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hierarchically porous
polystyrene solid foam for oil removal from
aqueous environment†

Ning Zhang, Suting Zhong, Teng Chen, Yu Zhou and Wei Jiang *

Herein, a high internal phase emulsion (HIPE) technique to fabricate hierarchically porous monolithic

Fe3O4/polystyrene composite material has been described. A novel co-stabilizer system of Span 20 and

Fe3O4 solid particles was adopted to prepare the styrene-based emulsion. By adjusting the surfactant

level, the concentration of Fe3O4 particles, and water content, a hierarchically interconnected porous

material with a secondary pore structure of nano/micro size was constructed. In addition, the resulting

composite polymer material exhibited excellent thermal stability, attributing to the good dispersion of

Fe3O4 particles in the polymer matrix and strong bonding between solid particles and polymer chains.

Moreover, the oil adsorption capacity of the solid foam was 16 times its own mass even after 10 cycles

of oil/water separation. Importantly, the polystyrene solid foam exhibited hydrophobicity and

oleophilicity without any further modification. Moreover, the incorporation of Fe3O4 particles allowed

the composite material to be conveniently collected under an external magnetic field. All these features

together make the polystyrene composite material an ideal adsorbent in the oil/water separation.
1. Introduction

Oil spill is a common and terrible phenomenon during the
storage and transportation of oil resources, which has cata-
strophic effects on aquatic ecosystems and presents environ-
mental hazard to humans.1–4 Moreover, among various
methods, including oil adsorbents,5 ltration,6 bioremediation,
skimmers, and in situ burning, for oil spill remediation,
adsorption is considered to be ecologically friendly, econom-
ical, and one of the most efficient techniques.7 As a result, the
development of cheap and reliable oil adsorbents is desirable
and urgent both in the elds of fundamental research and
practical applications.8

High internal phase emulsions (HIPEs) is a template method
to fabricate porous polymers, dened as PolyHIPEs, with
controllable pore structures.9–11 The emulsion consists of an
external continuous monomer phase and an internal droplet
phase exceeding 74% of the total volume.12–14 Because of their
high porosity, large surface area, and interconnected pores,
PolyHIPEs have great potential in the eld of separation.15

In general, HIPEs were stabilized via commercially available
surfactants.16 According to Williams's report, Span 80 with
a hydrophile–lipophile balance (HLB) of 4.3 was the most suit-
able surfactant to stabilize the styrene/divinylbenzene (St–DVB)
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HIPE system.17 Moreover, Span 80 was also adopted in our
previous research during the preparation of poly(St–DVB) foam,
which exhibited excellent oil adsorption capacity in oil/water
separation.18 To date, studies on the individual application of
Span 20 as an emulsier in the HIPE have not been reported
because the HLB value of 8.6 is relatively high and the surfac-
tant adsorbed at the interface is poor at preventing Ostwald
ripening. However, studies on mixed surfactant systems,
including Span 20, hexadecyltrimethylammonium bromide
(CATB), and dodecylbenzenesulfonic acid sodium salt (DDBSS),
as a co-stabilizer of the HIPEs can be found in the literature.17,19

Some solid particles due to their high energy of attachment20

can be irreversibly adsorbed at the interface of the two immis-
cible liquids, forming Pickering HIPEs.21–23 In addition, certain
types of inorganic particles embedded into the polymeric matrix
impart the resulting PolyHIPEs material with some additional
properties24,25 such as mechanical, optical, thermal, magnetic or
chemical properties. The ability of particles to adsorb at the
interface between the two phases is primarily dependent on the
wettability of the particles.25 Oleic acid is a common and
effective agent to functionalize the particles with proper wetta-
bility. For example, zirconium dioxide was rst modied with
oleic acid and then used as a stabilizer to form Pickering HIPEs
templates of St and DVB.22 Titania,26,27 silica,20,28 and Fe3O4

particles29,30were all modied with oleic acid rst and then used
to stabilize the w/o emulsion to prepare the HIPEs. However, the
modication process was tedious.31,32 In addition, it oen
generated macroporous polymers with typical closed-cell
This journal is © The Royal Society of Chemistry 2017
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Table 1 Composition of the HIPEs

Sample Span 20/g Fe3O4/g St/g DVB/g Water/mL

1 0.050 0.06 0.4 0.1 6
2 0.050 0.06 0.4 0.1 8
3 0.075 0.08 0.4 0.1 8
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structures. Therefore, application of these closed-cell polymers
in the eld of oil/water separation was restrained.

To the best of our knowledge, the use of amphiphilic
surfactant Span 20 together with solid particles to stabilize the
water-in-oil HIPEs has not been reported to date. In this study,
a novel system of two components, Span 20 and Fe3O4 particles,
was used to fabricate the HIPEs template. On the one hand, the
existence of amphiphilic surfactant Span 20 decreased the
interfacial tension and improved the dispersion of the Fe3O4

particles in the emulsion system. On the other hand, Fe3O4

particles adsorbed at the interface and formed a rigid lm,
retarding the creaming of the oil drops or sedimentation of the
water drops.33 The synergism of the two components played an
important role in the effective emulsication and stabilization
of the HIPEs. Importantly, the obtained PolyHIPEs material had
interconnected and hierarchically porous structures. Moreover,
it has been reported that emulsions stabilized by carbonaceous
microsphere particles and surfactant Span 80 simultaneously
produced the polystyrene materials with hierarchically porous
interconnected pores.34

Herein, we report a novel and facile processing technique to
fabricate polystyrene solid foam, derived from styrene-based
HIPEs emulsied by Span 20 together with Fe3O4. The micro-
morphology of the polystyrene foam was characterized to show
the hierarchically interconnected pore structures. Thermal
stability, magnetic properties, hydrophobicity, as well as oleo-
philicity of the composite materials were evaluated. Impor-
tantly, the oil adsorption capacity and hydrophobicity of the
polystyrene composite remained high even aer 10 cycles of
adsorption and regeneration. The selectivity of the material
towards oil and water reached around 99%. Moreover, the
material was regenerated by centrifugation and approximately
90% oil could be recovered. As a result, the material was
conrmed to be an efficient oil adsorbent.
2. Experimental methods
2.1. Chemicals and materials

Span 20 (with HLB value 8.6) and stain Sultan IV were
purchased from Sinopharm Chemical Reagent Co. Ltd.,
Shanghai. St and azobisisobutyronitrile (AIBN) were provided by
Lingfeng Chemical Reagent Co. Ltd., Shanghai. DVB and cubic
crystal Fe3O4 were purchased from Aladdin. Absolute ethanol
was purchased from Nanjing Chemical Reagent Co. Ltd.,
Nanjing. Deionized water was used in all the experiments. All
the chemicals were of reagent grade and used in this study
without any further purication.
2.2. Preparation of HIPEs and synthesis of the polystyrene
foam

Aer a great number of trials, three representative experiments
were carried out to form the porous solid foams, and the
experimental details are presented herein for further investi-
gation (Table 1). For preparing the HIPEs, certain amounts of
dried Fe3O4 particles and Span 20, as well as 0.01 g of oil-soluble
initiator of AIBN, were dispersed in the oil phase consisting of
This journal is © The Royal Society of Chemistry 2017
0.4 g of St and 0.1 g of DVB via ultrasonication for 10 min. Aer
this, deionized water was added stepwise into the above-
mentioned mixture. Vigorous shaking by hand was performed
for the preparation of viscous and homogeneous emulsions
aer the addition of each batch of water until the nal HIPEs
were formed, which generally took about 5 min. Then, the
HIPEs were put in an oven, and the organic monomers of St and
DVB polymerized at 70 �C in 8 h. Aer polymerization, the
residual Span 20 and organic monomers in the PolyHIPEs were
removed by Soxhlet extraction with ethanol. Finally, the
resulting monolithic solid foam was dried at 70 �C for 4 h using
an oven until constant weights were achieved.
2.3. Characterization

A Model-S4800 eld-emission scanning electron microscope
(SEM, Hitachi) operating at 15 kV was used to investigate the
microstructures of the PolyHIPEs. X-ray diffraction (XRD)
analysis was performed using a diffractometer (Bruker D8 Super
Speed) with Cu Ka radiation. Pore size distribution of the
polymer foam was obtained via mercury porosimetry (Autopore
IV 9510, Micromeritics, USA). The energy-dispersive X-ray
spectroscopy (EDS) measurements were carried out using an
Oxford Inca Energy spectrometer. The thermogravimetric (TG)
analyzer TA 2100 provided by TA instruments (USA) was used for
thermogravimetric analysis. All the samples were heated from
50 to 600 �C at the heating rate of 10 �C min�1. Moreover, the
magnetic properties of the PolyHIPEs were obtained using
a vibrating sample magnetometer (VSM) Lakeshore 735 at 300 K
and a eld of 8000 Oe. Water contact angles (WCAs) at room
temperature were obtained by a contact angle instrument (XG-
CAMB). A 4 mL aliquot of deionized water was placed on the
surface of the sample each time and then the WCAs were ob-
tained. The monolithic material was regenerated by a centrifuge
(TGL-15B) to remove the adsorbed oil from the PolyHIPEs. An
Agilent Technologies Cary 100 UV-Vis spectrometer was used to
detect the concentration of the residual oil in the oil/water
mixture.
2.4. Oil–water separation

Oil adsorption capacities of the polystyrene material towards
diesel, edible oil, and lubricating oil were measured. About
0.15 g of sample was put into the oil. Aer adsorption satura-
tion, the monolithic polystyrene composite material soaked
with oil was removed, and the weight was obtained. Then, the
value k was calculated according to the following equation:

k ¼ (Msat � M0)/M0
RSC Adv., 2017, 7, 22946–22953 | 22947
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where k represents the oil adsorption capacity,Msat is the weight
of the foam aer saturation adsorption of oil, and M0 is the
mass of the original dried foam. For each type of foam, 3
measurements were conducted, and then, the average value was
calculated as the nal oil adsorption capacity. Aer each
adsorption experiment, centrifugation was used to remove the
oil from the foam, and then, the material was ready to be used
for the next cycle of adsorption.

The selectivity S of the materials for oil–water mixtures was
calculated according to the following equation:

S (%) ¼ (Mi � Mr)/(Msat � M0)

where Mi represents the initial oil weight of the oil/water
mixture and Mr is the residual oil in the oil/water mixture
aer adsorption of the material. Residual oil was obtained by
extraction and then analyzed by UV-vis spectrometry.34

3. Results and discussion
3.1. Fe3O4 particles and emulsion

The raw material Fe3O4 particles were cubic crystals with the
size of about 200 nm, as shown in Fig. 1(a). IR characterization
and the water contact angle of the Fe3O4 particles are shown in
Fig. S1 and S2,† respectively. Moreover, via control experiments,
it was found that neither Span 20 nor Fe3O4 particles alone were
suitable to stabilize the water-in-oil emulsions. As a result, the
introduction of Fe3O4 particles served two purposes: it stabi-
lized the emulsion and imparted the resulting polymer material
with magnetic properties. The obtained system was gel-like
emulsion, as shown in Fig. 1(b).

3.2. Morphology and pore size distribution of the
polystyrene foam

During the formation of HIPEs, water was dispersed in the
emulsions with the assistance of Span 20 together with the solid
particles of Fe3O4, resulting in a stable water-in-oil system. Then,
the organic continuous phase St and DVB polymerized, causing
solidication of the microstructures of the HIPEs. Finally, hier-
archically porous PolyHIPEs foams were obtained aer the
removal of the internal water phase. Because PolyHIPE is
a replica of the HIPE structure at the gel point of polymeriza-
tion,35 water droplets in the emulsions before polymerization led
Fig. 1 (a) Fe3O4 particles and (b) obtained emulsions.

22948 | RSC Adv., 2017, 7, 22946–22953
to the formation of voids aer solidication.36 Moreover, it is
believed that the thin oil lm retracted at the polymerization gel
time, which led to the formation of holes or windows between
adjacent voids.24,37 In addition, it is a common phenomenon in
polymer chemistry that shrinkage during polymerization causes
the formation of the interconnected holes.

As shown in Fig. 2(a) and (b), increase in the water content
was found to cause an obvious increase in the average void
diameter of the resulting polymer materials. However, the
density of the material signicantly decreased from 0.081 g
cm�3 to 0.063 g cm�3. This phenomenon was correlated with
the original compositions of the emulsions from which they
were fabricated. Voids in the PolyHIPE were derived from the
water droplets in the emulsions before polymerization.36 As
a result, a higher water content led to the formation of larger
voids of the PolyHIPE. It has also been suggested that the
internal structures and densities of the resulting composite
material can be adjusted by the water content.38 By optimizing
the experimental conditions, sample 3 was nally prepared. As
shown in Fig. 2(c), the obtained polymer material displayed
a homogeneous morphology with more developed inter-
connected pores, which was benecial for the transportation of
the oily liquid inside the material. Furthermore, a hierarchically
porous structure with small pores from several hundred nano-
meters to several micrometers in the void walls was constructed.
It showed that sample 3 had a relatively small void size, which
was due to the increased concentration of Span 20 and Fe3O4

particles. Both of them can strongly adsorb at the oil–water
interface, preventing the droplets from coalescence and
improving the stability of the water-in-oil emulsion.39–42

The enlarged view also showed that the voids and pores of
the PolyHIPEs were decorated with Fe3O4 particles and thus
were functionalized with magnetic properties, which were
identied by further characterizations. The raw material Fe3O4

particles were cubic. However, they tended to be spherical in the
obtained PolyHIPEs. A possible explanation was that the
organic monomers St and DVB adsorbed at the surface of the
Fe3O4 particles and then polymerized, making the particles
spherical.

The density of sample 3 was 0.065 g cm�3 and the porosity
was 91.7%. Moreover, the pore size distribution of sample 3 was
obtained by mercury intrusion instruments, and three distinct
peaks were found, as shown in Fig 3. The peaks at around 10 mm
and 20 mm can be attributed to the voids, whereas the peak at
around 2 mm was ascribed to the pores on the wall of the voids.
Moreover, the pore size distribution result correlated well with
the SEM image. Note that the hierarchical pore structure with
nano- and micron-size was benecial for the improvement of
the hydrophobicity of the material.
3.3. Elemental analysis of the polystyrene foam

The XRD diffraction patterns of pure Fe3O4 particles, sample 1,
sample 2, and sample 3 are shown in Fig. 4(a). The representative
diffraction peaks of the Fe3O4 crystal can be characterized by
(220), (311), (400), (511), and (440) planes (JCPDS no. 19-0629).
Moreover, these representative peaks can still be observed in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Pore size distribution of sample 3.

Fig. 2 SEM images of (a) sample 1, (b) sample 2, and (c) sample 3; (d), (e), and (f) are the enlarged view of (a), (b), and (c), respectively.
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PolyHIPEmaterial. In addition, except for the diffraction peaks at
30.1�, 35.7�, 43.1�, 57.2�, and 62.6� for Fe3O4,43 no other peak
appeared in the composite material. This could ensure that the
crystalline structure of Fe3O4 did not change, and no impurity
was introduced during the preparation process. As shown in
Fig. 4(b), EDS was carried out to conrm the existence of C, Fe,
and O elements in the polymer foam. Elemental mapping
(Fig. 4(c)) showed the homogeneous distribution of the three
types of elements in the polystyrene material. XRD, EDS, and
elemental mapping results were consistent, and all these char-
acterizations together indicated that themagnetic Fe3O4 particles
were dispersed in the resulting polymer backbone.

3.4. Thermal stability of the polystyrene foam

To measure the Fe3O4 content in the PolyHIPE material, TG
analysis was performed. As shown in Fig. 5, sample 1 (curve a)
and sample 2 (curve b) showed a weight loss of 81.6% and 80.2%
This journal is © The Royal Society of Chemistry 2017
in the temperature range of 50–600 �C, which was attributed to
the decomposition of polystyrene. For the Fe3O4 residue at
600 �C, sample 3 (curve c)maintained 24.5 wt%, obviously higher
than that of sample 1 and sample 2, due to the addition of more
Fe3O4 before the polymerization of the HIPEs. Moreover, all three
samples began to decompose when the temperature was over
220 �C. Weight loss of sample 3 appeared even aer 300 �C. It
seemed that the higher Fe3O4 content contributed to a higher
decomposition temperature. The abovementioned test results
veried that the polystyrene material had an excellent thermal
stability. There was no doubt that this good stability ensured that
the compositematerial could be used at high temperature during
the oil/water separation.
3.5. Magnetic property of the polystyrene foam

Fig. 6 shows the magnetic properties of sample 1, sample 2, and
sample 3 at room temperature, with the saturation magnetism
of 15.4, 17.8, and 22.5 emu g�1, respectively. The raw material
Fe3O4 particles exhibited a strong magnetic property and the
saturation magnetism was 87.9 emu g�1, as shown by curve d.
The magnetism of the composite polystyrene foam showed
a decrease compared to that of the pure Fe3O4 particles, due to
the non-magnetic polystyrene material. The abovementioned
results also indicated that the Fe3O4 particles were dispersed in
the network of the resulting PolyHIPE material, and the
composite materials were successfully functionalized by the
magnetic particles as well. Furthermore, the VSM result was
consistent with the concentrations of the Fe3O4 particles in the
samples, as characterized by the TG analysis. The introduction
of Fe3O4 particles endowed the PolyHIPE composite material
with additional magnetic properties, which ensured that the
polymer foam could be manipulated via an external magnetic
eld during applications.
RSC Adv., 2017, 7, 22946–22953 | 22949

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02953e


Fig. 4 (a) XRD analysis of pure Fe3O4 particles, sample 1, sample 2, and sample 3; (b) EDS spectra of sample 3; (c) elemental mapping of sample 3.

Fig. 5 TG analysis of (a) sample 1, (b) sample 2, and (c) sample 3.
Fig. 6 VSM curves of (a) sample 1, (b) sample 2, (c) sample 3, and (d)
pure Fe3O4 particles.
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3.6. Hydrophobicity and oleophilicity of the polystyrene
foam

The polystyrene foam had excellent hydrophobicity with WCA
approaching 147�, as shown in Fig. 7(a). Fig. 7(b) shows that the
monolithic foam can successfully oat on water surface, due to
the low density and water repellence of the material. The
contact angle between diesel and the composite material was
nearly 0� (Fig 7(c)). When a drop of diesel was placed on the
monolithic surface, it was immediately adsorbed and pene-
trated into the material, indicating the superior lipophilicity of
the obtained material. In addition, hydrophobicity and oleo-
philicity provided selectivity to the material. When used in oil/
water separation, it can adsorb oil and repel water. Moreover,
the selectivity of the material was as high as 99.1%, 98.7%, and
22950 | RSC Adv., 2017, 7, 22946–22953
99.3% towards diesel, edible oil, and lubricating oil respectively.
Considering practical applications, it is very important for an
adsorption material to possess the abovementioned property.

3.7. Oil adsorption process and regeneration of the
polystyrene foam

Fig. 8(a) is a simulation of the oil removal process by the poly-
styrene material. Approximately 1.5 g of diesel was dropped into
water and it quickly spread on the water surface. Then, 0.163 g
of polystyrene foam was added into the mixture of oil and water.
The foam material can be driven to the oil zone under the
control of a magnet, and the diesel immediately penetrated into
the foam. Aer adsorption, the water surface became clear
again, and the low density ensured that the foam soaked with
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Water contact angle of the polystyrene foam; (b) the poly-
styrene foam floating on the water surface; and (c) a drop of diesel
adsorbed into the polystyrene material.

Fig. 8 (a) Removal of diesel from the water surface by the polystyrene
foam under an external magnetic field; (b) images of the removal
process of tetrachloromethane (dyed with stain Sultan IV for clear
observation) sinking below the water surface; and (c) schematic of the
oil adsorption and regeneration process of the polystyrene foam.

Fig. 9 (a) Oil adsorption capacity of sample 3 for cyclic oil–water
separation and (b) water contact angle of sample 3 after every oil/
water separation cycle.
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diesel could still oat on the water surface. Then, the foam was
conveniently obtained and removed from water by a magnet,
avoiding secondary pollution caused by the residual oil
adsorption material in water. Polystyrene foam could repel
water and adsorb the organic liquid, having high density, that
was sinking below the water surface, as shown in Fig. 8(b).
When the monolithic foam was completely immersed in water
by the external force, a transparent air lm, formed by
a continuous air layer between the highly hydrophobic surface
of the material and water, on the material surface was observed
due to the non-wetting behavior.44 Fig. 8(c) shows the process of
oil adsorption and the regeneration of the porous polystyrene
material. When oil rst contacted the composite material, the
surface of the solid foam was wetted by the oil due to van der
This journal is © The Royal Society of Chemistry 2017
Waals forces between the polystyrene foam and the oil.45 Then,
the oil was further driven into the inner open pores by capillary
action.46 Therefore, it is not difficult to understand that the
interconnected pore structures were benecial for the
improvement of the oil adsorption rate as well as the oil
adsorption capacity. Aer adsorption saturation, centrifugation
was adopted to counteract the force between the material and
oil and to empty the oil in the inner pores. Finally, the polymer
foam was regenerated and was ready for the next cycle of oil
adsorption.
3.8. Oil adsorption capacity and the reusability of the
polystyrene foam

As shown in Fig. 9(a), the adsorption capacity of polystyrene
foam towards diesel, edible oil, and lubricating oil was inves-
tigated. Oil adsorption capacities of sample 1, sample 2, and
sample 3 towards lubricating oil were 7.9 g g�1, 8.3 g g�1 and
16.4 g g�1, respectively. As a result, the oil adsorption capacity
and reusability of sample 3 was further investigated. The weight
gains of sample 3 were 8.9, 11.5, and 16.4 times its original mass
for the three different types of oils. It is clear that the oil intake
capacity of the material was dependent on the density and
viscosity of the target oil pollutants. Aer adsorption saturation,
RSC Adv., 2017, 7, 22946–22953 | 22951

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02953e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 7
:4

2:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the polystyrene foam soaked with oil was regenerated by
centrifugation and was then directly used for the next cycle of
oil adsorption. The oil removal rate is shown in Fig. S3.† Aer 10
cycles, the adsorption capacity was still at a high level with
a slight decrease. Fig. 9(b) shows that water contact angle
decreased with an increase in the cycle number. However, the
hydrophobicity was retained aer 10 cycles, and the contact
angle remained over 144.5�. As a result, the composite material
showed excellent reusability; this makes it a competitive
candidate for the separation of oil from water in practical
applications.

4. Conclusions

Here, we report an easily controlled and exible method to
prepare a hierarchically porous monolithic polystyrene material
via polymerization of an organic phase and removal of the
internal water phase. Span 20 and Fe3O4 particles were held at
the interface to act as a barrier to prevent Ostwald ripening,
which proved to be an effective co-stabilizer of the St–DVB
HIPEs template. Moreover, this two-component stabilizer
system also provided a new possibility to inuence the micro-
structures of the resulting PolyHIPEs material. Pronounced
variations in microstructure could be achieved just by adjusting
the concentration of water, Span 20 or Fe3O4 particles. In
principle, the method reported herein may be conveniently
extended to fabricate other porous composite PolyHIPE mate-
rials adopting various inorganic nanoparticles. The composite
material showed superior reusability, and the oil adsorption
capacity only slightly decreased even aer 10 cycles. Further-
more, the composite PolyHIPE material also exhibited excellent
thermal stability, magnetic properties, oleophilicity, as well as
hydrophobicity. In conclusion, all these features together make
it an ideal candidate in real oil/water separation applications.
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