripening effect between the drops,
yielding more stable emulsions with controlled drop sizes.65,66

Synthesis and Characterization of Magnetic Nano-
composite polyHIPEs. HIPEs were polymerized by adding
potassium persulfate (KPS) to the internal phase (10 wt %
with respect to the monomers) at 60 °C for 24 h. Obtained
polyHIPEs kept the monolithic shape of the container where
the polymerization was carried out (Figure S2). Monolithic
polyHIPEs showed conversions equal to or greater than 92%
(Table 1).
PolyHIPE monoliths showed an interconnected 3D porous

structure with a similar morphology of the precursor emulsion
(Figure 2 and Figure S3). It has been reported that the locus of
initiation of W/O HIPEs has a significant impact on the
morphology of the obtained polyHIPEs.31−33 When the
polymerization was initiated at the interface, using the water-
soluble initiator KPS, closed-cell foam with polyhedral-shaped
pores was obtained. On the other hand, initiating the
polymerization in the continuous phase (monomers), using
the oil-soluble initiator azobisisobutyronitrile (AIBN), pro-
duced an open-cell foam with spherical pores.32,33 Accordingly,
we have used KPS as the polymerization initiator of DES-in-oil
HIPEs. Contrary to the aqueous HIPEs, the use of KPS in the
DES internal phase resulted in open-cell, interconnected
porous structures, indicating that the interface between the
continuous phase and the DES is a determining factor in the
formation of open-cell porous architectures regardless of the
initiation locus (Figure 2 and Figure S3).
The porous diameter of polyHIPEs prepared with the

U:ChCl DES was similar to the droplet diameter of their
precursor HIPEs, showing that the emulsions were sufficiently
stable during the polymerization process to replicate the
emulsion morphology (Table 1). Furthermore, as shown by
electron microscopy, magnetite NPs were noticeable onto the
porous surface of monoliths (Figure 2B,D,F,H), demonstrating
that the one-step method used to synthesize styrene porous
magnetic polyHIPEs with an interconnected structure was
successful. In the case of polyHIPEs obtained from emulsions
formed with water (HIPEs-10S-YNP-W, HIPEs-20S-YNP-W,
where Y = 0, 2, 5, and 10 wt %), the structure collapsed during
polymerization due to the low stability of the precursor HIPEs
(Figure S3). In addition, HIPEs formulated with 30 wt % Span
60 and the different amounts of magnetite NPs (0, 2, 5, and 10
wt %) were also used as a template to obtain magnetic
macroporous materials, but monoliths crumbled during the
purification process and results were not shown.

Typically, aqueous Pickering-type HIPEs create porous
materials with closed structures, regardless of the volume
ratio of the continuous and dispersed phase.65 In HIPEs
stabilized solely by surfactants, the surface tension between the
oil−water interface is reduced to avoid the coalescence
phenomena.27 As the amount of surfactant increases, the oil
layer between the dispersed phase droplets thins during
polymerization leading to interconnected windows, meaning a
higher degree of openness after polymerization.30,61 In
addition, it has been reported30,61 that a high increment of
surfactant amount can cause the oil layer thinning even more
until it disappears, which could explain why it was not possible
to obtain monoliths formulated with 30 wt % surfactant. In this
case, the amount of surfactant was too high that the monoliths
obtained under these conditions had weak walls and the
porous structure collapsed. The degree of openness (O) of
polyHIPEs obtained was calculated through the relationship
between the pore window and the pore diameter values (Table
1), according to Pulko and Krajnc.64 The results revealed an
increase in O when the amount of surfactant increases, at fixed
Fe3O4 NP content. Therefore, the highest degree of openness
was obtained at the highest concentration of surfactant, i.e., 20
wt %. However, an increase in the amount of Fe3O4 NPs
produces a decrease in O, independent of the amount of
surfactant; in this case, the smallest degree of openness

Figure 2. FESEM micrographs of monoliths (A,B) PHIPE-10S-0NP-
U, (C,D) PHIPE-10S-2NP-U, (E,F) PHIPE-10S-5NP-U, and (G,H)
PHIPE-10S-10NP-U at different magnifications.
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obtained corresponds to 10 wt % NPs. Monoliths presented
total pore volume values (VT) greater than 3.7 cm3 g−1(Table
1), which are similar to other macroporous materials reported
in the literature.25,30,41

The presence of Fe3O4 NPs, which confers the magnetic
property to the monoliths, was determined through energy-
dispersive X-ray spectroscopy (EDS). The EDS spectra and the
elemental mapping showed the distribution of Fe onto the
porous surface of the polystyrene materials (Figure 3A,B).
Furthermore, the presence of the magnetite was confirmed by
X-ray diffraction. Figure 3C shows representative diffracto-
grams of PHIPE-10S-YNP-U (where Y = 2, 5 and 10 wt %).
According to Mandal et al.,73 the characteristic diffraction
peaks of the Fe3O4 crystal represent planes (220), (311),
(400), (422), (511), and (440) at diffraction angles of 30.1°,
35.7°, 43.1°, 53.5°, 57.2°, and 62.6°, respectively. The
diffractograms showed these characteristic peaks, correspond-
ing to the Fe3O4 NPs, hence demonstrating that the
polymerization process and the subsequent purification did
not modify the crystalline structure of magnetite NPs (Figure
3C and Figure S4). As expected, the diffractograms of the
polyHIPEs synthesized without magnetite NPs did not present
peaks due to the NP absence.
To determine the thermal stability and the Fe3O4 NP

content of the monoliths, thermogravimetric analysis (TGA)
was carried out (Figure S5). The thermograms revealed a
weight loss from 240 to 447 °C for all polyHIPEs. The weight

loss can be attributed to the polymer decomposition and the
final residue to the amount of magnetite deposited in each
material (Table 1), which was similar to the amount of Fe3O4

NPs used in the formulation of the emulsions. These results
demonstrate that there was no loss of NPs during the washing
and drying process of the monoliths. Additionally, the
magnetic behavior of the polyHIPEs was measured at 25 °C
using a vibrating sample magnetometer (VSM). Magnetization
curves revealed that PHIPEs-XS-YNP-U (where X = 5, 10, and
20 wt % and Y = 2, 5, and 10 wt %) were superparamagnetic,
which is characteristic of magnetite NPs (Figure S6).74,75

Moreover, the magnetic saturation increased when increasing
the amount of magnetite NPs accordingly (Table 1).
The hydrophobicity of the synthesized materials was

determined through the measurement of the contact angle
between the monolith solid surface and a droplet of water. The
results demonstrated an increment in the contact angle when
the amount of NPs incorporated in the material increased
(Figure 4). These results are similar to previous works
reported.26,42,76 For example, Zhang et al.76 reported an
increase in the contact angle of macroporous poly(styrene)
materials by increasing the amount of magnetite nanoparticles,
which was attributed to an increase in the roughness of the
surface material. Mota-Morales and collaborators observed
similar behavior in the contact angle when increasing the
amount of nanohydroxyapatite nanoparticles and carbon
nanotubes.26,42 We also noticed an increase in the contact

Figure 3. (A) EDS spectra of PHIPE-10S-10NP-U, (B) elemental mapping of PHIPE-10S-10NP-U, and (C) diffractograms of PHIPE- (a) 10S-
0NP-U, (b) 10S-2NP-U, (c) 10S-5NP-U, (d) 10S-10NP-U, and (e) pure Fe3O4 NPs.
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angle when increasing the amount of surfactant at a fixed NP
concentration. This could be attributed to a smaller pore size,
which makes more difficult the diffusion of water within the
pores, causing an increase in the contact angle. The
synthesized materials presented a hydrophobic surface with
contact angles greater than 90°. Furthermore, increasing the
amount of nanoparticles and surfactant (up to 10 and 20%,
respectively) in the HIPEs precursor resulted in macroporous
magnetic nanocomposites with contact angles greater than
120°, a characteristic of superhydrophobic surfaces, therefore
increasing their potential use as selective sorbent materials for
oils in aqueous media.

Magnetic Porous Polystyrene Nanocomposites with
Lipophilic Properties Used as Absorbent Materials for
Gasoline, Oil, and Hexane. Research on oil−water
separation has received a great deal of attention due to the
increasing amount of industrial oily wastewater and frequent
oil and hydrocarbon spill accidents.4−7 Owing to their high
pore volume and interconnectivity, sponge-like materials
possess ideal characteristics for oil recovery from aqueous

Figure 4. Contact angle of magnetic monoliths synthesized from
HIPEs formulated with DES U:ChCl and different amounts of
surfactant and magnetite NPs.

Figure 5. (A) Selectivity of the material in the absorption of gasoline in a water/gasoline mixture, sorption capacity of gasoline, hexane, oil, and
water as a function of time for (B) PHIPE-5S-10NP-U, (C) PHIPE-10S-10NP-U, and (D) PHIPE-20S-10NP-U and (E) representative sorption
capacity of PHIPE-10S-10NP-U at different sorption/desorption cycles. Sorption conditions: 25 mg of magnetic monolith, 150 mL of oil or
hydrocarbon at room temperature.
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media.21−23 In this work, the nanocomposites polyHIPEs
synthesized were used as oil sorbent materials due to their high
porosity, interconnectivity, and lipophilic surface, in addition
to their easy separation by means of magnetism. For this
purpose, sorption experiments were performed by immersing
the monoliths in an excess of water, gasoline, hexane, and
vegetable oil until reaching the mass in equilibrium to
determine the sorption capacity of the materials (Figure 5).
As an example, Figure 5A shows the removal of gasoline from a
mixture of gasoline and water using the monolith with higher
sorption capacity (PHIPE-5S-10NP-U), demonstrating that
the obtained materials can be used as selective oil sorbents.
Moreover, the monoliths can be manipulated with a magnet
due to their magnetic properties and thus are easily removed
(Figure 5A).
Figure 5 shows the oil sorption curves as a function of time

for PHIPE-5S-10NP-U, PHIPE-10S-10NP-U, and PHIPE-20S-

10NP-U. On average, equilibrium is reached in the range of
80−95, 60−85, and 85−100 min for gasoline, hexane, and oil
absorption, respectively. On the other hand, water sorption
was negligible due to the hydrophobic surface of the monoliths
(Figure 5B,C,D). After sorption, the gasoline-saturated
monolith was subjected to a centrifugation process (4000
rpm at RT) and gasoline was recovered. The monoliths were
reused for more than 10 sorption/desorption cycles without
losing their absorption capacity (Figure 5E). Similar results
were reported by Carranza et al.26 These researchers
synthesized poly(styrene) polyHIPEs functionalized with
multiwalled carbon nanotubes (MWTCNTs), which showed
a selective sorption of fuels with adsorption capacities ranging
from 3.6 to 4.8 times the original material mass and a
consistent performance, even after 20 cycles, in monolith
recyclability and fuel recovery.

Figure 6. Qmax and tsat of (A,a) gasoline, (B,b) hexane, and (C,c) vegetable oil of the monoliths synthesized from HIPEs formulated with DES
U:ChCl and different amounts of surfactant and magnetite NPs. Absorption conditions: 25 mg of magnetic monolith, 150 mL of oil or
hydrocarbon at room temperature.
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Figure 6 shows the saturation time (tsat) and maximum
sorption capacity (Qmax). In all cases, the tsat increases slightly
with the increase in the amount of surfactant (Figure 6a−c),
which could be attributed to smaller pores obtained when a
greater amount of surfactant was used in the formulation of the
HIPEs (Table 1). A decrease in the pore size restricts the oil
diffusion within the material, which might explain the results
obtained. Furthermore, the tsat decreases as the amount of NPs
increases due to an increase in the contact angle (Figures 4 and
6). The Qmax of the materials was analyzed as a function of the
concentration of magnetite NPs deposited in each material.
The results indicated that there is a greater Qmax of polyHIPEs
formulated with a lower amount of surfactant (i.e., having
larger pores) and with a greater content of nanoparticles
(Figure 6A−C). This increase in Qmax was attributed to the
increase of both the pore size and the contact angle with
optimal values of 6.1 μm and 112°, respectively. It is important
to note that the monoliths obtained from HIPEs formulated
with a lower amount of surfactant presented a higher Qmax. The
high viscosity of the DES and the synergistic effect of NPs with
the surfactant allowed the reduction of the amount of the
latter. The obtained maximum sorption capacities of oil and
hydrocarbons were similar to those obtained by polyHIPE
materials based on PSt-DVB for gasoline (2.55−4.80 g/g),
hexane (2.05−3.68 g/g),26 and poly(L-lactide)/poly(ε-capro-
lactone) blend for gasoline, heptane, and diesel (2−2.6 g/g)25

previously reported in the literature.

■ CONCLUSIONS
We reported a nonaqueous one-step method to synthesize
polystyrene porous magnetic polyHIPEs, using DES-in-oil
HIPEs as the template. U:ChCl DES was employed as the
internal phase of HIPEs, where a co-stabilization effect
between Fe3O4 NPs and the surfactant Span 60 permitted
obtaining stable emulsions. Additionally, emulsions formulated
with water, as the dispersed phase, were comparatively studied.
The results revealed that U:ChCl DES produces HIPEs with a
longer stability time (>12 h) compared with the HIPEs
formulated with water (<1 h). The stability of the DES-in-oil
HIPEs was further extended by increasing the amounts of
surfactant and Fe3O4 NPs, showing a synergism between
Fe3O4 NPs and Span 60. Unexpectedly, the use of KPS as the
polymerization initiator in DES-in-oil HIPEs generated open-
cell, interconnected porous structures, suggesting that,
regardless of the locus of initiation, the use of DES is a
determining factor in the formation of open-cell porous
architectures. The resulting polyHIPE monoliths showed an
interconnected 3D porous structure with a similar morphology
to the precursor emulsion. Furthermore, non-functionalized
Fe3O4 NPs were incorporated onto the porous surface of
monoliths, providing them with magnetic and lipophilic
properties. The porous magnetic polyHIPEs were used as an
oil sorbent of gasoline, hexane, and vegetable oil due to their
high porosity, interconnectivity, and hydrophobic surface. It
was observed that lower surfactant and higher Fe3O4 NPs
contents in polyHIPEs give rise to higher contact angles of
water and larger pore size, thus providing high oil sorption
capacity. Remarkably, PHIPE-5S-10NP-U showed the highest
oil sorption capacities of 4.151, 3.556, and 3.266 g g−1 for
gasoline, hexane, and vegetable oil, respectively. The magnetic
monoliths showed a consistent performance, with more than
ten sorption/desorption cycles for oil and hydrocarbons,
without losing their sorption capacity. Finally, the reduction of

the surfactant amount to 5 wt % was possible due to the high
viscosity of the U:ChCl DES used as the dispersed phase in the
precursor HIPE and the synergistic effect between the
surfactant and the Fe3O4 NPs in the emulsion stabilization.
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