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Preparation of porous polymer materials using
water-in-oil gel emulsions as templates
Koichi Hori,a Mayu Sano,a Masahiro Suzukib and Kenji Hanabusab,c*

Abstract

Water-in-oil gel emulsions consisting of water and n-butyl acrylate were successfully prepared using N-3-hydroxybutylcarbonyl-
L-isoleucylaminooctadecane and sorbitan monooleate (Span 80) as gelator and surfactant, respectively. Stable gel emulsions
were formed using aqueous phase fractions (APFs) ranging from 10 to 90 vol%. Creaming, flocculation and coalescence
were not observed. Low-temperature polymerization of the gel emulsions with a redox initiator gave the corresponding
low-density, highly porous poly(n-butyl acrylate)s (PBAs). The microstructures of the PBAs were observed using scanning
electron microscopy. All the porous PBAs comprised numerous spherical structures whose sizes could be controlled by adjusting
the gel emulsion APF. The densities and porosities of the porous PBAs decreased and increased, respectively, with increasing APF.
The absorption capacities of the porous PBAs in organic solvents were studied. The porous PBAs selectively absorbed kerosene
from water instantly and the kerosene could then be recovered by physical compression of the PBAs. Further porous polymers
were prepared from gel emulsions containing styrene, methyl methacrylate (MMA) or 2-ethylhexyl acrylate (EHA) as continuous
oil phases. The order of absorption capacity and swelling ratio in kerosene was poly(EHA) > PBA ≫ poly(MMA). Porous
copolymers were also prepared from gel emulsions containing a mixture of EHA and MMA as the oil phase. Their absorption
and swelling in liquids could be controlled by changing the ratio of EHA and MMA in the gel emulsions. poly(EHA-co-MMA) (6:4)
was the best polymer when absorption capacity, swelling ratio and durability were simultaneously considered.
© 2018 Society of Chemical Industry

Supporting information may be found in the online version of this article.

Keywords: gelator; gelation; W/O gel emulsion; HIPEs; porous polymer

INTRODUCTION
Highly concentrated emulsions include closely packed liquid
droplets that form tenacious microscopic liquid films among
droplets. These highly concentrated emulsions are known by vari-
ous names: gel emulsions, high internal phase emulsions (HIPEs),
biliquid foams and aphrons.1 Highly concentrated emulsions have
been provided for practical use as food and cosmetics.

Over the last two decades, macroporous materials with
micrometer-sized pores have attracted great attention owing
to their unique properties, including their high porosities and
pore connectivities. A simple method for fabricating macrop-
orous polymers is to utilize emulsion droplets as templates.2

Porous polymer materials can be formed by polymerization of
water-in-monomer gel emulsion templates. Reported procedures
that use emulsion droplets as templates can be divided into four
general methodologies, as outlined below:

(i) Solid stabilizers have been used to stabilize emulsion
droplets for polymerization, which is known as “Pickering”.3–5

Bon et al. reported the preparation of porous polystyrene
(PSt) and poly(n-butyl methacrylate) through polymeriza-
tion of water-in-monomer-type gel emulsions stabilized using
crosslinked poly(methyl methacrylate) (PMMA) microgels.6 Zhou
et al. prepared porous PSt materials using emulsions stabilized
with amphiphilic carbonaceous microspheres.7

(ii) Preparation of porous polymers using porogenic solvents has
been reported. Cooper et al. succeeded in the synthesis of poly-
mer monoliths using supercritical carbon dioxide as the porogenic

solvent,8 while Fréchet et al. reported the preparation of macrop-
orous polymer monoliths using aliphatic alcohols and toluene as
the porogenic solvents.9 Hosoya et al. reported epoxy-resin-based
polymer monoliths that were prepared using poly(ethylene glycol)
as the porogenic solvent.10

(iii) Porous polymer materials are generally formed by the
polymerization of water-in-monomer gel emulsions stabilized
by considerable amounts of surfactants (several tens of weight
percent) and the pioneering work by Silverstein is well known.11–13

Porous PSt was synthesized by Williams from high-internal-phase
water-in-monomer emulsions stabilized by both sorbitan-based
surfactants and cosurfactants.14 Bismarck et al. studied reinforced
open porous PSt foams that were prepared from templates
of HIPEs stabilized using the nonionic surfactant Hypermer
B246sf.15 Tokuyama et al. succeeded in preparing porous
poly(N-isopropylacrylamide) using water-in-oil (W/O) emulsions
stabilized by poly(ethylene glycol)-type surfactants.16,17 Jiang et al.
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reported the preparation of poly(styrene–divinylbenzene) foam
from HIPEs stabilized by Span 80.18

(iv) Recently, Fang et al. formed porous polymers from gel
emulsions using low-molecular-weight gelators (LMWGs). They
reported the preparation of porous polymers via the gelation of
emulsions containing a cholesteryl derivative of diethanolamine18

and a polymerizable cholesteryl derivative as the LMWG.20,21 To
the best of our knowledge, Fang’s work is the only example
that uses LMWGs to stabilize gel emulsions for their subsequent
polymerization.

LMWGs are attracting attention both academically and indus-
trially. LMWGs are low-molecular-weight compounds that can
physically gel water or organic solvents. The first report regarding
LMWGs was published in 1942 when Yamamoto described the
gelator 1,3:2,4-dibenzylidene-D-sorbitol.22 Papers on LMWGs were
rare over the next half-century. However, research interest in
LMWGs increased during the first half of the 1990s. Combined
with advances in supramolecular chemistry, there have been many
reports of LMWGs in recent years.23–37 LMWGs are characterized
by thermally reversible sol–gel transitions. This property can be
attributed to the three-dimensional network structures that are
built up through noncovalent interactions, such as hydrogen
bonding, electrostatic interactions, van der Waals interactions
and 𝜋–𝜋 interactions. Although several gelators are already used
as hardeners for spilled fluids, cooking oils, cosmetic materials
and paint thickeners, recent research on gelators has focused
on their application to drug delivery and drug release in the
field of biomaterials,38–44 scaffold materials for cells in tissue
engineering,45,46 sensors,47–51 templates for the synthesis of inor-
ganic nanostructures,52–56 auxiliary agents for producing organic
electronics,57–59 electrolytes that prevent liquid leakage60 and
detectors for explosives.61–64

Over the last two decades, we have developed many LMWGs and
studied their applications.53,56,63,65–67 In the current paper, we con-
firm the universality of Fang’s polymerization concept19–21 using
a new LMWG we prepared based on L-valine that is quite differ-
ent from Fang’s cholesteryl derivatives. Furthermore, we report the
preparation of gel emulsions (HIPEs) stabilized using our LMWG
and the successful preparation of poly(HIPE)s using radical poly-
merization of these gel emulsions. Macroporous polymers after
washing poly(HIPE)s with ethanol were studied as oil absorbents.

EXPERIMENTAL
Instrumentation
Elemental analysis was performed with a PerkinElmer 240B ana-
lyzer. Infrared spectra were recorded with a Jasco FTIR-7300 spec-
trometer using KBr plates. 1H NMR spectra were recorded with
a Bruker AVANCE 400 spectrometer. SEM was performed using a
Hitachi SU1510 microscope. The stirring for the preparation of gel
emulsions was performed with an AS ONE Test Tube Mixer HM-2F.
Contact angles were measured using a Kyowa Interface Science
DMs-400 contact angle meter. Confocal laser scanning microscopy
was performed with an Olympus FV1000-D.

Reagents
Span 80, methyl methacrylate (MMA), styrene (St), N,N-dimethy
laniline (DMA) and Sudan IV were purchased from Wako Pure
Chemical Industries Ltd. Uranine, 𝛿-valerolactone, benzoyl perox-
ide (BPO), n-butyl acrylate (BA), 2-ethylhexyl acrylate (EHA) and
1,6-hexanediol diacrylate (HDODA) were purchased from Tokyo
Chemical Industry Co. Ltd.

Synthesis
of N-4-hydroxybutylcarbonyl-L-isoleucylaminooctadecane
N-Carbobenzyloxy-L-isoleucylaminooctadecane67 (51.68 g,
0.10 mol) was hydrogenated in the presence of Pd–C in
500 mL of 1-propanol for 5 h at room temperature under
a hydrogen atmosphere. After confirming the complete
removal of the protecting group by thin-layer chromatog-
raphy (chloroform–methanol–acetic acid, 95:5:1 v/v/v) with
ninhydrin visualization, the solution was filtered. The filtrate was
evaporated, and recrystallization of the residue from 300 mL of
ligroin provided 35.3 g (92%) of L-isoleucylaminooctadecane.
A mixture of 6.50 g (17 mmol) of L-isoleucylaminooctadecane
and 1.70 g (17 mmol) of 𝛿-valerolactone in 60 mL of dry
tetrahydrofuran (THF) was refluxed overnight under an
argon atmosphere. After evaporating, the crude product was
recrystallized from 50 mL of ethyl acetate, affording 7.3 g of
N-4-hydroxybutylcarbonyl-L-isoleucylaminooctadecane (89%).

IR (KBr, cm−1): 3381 (𝜈OH), 3289 (𝜈NH), 1635 (𝜈C O amide I),
1542 (𝛿N—H amide II). Found: C 72.55, H 12.95, N 5.75%. Calcd for
C29H58N2O3: C 72.15, H 12.11, N 5.80%. 1H NMR (400 MHz, CDCl3,
TMS, 25 ∘C; 𝛿, ppm): 0.86–0.92 (m, 9H, CH3), 1.25 (br, 32H, alkyl),
1.47–1.62 (m, 4H, CONHCH2CH2, HOCH2CH2), 1.71–1.179 (m, 2H,
CH2CH2CONH), 1.80–1.85 (m, 1H, CH(CH3)(CH2CH3)), 2.26–2.30 (m,
2H, CH2CONH), 3.13–3.34 (m, 2H, CONHCH2), 3.60–3.69 (m, 2H,
HOCH2), 4.20 (t, J = 8.22, 1H, CONHCHCONH), 6.00 (t, J = 5.60, 1H,
CONHCH2), 6.32 (d, J = 8.76, 1H, CONHCH).

Preparation of gel emulsions
A mixture of weighed gelator, BA (or EHA, MMA or St) and Span 80
in a test tube with an inner diameter of 16 mm was heated until
the solid dissolved. A predetermined amount of water was added
to the resulting solution, which was then stirred vigorously by a
test tube mixer. After standing at 40 ∘C for 24 h, the formation of
a gel emulsion was checked visually. When no fluid ran down the
wall of the test tube upon inversion, we judged a gel emulsion to
have been formed.

Polymerization of gel emulsions
A mixture of weighed gelator, BA (or EHA, MMA or St), HDODA,
Span 80 and DMA in a test tube with an inner diameter of 16 mm
was heated until the solid dissolved, followed by cooling at room
temperature to form a gel. A predetermined amount of water was
added to the gel, and the mixture was stirred vigorously at 40
∘C to form a gel emulsion. BPO was added to the gel emulsion
while stirring, and it was then left to stand at 40 ∘C overnight.
The polymerized matter was removed by breaking the test tube
and washed with ethanol to remove unreacted monomer, gelator,
Span 80 and DMA. The obtained porous polymers were dried
under reduced pressure at room temperature. It should be noted
that all the polymers prepared in this study were crosslinked by a
small amount of HDODA.

The compositions of gel emulsions with various aqueous phase
fractions (APFs) used for preparation of porous poly(BA) (PBA) are
summarized in Table 1. The amounts of Span 80 and gelator in
the continuous phase were fixed to be 40 mg mL−1. The amount
of HDODA as a crosslinking monomer was 5 vol% in the mixture
of BA and HDODA. The concentrations of DMA and BPO as redox
initiators in the continuous phase were 4.0 × 10−2 mol L−1.

The compositions of the gel emulsions used for the preparation
of porous PSt, PMMA, PBA and poly(EHA) (PEHA) are summarized
in Table 2, where the APFs of all the samples were fixed at 90 vol%.
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Table 1. Compositions of gel emulsions with different APFs for
preparation of porous PBA

APF Water BA HDODA Gelator Span 80 BPO DMA
(vol%) (mL) (mL) (mL) (mg) (mg) (mg) (mg)

10 0.40 3.42 0.18 144 144 3.9 2.0
20 0.80 3.04 0.16 128 128 3.9 2.0
30 1.20 2.66 0.14 112 112 3.9 2.0
40 1.60 2.28 0.12 96 96 3.9 2.0
50 2.00 1.90 0.10 80 80 3.9 2.0
60 2.40 1.52 0.08 64 64 3.9 2.0
70 2.80 1.14 0.06 48 48 3.9 2.0
80 3.20 0.76 0.04 32 32 3.9 2.0
90 3.60 0.38 0.02 16 16 3.9 2.0

APF, aqueous phase fractions; BA, butyl acrylate; HDODA,
1,6-hexanediol diacrylate; BPO, benzoyl peroxide; DMA,
N,N-dimethylaniline.

Table 2. Compositions of gel emulsions with different monomers for
preparation of porous polymers

Water Monomer HDODA Gelator Span 80 BPO DMA
(mL) (mL) (mL) (mg) (mg) (mg) (mg)

3.60 0.38 (St) 0.02 16 16 3.9 None
3.60 0.38 (MMA) 0.02 16 16 3.9 2.0
3.60 0.38 (BA) 0.02 16 16 3.9 2.0
3.60 0.38 (EHA) 0.02 16 16 3.9 2.0

APFs of all samples were fixed to be 90 vol%. St, styrene; MMA, methyl
methacrylate; EHA, 2-ethylhexyl acrylate.

The preparation of porous copolymers consisting of EHA and MMA
was performed using the gel emulsion compositions described in
Table S1, where all samples were adjusted to have APFs of 90 vol%.

Density and porosity of porous polymers
Density (d) of a porous polymer is defined as m/V , where m and
V are the mass (g) and the volume (cm3) of the porous polymer,
respectively. The porosityΦ (%) was calculated using the following
formula:

Φ =
V −

(
m∕dp

)

V
× 100 (1)

where m is the mass (g) of the porous polymer, V is the volume
(cm3) of the porous polymer and dp is the density (g cm−3) of the
neat polymer.

Organic liquid absorption test and swelling ratio
To estimate the maximum absorption capacity of the porous
polymers, a porous polymer of known weight was placed in a
beaker filled with a liquid. After immersion for 30 min, the wet
porous polymer was drained for 5 min until no residual droplets
were left on the surface. The absorption capacity was calculated
by the following formula:

q =
ms − m0

m0

(2)

where q is the absorption capacity (g g−1), ms is the weight of the
wet porous polymer after 5 min drainage (g) and m0 is the initial

Figure 1. Structure of Span 80 and preparation of gelator.

weight of the porous polymer (g). The swelling ratio is given by
Vs/V0 × 100%, where V0 and Vs are the volumes of the sample
before and after immersion in liquids.

RESULTS AND DISCUSSION
Gelation behavior of gelator and preparation of gel
emulsions
In this study, N-4-hydroxybutylcarbonyl-L-isoleucylaminoo
ctadecane and Span 80 were used as gelator and surfactant,
respectively, for preparing the gel emulsions (Fig. 1). The mini-
mum gelator concentrations required to form gels at 25 ∘C from
typical liquids are 10 g L−1 for BA, 10 g L−1 for MMA, 8 g L−1 for
St, 4 g L−1 for dodecane, 10 g L−1 for toluene, 8 g L−1 for dimethyl
sulfoxide, 4 g L−1 for isopropyl myristate, 2 g L−1 for silicone oil
and 4 g L−1 for ethylene glycol. Both the gelator and Span 80 were
indispensable in the preparation of stable gel emulsions, with the
surfactant being responsible for emulsification and the gelator
being responsible for gelation of the emulsion.

We performed preliminary experiments with gel emulsions con-
sisting of water and BA in the APF range 10–90 vol% to elucidate
the stability of the formed gel emulsions. Here, an APF value of
90 vol% indicates an emulsion consisting of 90 vol% water and
10 vol% BA. The amounts of Span 80 and the gelator added were
fixed at 10 mg mL−1 with respect to BA. Although emulsions con-
sisting of water and BA were formed only with the aid of Span 80,
phase separation occurred after 1 h at 40 ∘C. Conversely, the addi-
tion of both the gelator and Span 80 gave stable gel emulsions over
the entire APF range (10–90 vol%). These emulsions were so sta-
ble that neither phase separation nor collapse occurred, even after
several months at 40 ∘C. The gelator is insoluble in water, indicating
that the continuous BA oil phase in the emulsion was gelled.

The gel emulsions formed in the presence of the gelator and
Span 80 were confirmed to be of W/O type by confocal laser
scanning microscopy using uranine. Uranine colors the water
phase green (Fig. 2). The dispersed droplet sizes increase with
increasing APF, and the shapes of the spheres suddenly become
distorted at an APF of 90 vol%. This result can be explained by
reference to the internal volume fraction of an emulsion droplet.
When the internal volume fraction exceeds the critical value of the
most compact arrangement of spheres (0.74), the water droplets
come into close contact with each other and their shapes become
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Figure 2. Confocal laser scanning microscope images of gel emulsions with
various APFs: (a) 10, (b) 30, (c) 50, (d) 70, (e) 80 and (f ) 90 vol%.

distorted.68 Gelation of the oil phase in emulsions leads to the
formation of stable W/O gel emulsions over the entire APF range
of 10–90 vol% without creaming, flocculation or coalescence.
The gel emulsion with an APF of 90% was stable for 24 h at
40 ∘C, so that there was no phase separation. We succeeded in
preparing a gel emulsion of APF of 92%, but failed to prepare
one of APF of 95% which was so unstable that phase separation
occurred. This result prompted us to use W/O gel emulsions as
templates to prepare porous polymers through low-temperature
radical polymerization.

Porous polymers from gel emulsions as templates
The preparation of a porous polymer from a gel emulsion template
is illustrated in Fig. 3. The process comprises the following four
steps: (1) formation of the gel by cooling a hot isotropic solution
containing the gelator, Span 80, monomers and DMA; (2) forma-
tion of W/O gel emulsions by adding water, stirring and standing
at 40 ∘C; (3) addition of BPO to initiate the polymerization at 40 ∘C
for 24 h; and (4) rinsing the polymer with ethanol.

The porous PBAs were prepared by redox polymerization of gel
emulsions with various APFs (Table 1) using BPO and DMA as the
redox initiators. Figure 4 shows images of a typical gel emulsion
before polymerization and a porous PBA after polymerization and
rinsing with ethanol. Clearly, the resulting porous PBA completely
reflects the shape of the original gel emulsion. We investigated the
microstructures of the porous PBAs using SEM. Figure 5 shows SEM

images of porous PBAs with APFs of 10, 30, 50, 70 and 90 vol%.
Numerous spherical structures are observed in all of the obtained
porous PBAs, and the diameters in Figs 5(b)–(d) are several tens
of micrometers. Larger spherical structures having diameters that
reach 300 μm were obtained from gel emulsions with an APF of
90 vol% and they form continuous pore structures. The sizes of
the spherical structures in Fig. 5 are almost comparable with the
spheres dispersed in the water phase of the gel emulsions (Fig. 2).
The reason that the number of pores at 70% seemed to be larger
than that of 90% system is unclear at this time, but it is thought
that the wall of pores of the 90% system are thinner than those
of the 70% system. Therefore, the porous polymer of 90% has the
lowest density (0.09 g cm−3) and highest porosity (92%). Thus,
the dispersed water phase was assumed to remain in the internal
cavities of the obtained porous PBAs. It is obvious from Fig. 5 that
the size of the spherical structures can be controlled by adjusting
the APF of the gel emulsions.

The densities and porosities of the porous PBAs from gel emul-
sions with various APFs are summarized in Table 3. With increas-
ing APF, the densities and porosities of the porous PBAs decrease
and increase, respectively. The average diameter of the spherical
structures increases with increasing APF. Polymerization of the gel
emulsion (APF: 90 vol%) affords a porous PBA with the lowest den-
sity (0.09 g cm−3) and highest porosity (92%). The fact that the
porosities are almost equivalent to the APFs of the correspond-
ing gel emulsions suggests that the microstructures of the porous
PBAs reflect the sizes of the dispersed water phase in the gel emul-
sions. It should be noted that the contact angle of the porous PBA
(APF: 90 vol%) is 130.9∘, confirming its high water repellency. The
high water repellency allows the porous polymer to recover oils
from water easily.

Organic liquid absorption
With the application of porous PBAs as oil absorbents in mind, we
studied the absorption ability of the porous PBA (APF: 90 vol%)
against Sudan IV-containing kerosene in water. The porous PBA
selectively absorbs the red-colored kerosene from water instantly,
and the kerosene can be recovered by physical compression of the
PBA. The absorbent can be reused several times after recovering
the kerosene from the porous PBA. The absorption capacities of
the porous PBAs toward kerosene were compared as a function of
the APF. Although the porous PBAs with APFs up to 50 vol% fail to
absorb kerosene, absorption is observed for polymers with APFs
greater than 60 vol%. The absorption capacity of the most porous
PBA (APF: 90 vol%) is 11.6 g g−1 (i.e. the weight of the absorbed
kerosene to the weight of the original porous polymer) after 30
min. This demonstrates that more than ten times the weight of the
porous PBA can be absorbed. The high absorption capacity of the
porous polymer is due to the spherical internal cavity structures
(Fig. 5(e)).

The absorption capacities and swelling ratios of the porous
PBA (APF: 90 vol%) towards water, ethanol, acetone, THF, ethyl
acetate, hexane and kerosene are shown in Fig. 6. PBA neither
absorbs nor swells in water owing to its high water repellency.
The absorption capacities (Fig. 6(a)) after 30 min towards acetone,
THF and ethyl acetate are 22, 30 and 26 g g−1, respectively. The
swelling behavior (Fig. 6(b)) is identical to the absorption behavior,
i.e. the swelling ratios are 246, 320 and 269 vol% for acetone, THF
and ethyl acetate, respectively. The high absorption capacities and
high swelling ratios in these solvents, compared to those in hexane
and kerosene, are due to the affinity of these solvents to BA. It
should be noted that the dielectric constants of ethanol, acetone,
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Figure 3. Preparation process of porous polymer from gel emulsion template.

Figure 4. Images of (a) gel emulsion and (b) porous polymer sample
prepared via polymerization of gel emulsion.

THF, ethyl acetate, hexane and kerosene are 25.3, 19.5, 7.5, 6.4, 2.0
and 1.8, respectively. Although the dielectric constant of PBA is
unknown, it can be assumed that it is near 4, judging by the fact
that the dielectric constant of PMA is 4.0. The dielectric constant
of PBA is fairly close to those of THF and ethyl acetate. The results
shown in Fig. 6 indicate that the absorption of solvents proceeds
via two steps: rapid permeation into the cavities of the porous PBA
and a subsequent slow swelling. Slow swelling occurs in the polar
solvents, such as acetone, THF and ethyl acetate.

Porous polymers from gel emulsions containing other
monomers
Gel emulsions containing St, MMA or EHA as the oil phase
(Table 2 presents the compositions) were prepared and redox

polymerization was performed. Figure 7 shows SEM images of
porous PSt, PMMA, PBA and PEHA, where the APF for all samples
is 90 vol%. Numerous spherical structures are observed for all
the porous polymers, and the size and shape of the spheres are
dependent on the monomers. The average spherical diameters
of porous PSt, PMMA, PBA and PEHA are 48, 194, 152 and 99 μm,
respectively. The polarity of the continuous oil phase (monomers)
probably affects the size and shape of the dispersed water phase
in the gel emulsions. The octanol water partition coefficients (Log
Pow) of MMA, BA, St and EHA from their International Chemical
Safety Cards are 1.38, 2.38, 2.95 and 3.67, respectively. The devia-
tion of the average spherical diameter of PSt from that expected
from its Log Pow is attributed to the 𝜋–𝜋 interactions of the
aromatic St.

The absorption capacities and swelling ratios of the porous PSt,
PMMA, PBA and PEHA (APF: 90 vol%) were compared (Fig. 8). The
order of absorption capacity towards kerosene is PEHA > PBA >

PSt > PMMA and the swelling ratios of the porous PEHA, PBA,
PSt and PMMA are 240, 164, 100 and 100%, respectively. The high
absorption capacities of the porous PEHA and PBA are attributed
to their large swelling ratios. Considering that the porous PSt
and PMMA do not swell in kerosene, kerosene absorption by the
porous PSt and PMMA is attributed to its rapid permeation into
the cavities. It is noteworthy that kerosene absorption by porous
PSt and PMMA is completed within 5 min.

The durability of the porous PEHA, PBA, PSt and PMMA for
reuse as absorbents was studied using kerosene. The durability
test was repeated until the porous polymers were broken or
became distorted. Porous PSt and PMMA break after the first

Polym Int 2018; 67: 909–916 © 2018 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Figure 5. SEM images of the porous PBAs prepared from W/O gel emul-
sions with various APFs: (a) 10, (b) 30, (c) 50, (d) 70 and (e) 90 vol%. For the
compositions for preparation of porous PBAs, see Table 1.

Table 3. Densities, porosities and average dimeters of porous PBAs
prepared from gel emulsions with various APFs

APF Density (g cm−3) Porosity, Φ (%) Average diameter (μm)

10 0.89 18 37
20 0.84 23 43
30 0.70 35 46
40 0.59 45 38
50 0.54 50 54
60 0.43 61 45
70 0.32 71 51
80 0.19 82 64
90 0.091 92 162

repetition because of their hardness. Porous PBA and PEHA, which
are soft sponge-like materials, break after the third and fourth
repetitions, respectively. Since the porous PBA and PEHA swell to
approximately twice their size in kerosene, they are friable.

Porous copolymers obtained from gel emulsion
copolymerization
The affinity of PEHA with kerosene and the high modulus of PMMA
prompted us to attempt to improve the durability of the porous

polymers by EHA and MMA copolymerization. Gel emulsions
containing EHA and MMA as the oil phase (Table S1 presents the
compositions) were prepared, and the corresponding copolymers
were obtained. SEM images of porous PEHA, P(EHA-co-MMA)s
and PMMA are shown in Fig. 9. The values indicate the volume
ratios of EHA to MMA. Numerous macroporous spherical struc-
tures are observed in each image. The images of porous PEHA
and P(EHA-co-MMA)s (7:3, 5:5) with low ratios of MMA are char-
acterized by spherical structures with almost uniform diameters
(Figs 9(a)–(c)). However, for P(EHA-co-MMA) (3:7) and PMMA
(Figs 9(d) and (e)), the spherical structures become misshapen and
the sizes increase and vary. These results are best explained by
the transformation of polarity in the continuous oil phase owing
to the high ratio of MMA and the subsequent change in size and
shape of the dispersed water phase. It is noteworthy that EHA (Log
Pow = 3.67) is much more hydrophobic compared with MMA (Log
Pow = 1.38).

The absorption capacities and swelling ratios of the porous
PEHA, P(EHA-co-MMA)s and PMMA towards kerosene are shown in
Fig. S1. No swelling is observed for P(EHA-co-MMA)s (3:7, 2:8, 1:9)
and PMMA. However, swelling is observed when the EHA/MMA
volume ratio is more than 4:6 (Fig. S1(b)). The absorption capacity
also increases with an increase in the volume ratio of EHA and the
highest absorption capacity is observed for P(EHA-co-MMA) (9:1)
(Fig. S1(a)). These results led us to conclude that the absorption
and swelling can be controlled by porous copolymers prepared
from gel emulsions with continuous oil phases containing the
appropriate monomers.

The reuse durability was studied in kerosene. The maximum
number of repetitions, the weight of trapped kerosene per gram
of polymer after absorption for 30 min (wa), the weight of resid-
ual kerosene after pressing (ww) and the difference (ww − wa)
are summarized in Table S2. The durability test was repeated
until the porous polymers became broken or distorted. The
P(EHA-co-MMA)s (3:7, 2:8, 1:9) and PMMA break during the
first repetition test because they are too hard. Conversely, the
P(EHA-co-MMA)s (7:3, 8:2, 9:1) and PEHA lasted several repetitions.
A considerable amount of remaining kerosene in the case of these
polymers is observed after pressing; for instance, though 1 g of
P(EHA-co-MMA) (9:1) absorbs 17.7 g of kerosene, 3.6 g of kerosene
remains in the polymer after pressing. Consequently, 14.1 g of
kerosene is recovered. The best durability was recorded for the
P(EHA-co-MMA)s (4:6, 5:5, 6:4). These polymers withstood over 20
repetitions. Considering a balance of both the maximum number
of repetitions and the kerosene recovery, P(EHA-co-MMA) (6:4) is
the best polymer.

CONCLUSIONS
In this study, the gelator N-3-hydroxybutylcarbonyl-L-isoleucylami
nooctadecane was synthesized and used to prepare gel emulsions.
W/O-type gel emulsions consisting of water and BA were pre-
pared using the gelator and Span 80 as a surfactant. Stable gel
emulsions could be formed over the entire APF range of 10–90
vol% without creaming, flocculation or coalescence. The gel emul-
sions were so stable that neither phase separation nor collapse
occurred even after several months at 40 ∘C. Low-temperature
polymerization of the gel emulsions with a redox initiator gave the
corresponding porous PBAs with low density and high porosity.
Many spherical structures were observed in all the porous PBAs
by SEM, and the size of the spherical structures could be con-
trolled by adjusting the APF of the gel emulsions. The densities and
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Figure 6. (a) Absorption capacities and (b) swelling ratios of porous sample prepared from gel emulsion with APF of 90 vol% for seven different liquids.

Figure 7. SEM images of porous samples prepared from W/O gel emulsions
with various monomers: (a) St, (b) MMA, (c) BA and (d) EHA. For the
compositions of gel emulsions for preparation of porous samples, see
Table 2.
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Figure 8. (a) Absorption capacities and (b) swelling ratios of porous
PSt, PMMA, PBA and PEHA (APF: 90 vol%) towards kerosene. For the
compositions of gel emulsions for preparation of porous samples, see
Table 2.

porosities of the porous PBAs decreased and increased, respec-
tively, with increasing APF. The porous PBAs selectively absorbed
kerosene from water instantly, and the kerosene could be recov-
ered by physical compression of the polymer. Absorption and
swelling tests suggested that there are two steps for absorption:

Figure 9. SEM images of porous materials prepared from W/O gel emul-
sions with various EHA-to-MMA ratios: (a) 10:0, (b) 7:3, (c) 5:5, (d) 3:7 and (e)
0:10.

rapid permeation into the cavities of the porous PBA and a subse-
quent slow swelling step.

Corresponding porous polymers were prepared from gel emul-
sions containing St, MMA or EHA as the continuous oil phases.
The size and shape of their spherical structures were dependent
on the monomers because the polarity of the monomers affected
the morphology of the dispersed water phase in the gel emul-
sions. The order of absorption capacity and swelling ratio towards
kerosene was PEHA > PBA > PSt > PMMA.

Polym Int 2018; 67: 909–916 © 2018 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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Various porous copolymers were prepared from gel emulsions
containing EHA and MMA as an oil phase. Their absorption and
swelling could be controlled by changing the ratio of EHA and
MMA in the continuous oil phase of the gel emulsions. The best
durability was recorded for P(EHA-co-MMA)s (4:6, 5:5, 6:4), which
withstood over 20 repetitions of kerosene absorption and press-
ing. The P(EHA-co-MMA) (6:4) polymer was the best material when
absorption capacity, swelling ratio and durability were simultane-
ously considered.
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