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a b s t r a c t

Crosslinked macroporous polymer particles containing a single large hole in their surfaces
were prepared by solution crosslinking of butyl rubber (PIB) in benzene using sulfur mono-
chloride (S2Cl2) as a crosslinking agent. The reactions were carried out within the droplets
of frozen solutions of PIB and S2Cl2 at �18 �C. Spherical millimeter-sized organogel beads
with a polydispersity of less than 10% were obtained. The particles display a two phase
morphology indicating that both cryogelation and reaction-induced phase separation
mechanisms are operative during the formation of the porous structures. The beads exhibit
moduli of elasticity of 1–4 kPa, much larger than the moduli of conventional nonporous
organogel beads formed at 20 �C. The gel particles also exhibit fast responsivity against
the external stimulus (solvent change) due to their large pore volumes (4–7 ml/g). The
gel beads prepared at �18 �C are very tough and can be compressed up to about 100%
strain during which almost all the solvent content of the particles is released without
any crack development. The sorption–squeezing cycles of the beads show that they can
be used in separation processes in which the separated compounds can easily be recovered
by compression of the beads under a piston.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Porous particles have a wide range of applications in
various areas such as tissue engineering, catalysis, chroma-
tography, and separation. Hollow polymer particles or
microcapsules are also of technological importance in con-
trolled release of drugs, cosmetics, or in the removal of pol-
lutants [1–5]. Such particles are commonly prepared by
coating the surface of template particles with a thin layer
of desired material, followed by removal of the core parti-
cles using chemical etching [4]. Other methods to generate
hollow structures include emulsion droplets, self-assem-
bly, phase separation, and polymer micelles [6–8]. How-
ever, since the diffusion through the closed shell of the
particles is a slow process, hollow polymer particles with
porous shells, or, with a single-hole in their surfaces are
particular interest because they can readily upload drugs

or reagents [9–11]. Im et al. showed that polystyrene hol-
low particles with controllable holes in their surfaces can
be prepared by means of low temperature swelling of poly-
mer particles [9,10]. Recently, Guan et al. demonstrated
formation of such particles by polymerization – crosslink-
ing reactions at the surface of carboxyl-capping polysty-
rene colloids [12]. He et al. prepared hollow polymer
particles with porous shells by self-assembling of sulfo-
nated polystyrene latex particles at the interface of emul-
sion droplets [13].

Herein, we introduce a simple strategy that allows the
preparation of millimeter-sized macroporous organogel
particles containing a single large hole in their surfaces.
The starting material of the particles is a linear polyisobu-
tylene containing small amounts of internal unsaturated
groups (isoprene units), known as butyl rubber. Previous
work within this department has shown that in dilute ben-
zene solutions, butyl rubber can easily be crosslinked using
sulfur monochloride (S2Cl2) as a crosslinking agent at
temperatures down to �18 �C, i.e., about 23 �C below the
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freezing point of the solution [14,15]. As first demon-
strated by Lozinsky et al. in 1984 [16], the occurrence of
the crosslinking reactions below the freezing point of or-
ganic solutions is due to the presence of unfrozen regions
in the apparently frozen reaction system [17]. It was
shown that, when a 5% butyl rubber solution is frozen at
�18 �C, 14% of benzene remains unfrozen in the apparently
frozen system [14]. Thus, as benzene freezes, the polymer
chains are excluded from the benzene crystals and, they
accumulate in the unfrozen microregions, making the bu-
tyl rubber concentration in these regions about 36%, high
enough to conduct the crosslinking reactions even at
�18 �C. After the crosslinking reactions in the unfrozen
zones and, after melting of benzene crystals, a macropo-
rous material was produced whose microstructure is a
negative replica of the crystals formed [14].

Our strategy to prepare single-hole macroporous gel
particles is to conduct the crosslinking reactions within
the droplets of frozen solutions of butyl rubber at �18 �C.
The crosslinking reactions occurring in the unfrozen zones
of the apparently frozen droplets lead to the formation of
spherical, monodisperse single-hole porous particles of
high toughness and superfast responsivity. Here, we also
show that these particles can be used in separation pro-
cesses in which the separated compounds or pollutants
can easily be recovered by compression of the beads under
a piston. The reusability of the gel beads and the recover-
ability of the pollutants were demonstrated by conducting
successive sorption–squeezing cycles of the beads in con-
tact with toluene and crude oil.

2. Experimental

2.1. Materials

Butyl rubber 365 (PIB, Exxon Mobil) with an unsatura-
tion degree of 2.3 mol% and a Mooney viscosity of 33 was
used in the gelation experiments. It was dissolved in tolu-
ene following by precipitation into methanol and drying at
room temperature under vacuum to constant mass. Sulfur
monochloride (Riedel de Haen) was used as received. Eth-
ylene glycol (Fluka and Merck), arabic gum (technical
grade), sodium dodecyl sulfate (Sigma–Aldrich), ethanol
(Riedel de Haen), and sodium chloride (NaCl, Riedel de
Haen) were also used as received. Crude oil, which was
used in the sorption experiments, was provided from Ozan
Sungurlu wells, Turkey (d = 0.89 g/ml, viscosity = 350 cP at
25 �C).

2.2. Preparation of conventional PIB particles

We first conducted the crosslinking reactions at 20 �C to
obtain nonporous PIB beads as a reference material. Spher-
ical PIB beads of diameters between 0.7 and 5 mm were
obtained by suspension crosslinking of the organic solu-
tions of PIB and the crosslinking agent S2Cl2 in ethylene
glycol (continuous phase) containing arabic gum (0.5%),
sodium dodecyl sulfate (0.1%) and NaCl (0.3%) as the stabi-
lizer system. Following parameters were fixed in our
experiments:

Volume ratio of continuous/organic phase: 10/1.
PIB concentration in the organic phase: 10 w/v%.
Reaction time: 17 h.

In a typical experiment, 100 ml of ethylene glycol con-
taining arabic gum (0.5 g), sodium dodecyl sulfate (0.1 g)
and NaCl (0.3 g) were first introduced into a 150-ml glass
jar and stirred for about 1 h. Separately, butyl rubber
(1 g) dissolved in 10 ml of benzene was mixed with the
crosslinking agent sulfur monochloride in an Erlenmeyer
flask. The organic phase was then transferred into the con-
tinuous phase and the reaction was allowed to proceed for
17 h at 20 ± 1 �C. After the reaction, the beads were sepa-
rated from the continuous phase and they were washed
several times with water and then with toluene. The aver-
age size of the beads swollen in toluene could be regulated
between 2 and 7 mm by the amounts of the stabilizers and
the crosslinker S2Cl2 as well as by the stirring rate during
reactions. The polydispersity PD, i.e., the relative standard
deviation of the beads was large and ranged between
20% and 60%.

2.3. Preparation of single-hole macroporous PIB particles

Solution crosslinking of butyl rubber (PIB) was carried
out in benzene using S2Cl2 as a crosslinking agent. The
polymer concentration was fixed at 10 w/v% while the
S2Cl2 concentration was varied. S2Cl2 content of the reac-
tion solution, S2Cl2%, was expressed as the volume of
S2Cl2 added per 100 g of PIB. Since PIB contains 2.3 mol%
isoprene units, the molar masses of isobutylene, isoprene
units, and S2Cl2 are 56, 68, and 135 g/mol, respectively,
and the density of S2Cl2 is 1.68 g/ml, a multiplication factor
of 0.30 converts S2Cl2% into the moles of crosslinking agent
added per mole of isoprene unit in the polymer. Porous
particles were obtained by conducting the crosslinking
reactions at �18 �C. Two techniques were used:

Technique A: 10 ml of benzene containing PIB (1 g) and
the crosslinking agent S2Cl2 was added dropwise into ex-
cess liquid nitrogen to create small frozen organic droplets.
As each droplet touches the liquid nitrogen, nitrogen starts
to boil while the droplet spins on the liquid surface until it
falls down into the liquid nitrogen. After complete addition
of the organic phase, the frozen droplets were transferred
into an excess of ethanol at �18 �C as the continuous phase
and the crosslinking reactions were carried out for 17 h.

Technique B: 10 ml of benzene containing PIB (1 g) and
the crosslinking agent S2Cl2 was added dropwise into a
continuous phase consisting of ethylene glycol and etha-
nol in a volume ratio of 1:4 and at a temperature of
�18 �C. The temperature of the continuous phase was
controlled using a thermostated bath filled with ethanol
(Huber CC1, Germany). Since the density of the continu-
ous phase is close to that of the organic phase, the drop-
lets slowly fall down the solution (falling distance = 4.5
cm), during which they start to freeze so that the coales-
cence of the particles could be prevented. After complete
addition of the organic phase, the reactions were con-
ducted for 17 h at �18 �C and then, the particles were sep-
arated as described above.
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2.4. Swelling measurements

Swelling measurements were conducted on individual
gel beads equilibrium swollen in toluene. The beads were
placed separately in glass vials containing an excess of tol-
uene at 21 ± 0.5 �C. In order to reach swelling equilibrium,
the beads were immersed in toluene for at least 2 weeks
replacing the toluene many times. The swelling equilib-
rium was tested by monitoring the diameter of the gel
beads using an image analyzing system consisting of a
microscope (XSZ single Zoom microscope), a CDD digital
camera (TK 1381 EG) and a PC with the data analyzing sys-
tem Image-Pro Plus. The swelling equilibrium was also
tested by weighing the gel beads. Thereafter, the gel beads
equilibrium swollen in toluene were first added into meth-
anol (poor solvent) and then dried in vacuum at room tem-
perature. The equilibrium volume and the equilibrium
weight swelling ratios of the beads, qv and qw , respec-
tively, were calculated as:

qv ¼ ðD=DdryÞ3 ð1Þ

qw ¼ m=mdry ð2Þ

where D and Ddry are the diameters of the equilibrium
swollen and dry beads, respectively, m and mdry are the
weights of beads after equilibrium swelling in toluene
and after drying, respectively. Note that the swelling mea-
surements were conducted on at least six individual beads
prepared under the same experimental condition and the
results were averaged.

For the measurement of the deswelling rates of gel beads,
the equilibrium swollen gel beads in toluene were im-
mersed in methanol at 21 �C. The volume changes of beads
were measured in-situ by following the diameter of the
samples under microscope using the image analyzing sys-
tem. For the measurement of the swelling rates of beads,
the collapsed gel beads in methanol were transferred into
toluene at 21 �C. The diameter changes of the beads were
also monitored as described above. The results were given
as the relative volume swelling ratio Vrel = (Dt/D)3 where
Dt is the gel diameter at time t.

2.5. Elasticity tests

Uniaxial compression measurements were performed
on individual gel beads in their swollen states. All the
mechanical measurements were conducted in a thermo-
stated room of 21 ± 0.5 �C. The stress–strain isotherms
were measured by using an apparatus previously described
[18–20]. Briefly, a gel bead of 3–13 mm in diameter was
placed on a digital balance (Precisa 320 XB – 220A, read-
ability and reproducibility = 0.1 mg). A load was transmit-
ted vertically to the gel through a rod fitted with a PTFE
end-plate. The force F acting on the gel was calculated from
the reading of the balance m as F = m g, where g is the grav-
itational acceleration. The resulting deformation DD was
measured using a digital comparator (IDC type Digimatic
Indicator 543-262, Mitutoyo Co.), which was sensitive to
displacements of 10�3 mm. The force and the resulting
deformation were recorded after 20 s of relaxation. The

measurements were conducted up to about 20%
compression.

We first conducted the compression measurements on
individual gel beads immersed in a large excess of toluene.
However, no reproducible results were obtained from
these measurements, probably due to the motion of the
bead during compression. Measurements conducted out-
side of the toluene phase gave reproducible results. The
weight loss of single beads during the measurement due
to solvent evaporation or due to the applied force was
found to be negligible. This was achieved by keeping the
measurement time as short as possible. One measurement
took only less than 10 min involving 10–30 data points.

2.6. Texture determination and porosity of beads

For the texture determination of dried gel beads, scan-
ning electron microscopy (SEM) studies were carried out
at various magnifications between 50 and 2000 times (Jeol
JSM 6335F Field Emission SEM). Prior to the measure-
ments, network samples were sputter-coated with gold
for 3 min using Sputter-coater S150 B Edwards instrument.
The texture of the gel beads at various swelling states was
investigated under XSZ single Zoom microscope using the
image analyzing system Image–Pro Plus. For this purpose,
the samples swollen in toluene were first immersed into li-
quid nitrogen for 1 min and then, they were cut into thin
slices of about 1 mm in thickness. The measurements were
conducted at room temperature and at magnifications be-
tween 10 and 100 times.

The pore volume Vp of the beads was estimated through
uptake of methanol of the organogel beads. The gel beads
swollen in toluene were transferred into methanol and
methanol was refreshed several times until the mass of
the beads remains unchanged. Since methanol is a nonsol-
vent for PIB [21], it only enters into the pores of the poly-
mer networks. Thus, Vp (ml pores in one gram of dry
polymer network) was calculated as

VP ¼ ðmM �mdryÞ=ðdMmdryÞ ð3Þ

where mM is the weight of the bead immersed in methanol
after 3 h and dM is the density of methanol (0.792 g/ml).

3. Results and discussion

3.1. Formation of organogel particles

To obtain porous particles, the crosslinking reactions
were carried out within the frozen organic droplets at
�18 �C. As mentioned in the experimental part, two tech-
niques were used: according to the first technique (tech-
nique A), the organic solution containing PIB and the
crosslinking agent S2Cl2 was dropped into liquid nitrogen
to create small frozen organic droplets at �196 �C. Then,
the frozen droplets were transferred into ethanol at
�18 �C as the continuous phase and the reactions were
carried out for 17 h. Images shown at the first and second
rows of Fig. 1 were taken from frozen solution droplets in
liquid nitrogen, and from PIB beads just after preparation,
respectively, at two different magnifications. The image
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at the bottom-left of Fig. 1 was taken from the PIB beads
after equilibrium swelling in toluene. It is seen that, freez-
ing of PIB solution in liquid nitrogen results in the forma-
tion of uniform frozen solution droplets with an opening
in their shells. The spherical shape and the morphology
of the frozen droplets remained unchanged after the cross-
linking reactions as well as after swelling of the crosslinked
particles in toluene. Using this technique, we were able to
obtain uniform and spherical millimeter-sized organogel
beads with a polydispersity PD, i.e., a relative standard
deviation of less than 6%. The diameter of the gel beads
could be adjusted by changing the tip diameter (Dtip) of
the pipettes from which the organic solution was dropped
into liquid nitrogen. For example, as Dtip is increased from
2.1 to 7.3 mm, diameter of the swollen particles in toluene
increased from 4.9 to 6.7 mm while the diameter of the
opening on the surface of the swollen particles remained
at 0.7 ± 0.1 mm. It should be noted that, by decreasing
the PIB concentration of the organic solution, the size of
the opening on the particle surfaces could be further in-
creased. For example, bottom-right image of Fig. 1 shows

the frozen droplets in liquid nitrogen having a PIB concen-
tration of 1%; the average diameter of the opening on the
surface of frozen droplets is 3.8 mm. However, gelation
reactions of the frozen droplets at such low concentration
of PIB resulted in the formation of agglomerates. To charac-
terize the shape and the size of the hole of the beads
formed by technique A, swollen beads were cut into two
halves and they were investigated by optical microscopy.
As seen from Fig. 2, the hole starting from one of the poles
of the swollen bead continuous up to the equator in the
form of a cylinder.

The second technique for the preparation of porous
particles (technique B) involves dropwise addition of the
organic solution containing PIB and S2Cl2 into a continuous
phase at �18 �C. We should note that, if the reactions were
carried out under the condition of the usual suspension
crosslinking technique, that is, under stirring of the contin-
uous phase, odd-shaped gel particles with a broad size dis-
tribution were obtained, probably due to the collisions
between the frozen droplets. Moreover, at low stirring
rates, agglomerates of organogel particles were obtained.

Fig. 1. Optical microscopy images of PIB beads formed by technique A. First row: Frozen PIB solution droplets in liquid nitrogen. Second row: PIB beads just
after preparation. Third row, left: PIB beads equilibrium swollen in toluene. S2Cl2 = 20 v/w %. PIB concentration = 10 w/v%. Third row, right: Droplets of
frozen PIB solution in liquid nitrogen. S2Cl2 = 20 v/w %. PIB concentration = 1 w/v %. All the scaling bars are 2 mm.
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Therefore, no stirring was provided during the reactions
and the density of the continuous phase was so adjusted
that the droplets slowly fall down the solution. Use of a
ethylene glycol–ethanol mixture (1:4 by volume) having
a density close to that of the organic droplets was found
to be ideal for the formation of PIB beads. In this way, uni-
form and spherical millimeter-sized beads with a PD of less
than 10% were obtained. The optical images in Fig. 3 show
the beads after preparation (A), and after equilibrium
swelling in toluene (B) and in methanol (C). As by the first
technique, PIB beads have openings on their surfaces and
the openings became more visible by immersing the beads
in a poor solvent such as methanol. The shape of the hole
inside the beads was the same as that observed in beads
formed by technique A (Fig. 2). Further, the size of the
PIB beads formed by this technique could also be varied
by changing the size of the droplets, i.e., by changing the
diameter of the pipette tips.

3.2. Properties of the particles

Swelling, porosity, and elasticity characteristics of the
beads prepared at �18 �C with and without precooling in
liquid nitrogen (techniques A and B, respectively) were col-
lected in Table 1. All the measurements were conducted on
individual gel beads and the results were averaged. The
standard deviations are shown in the parenthesis. For com-
parison, the properties of conventional, nonporous PIB
beads prepared using suspension crosslinking at 20 �C are
also shown in Table 1. The organogel beads swell in tolu-

ene (good solvent) about 20–40 times their dry weights;
decreasing S2Cl2% increases their weight swelling ratios.
Thus, although the concentration of the crosslinking agent
S2Cl2 used in the gel preparation was in a large excess, i.e.,
between 5% and 20% corresponding to 1.5–6 mol S2Cl2 per
mol of internal unsaturated group of PIB, the swelling ratio
sensitively depends on S2Cl2 concentration in the reaction
solution. This is probably due to the cyclization reactions
occurring between sulfur chloride and unsaturated groups
on the same polymer chains. Indeed, previous studies
showed that the critical amount of S2Cl2 required for the
onset of gelation during the solution crosslinking of PIB
at 20 �C was 60-fold larger than the theoretical value
[21]. The total volume of the pores in the beads was esti-

Fig. 2. Optical microscopy images of a swollen bead formed by technique A after cutting into two pieces. Views are from the equator to the pole (left) and
from reverse direction (right). S2Cl2 = 20 v/w%. PIB concentration = 10 w/v%. Scaling bars are 2 mm.

Fig. 3. Optical microscopy images of PIB beads formed by technique B after preparation (A), after equilibrium swelling in toluene (B) and in methanol (C).
The scaling bars are 2 mm. S2Cl2 = 10 v/w%. PIB concentration = 10 w/v%.

Table 1
Swelling, porosity, and elasticity characteristics of three types of PIB beads
prepared at a PIB concentration of 10 w/v% in benzene. The conventional
type beads were prepared at 20 �C while the others were prepared at
�18 �C with and without precooling in liquid nitrogen by techniques A and
B, respectively.

Type S2Cl2 (%) qw qv Vp/ml g�1 G/kPa

Technique A 10 38 (4) 29 (1) 5.6 (0.4) –
Technique A 20 25 (1) 23 (2) 5.3 (0.7) 1.43 (0.40)
Technique B 5 (a) (a) (a) 0.64 (0.20)
Technique B 10 21 (1) 17 (1) 6.9 (0.2) 1.60 (0.30)
Technique B 20 17 (2) 14 (1) 4.2 (0.4) 3.60 (0.45)
Conventional 20 28 (2) 20 (2) 0.7 (0.1) 0.27 (0.08)

(a) These gel particles were too weak so that their shape disrupted during
drying.
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mated from the uptake of methanol (poor solvent). The gel
beads prepared at �18 �C exhibit pore volumes (Vp) in the
range of 4–7 ml/g compared to the negligible pore volume
of the conventional beads. This is a consequence of the fro-
zen zones inside the droplets at �18 �C acting as templates
during the reactions.

It should be mentioned that the porosity measurements
were carried out before drying of the gel beads. Thus, tolu-
ene in the equilibrium swollen particles was replaced with
methanol, which is a poor solvent for PIB so that it only fills
the pores of the particles. However, if the porosity measure-
ments were conducted starting from dry gel particles, that
is, if dry particles were immersed into methanol, the pore
volumes Vp found were much lower. For example, at S2Cl2

concentration of 20%, Vp = 0.72 ± 0.33 ml/g and 0.80 ±
0.36 ml/g for beads formed by techniques A and B, respec-
tively, i.e., close to the value obtained for the nonporous
beads (Table 1). The results suggest that the pore structure
of the particles is not stable and collapse during their drying
process. Another evidence for the porous collapse was ob-
tained from the swelling measurements of beads starting
from their dry states; the weight swelling ratio qw was
3.4 g/g for dry beads formed by both technique, i.e., about
80% lower than the qw of swollen beads (Table 1). Since
the weight swelling represents the amount of the solvent
locating in both pores and in the polymer region, this de-
crease also reflects the collapse of the porous structure of
the particles.

The internal morphology of PIB beads was investigated at
various swelling states using optical and scanning electron
microscopy (SEM) methods. Fig. 4 shows optical and SEM
images of the beads formed by technique A (upper panel)
and B (bottom panel) at various swelling states. The swelling
degree decreases from left to right and the far left images
(C and D) were taken from dry beads by SEM. The size of
the pores in swollen beads is in the range of 100–101 lm,

while it decreases as the solvent is removed from the gels.
The polymer matrix seems to collapse so that the pore struc-
ture partially disappears during the evaporation of the sol-
vent. In the dry state, a regular structure consisting of
pores of 100 lm in diameter is seen from the SEM images.
Another point seen in the bottom-right image of Fig. 4 is that
the morphology of the center region of the bead significantly
differs from that of the shell region. The center of the gel net-
work consists of agglomerates of large polymer domains;
the interstices between these domains constitute the por-
ous structures. The structure of this region looks like cauli-
flower typical for porous gels obtained by reaction-
induced phase separation technique [22]. In contrast, how-
ever, the shell regions consist of pores of 100 lm in diameter
separated by thick pore walls indicating that the particle
exhibits a two phase morphology. Similar images were also
obtained from the center region of the beads formed by
technique A. The two phase morphology of the particles
can also be seen from the images of swollen beads (bot-
tom-left image in Figs. 1 and 3B), where the center regions
are more opaque than the shell regions.

Formation of macroporous polymer particles with an
unusual morphology can be explained according to the fol-
lowing scenario: During freezing of the solution droplets,
the polymer chains and the crosslinker molecules are ex-
pelled from the benzene crystals and, they concentrate
within the channels between the crystals. Moreover, ben-
zene is a poor solvent for PIB with an upper critical solu-
tion temperature of 24.5 �C [23–25]. Thus, as the droplets
are cooled, a liquid–liquid phase separation may also occur
in their interior due to the v-induced syneresis [22]. The
separated polymer-rich phase agglomerate into larger
clusters and continuing the reactions increase the number
of clusters in the system so that the polymer phase be-
comes continuous. Appearance of agglomerates of large
polymer domains in regions close to the hole of the parti-

Fig. 4. Optical microscopy and SEM images of the beads formed by technique A (upper panel) and B (bottom panel) at various swelling states. The swelling
degree of beads decreases from left to right and, the far left SEM images (C and D) were taken from dry beads. The bottom-right image (C) is a magnified
version of the image (D). S2Cl2 = 20 v/w%. PIB concentration = 10 w/v%.
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cles indicates that the phase separation mechanism is
operative in the inner part of the droplets. The crosslinking
reactions in the polymer-rich unfrozen channels in the
shell as well as in the phase separated domains in the inte-
rior lead to the formation of dense polymer domains sur-
rounding the solid benzene crystals acting as templates.
Thus, the porous structure of the particles forms by both
cryogelation and reaction-induced phase separation mech-
anisms. Moreover, although the formation mechanism of a
single large hole in the surface of the particle is unclear yet,
polymer/solvent phase separation during freezing and sub-
sequent interfacial free energy minimization, as suggested
by Yin and Yates may be responsible for this mechanism
[10].

Individual gel beads swollen in toluene were also sub-
jected to uniaxial compression measurements. However,
the interpretation of the compression test data of spherical
gel particles is complicated due to the significant variation
of the contact area between the wall and the originally
spherical gel during deformation. For a sphere with a con-
stant volume during deformation, Hertz derived the fol-
lowing equation for small deformation ranges [26–30].

F ¼ 4
3

GD0:5DD1:5 ð4Þ

where F is the force, G is the elastic modulus, and DD is the
deformation, DD = D � D0, D and D0 are the initial (swollen)
undeformed and deformed diameters of gel sample, respec-
tively. The Hertz theory (Eq. (4)) considers the contact defor-
mation of elastic spheres under normal loads in the absence of
adhesion and friction.

Fig. 5A shows force F versus deformation DD plots of a
series of swollen PIB beads of various diameters D, pre-
pared by technique A. The force F is a non-linear function
of the resulting deformation. According to Eq. (4), (3/4)
F/D0.5 vs DD1.5 plots should be linear for a given bead, with
a slope equals to its elastic modulus. Indeed, linear plots
were obtained for all the beads studied in the range of
deformation ratios above 5%. In Fig. 5B, (3/4)F D�0.5 is plot-
ted against DD1.5 for swollen beads formed at 20 v/w% S2Cl2

using both techniques and for the conventional beads. It is
seen that the slopes of the regression lines corresponding
to the elastic moduli G of the hydrogels vary depending
on the bead diameter. However, no correlation was found
between the diameter D and the elastic modulus G of the
gel beads. The variations in the stress–strain curves shown
in Fig. 5B depending on the bead diameter were in the
range of experimental error. The average values of the
modulus of the beads collected in the last column of Table
1 show that the moduli of the porous beads with 20% S2Cl2

formed by the techniques A and B are 1.4 and 3.6 kP,
respectively, much larger than the modulus of conven-
tional beads, which is about 0.3 kPa. Thus, crosslinking at
ambient temperature produces very soft gels probably
due to the hydrolysis of part of the crosslinker molecules.
However, since the droplets are in a frozen state by tech-
niques A and B, hydrolysis is prevented during the reac-
tions leading to a larger number of crosslinks between
the polymer chains. Table 1 also shows that decreasing
crosslinker content also decreases the elastic modulus of
porous beads. Further, the beads prepared by technique A
exhibit larger swelling ratios and smaller moduli of elastic-
ity than those formed by technique B. This is a result of the
precooling step in liquid nitrogen which slows down the
crosslinking reactions.

Fig. 6A compares the response rates of PIB beads pre-
pared by three different techniques at 20% crosslinker.
Here, the normalized gel volume Vrel (volume of the gel
bead at time t/equilibrium swollen volume in toluene) is
plotted against the time t of deswelling in methanol and
re-swelling in toluene. The measurements were carried
out by on-line monitoring of the diameter of the gel beads
immersed into the solvent under an optical microscope
coupled with an automatic image analyzing system. Por-
ous gel beads attain their equilibrium collapsed and swol-
len states within 10 min. Although the conventional gel
bead formed at 20 �C also deswells in methanol relatively
rapid within 15 min, its re-swelling in toluene to attain
the equilibrium swollen state requires about half day.
The fast responsivity of the gel beads formed at �18 �C is

Fig. 5. (A) Force F versus deformation DD plots of a series of beads obtained by technique A of various swollen diameters D in toluene, as indicated in the
figure. S2Cl2 = 20 v/w%. PIB concentration = 10 w/v%. (B) Stress–strain data of PIB gel beads of various diameters formed at 20 v/w % S2Cl2 concentration.
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due to their large pore volumes as well as the hole inside
the beads which provide easy penetration of the solvent
molecules within the network structure. Fig. 6B illustrates
the response rate of macroporous particles formed at var-
ious concentrations of S2Cl2. It is seen that both swelling
and deswelling rates were further improved by decreasing
the crosslinker concentration in the reaction solution.

The gel beads prepared at �18 �C by techniques A or B
exhibited not only a high modulus of elasticity (Table 1);
they were also very tough and can be compressed up to
about 100% strain without any crack development. This is
illustrated in Fig. 7 showing the compression of a swollen
gel bead prepared by technique B using tweezers. As the
gel bead is squeezed, it releases almost all its solvent so
that it can completely be compressed (images A–C). After
the release of the load and, after addition of toluene, the
bead recovers its original shape and volume within 30 s
(images D–E). In contrast, however, compression of the
gel beads prepared at 20 �C resulted in their irreversible
deformation and the spherical shape of the particles is dis-
rupted even in the presence of toluene.

The high degree of toughness of the low temperature gel
beads suggests that they can be used in separation processes
in which the separated compounds can easily be recovered
by compression of the beads under a piston. For example,
the reusability of the sorbents and the recoverability of the
pollutants are important aspects in oil spill cleanup proce-
dures for the removal of crude oil and petroleum derivatives
from surface waters [31]. To test the recoverability of the
solvents from the beads and the reusability of the particles,
individual swollen porous PIB particles were compressed
under a force of 14 ± 3 N. Under this condition, the particles
formed at �18 �C could be completely compressed. The
solvent recoverability was determined by subjecting the
particles to successive sorption–squeezing cycles to toluene
as well as crude oil under identical conditions. For this pur-
pose, each PIB bead was first immersed into 20 ml of toluene
or crude oil for 1 min and then, it was left to drip for 30 s. The
swollen bead was weighed and squeezed for 30 s under a
force of 14 ± 3 N. Then, it was weighed again to calculate
the amount of toluene or crude oil sorbed by 1 g of dry bead.
This sorption–squeezing cycle was repeated 30 times to

Fig. 6. The normalized volume Vrel of PIB gel beads shown as a function of the time of deswelling in methanol and re-swelling in toluene. (A) PIB beads
prepared by techniques A (d), B (N), and conventional beads (s). S2Cl2 = 20 v/w%. (B) PIB beads prepared by techniques B at 5 (N) and 20 v/w% S2Cl2 (d). PIB
concentration = 10 w/v%.

Fig. 7. Photographs of a swollen PIB gel bead formed at �18 �C by technique B during complete compression (A–C). After compression, addition of toluene
converts the gel bead back to its initial state (D and E). S2Cl2 = 20%. PIB concentration = 10 w/v%. The scaling bar (for all images) is 2 mm.
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obtain the recycling efficiency and continuous extraction
capacity of the porous particles.

The results are shown in Fig. 8A where the uptake capac-
ity of the particles in each cycle for toluene (filled symbols)
and crude oil (open symbols) is plotted against the number
of sorption–squeezing cycles. The particles were prepared
by techniques A (circles) and B (triangles) at a crosslinker
concentration of 20%. The results clearly demonstrate that
the amount of toluene or crude oil separated from the liquid
phase is constant in each cycle, i.e., 20.6 ± 0.5 g/g and
18.2 ± 0.3 g/g for the particles formed by technique A in con-
tact with toluene and crude oil, respectively. Further, com-
paring with the maximum toluene uptake capacity of the
particles (qw � 1, dotted lines in Fig. 8A), the particles ex-
tract toluene with a capacity only about 20% below its max-
imum capacity, indicating high continuous extraction
capacity of the rubber particles. It must be noted that the
particles could totally be compressed in each cycle without
any damage or any change in their spherical shape. From the

data in Fig. 8A, the total mass of toluene or crude oil sepa-
rated from the bulk liquid phase can be calculated by sum-
ming up the uptake capacities of the particles in each
cycle. Fig. 8B shows these results where the amount of sep-
arated toluene or crude oil is plotted against the cycle num-
ber. 365 g of crude oil can be separated from the liquid phase
by use of 1 g of particles formed by technique A within 20
sorption–squeezing cycles. Experiments were also con-
ducted using test solutions of 280 ml in volume with a crude
oil layer of approximately 1 cm thickness on the water sur-
face [32]. Macroporous PIB particles sorbed crude oil, but
not water, with the same capacity as given in Fig. 8A. Fur-
ther, the beads remained on the water surface both before
and after the sorption process.

4. Conclusion

Macroporous millimeter-sized organogel particles con-
taining a single large hole in their surfaces were prepared
by solution crosslinking of PIB in benzene using S2Cl2 as
a crosslinker at �18 �C. The particles display a two phase
morphology indicating that both cryogelation and reac-
tion-induced phase separation mechanisms are operative
during the formation of the porous structures. The beads
exhibit moduli of elasticity of 1–4 kPa, much larger than
the moduli of conventional nonporous organogel beads
formed at 20 �C. The gel particles also exhibit fast respon-
sivity against the external stimulus (solvent change) due to
their large pore volumes (4–7 ml/g). The gel particles are
very tough and can be compressed up to about 100% strain
during which almost all the solvent content of the particles
is released without any crack development. The sorption–
squeezing cycles of the beads conducted 30 times show
that they can be used in oil spill cleanup processes in
which the separated crude oil can easily be recovered by
compression of the beads under a piston.
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