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A new approach to produce polystyrene monoliths by
gelation and capillary shrinkage
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ABSTRACT Polymeric monoliths are of great interest in a
variety of applications. A new gelation approach to produce a
mechanically stable polystyrene (PS) gel directly from its mi-
croemulsion is reported. To produce a PS gel, the as-prepared
microemulsion is first demulsified by adding selected water-
miscible organic solvents. The small PS latex particles liber-
ated from the surfactant are assembled into a piece of bulk
material at an appropriate temperature with a high degree of
entanglement of the polymer chains. It is found that the d*T/y
value is an important parameter to evaluate the gelation
ability of the organic solvents and helps determine the gelation
conditions. Finally, PS monoliths are obtained by capillary
drying and their pore structures can be effectively tuned by
changing the gelation time and the amount of solvent ex-
changed with water. This allows the controlled preparation of
bulk PS artefacts with densities in the range of 0.06 to
l.14g cm”’, This simple method of PS monolith production
avoids the use of shaping tools or chemical templates, needs
less energy, and is a promising alternative approach to design
either integrated porous or compact polymer materials.

Keywords: polystyrene, monolith, demulsification, gelation, ca-
pillary shrinkage

INTRODUCTION

A bulk material rather than a powder is preferred for
many material applications especially when used as a
support or matrix, since it takes full advantage of the
mechanical stability and easy reuse [1]. Polystyrene (PS)
is a common polymer and has been widely used in many
fields, such as plastic products, insulation materials, cat-
alyst supports, chromatographic separation, gas or oil

absorption [2-8]. Like many thermoplastics, extrusion,
compression or injection molding is usually used for
shaping PS in industry, but many attempts have been
made to produce a functional polymeric monolith with-
out complex shaping equipment and high energy con-
sumption.

One of the most commonly used methods to produce a
porous PS monolith is high internal phase emulsion
(HIPE) polymerization [9], which relies on the selection
of a surfactant or solid particle to stabilize the emulsion
where a large amount of the volume, more than 74 vol.%
of the dispersed aqueous phase (i.e. internal phase), is
encapsulated by a small amount of the continuous
monomer phase [10,11]. Bulk PS is then obtained by the
copolymerization of the styrene (St) monomer and a
crosslinking agent in the continuous phase with the in-
ternal phase acting as a template. Since the pioneering
work by Morbidelli’s group [12,13], reactive gelation has
been extensively used to prepare various macroporous
polymeric monoliths with a highly crosslinked structure.
This method features two important processes, pore
formation by the use of porogens and post-polymeriza-
tion of the residual monomer. An alternative route, phase
separation induced by cooling or solvent evaporation has
also been widely used to fabricate polymer monoliths
[14,15]. Macroporous PS foams can also be fabricated by
the UV-initiated polymerization of foamed emulsions
with the help of photoinitiators [16]. Most of these
methods are highly dependent on the assistance of a
mold, templates, porogens, toxic solvents or complicated
crosslinking and stabilizing agents to produce polymeric
monoliths with the desired structure for different appli-
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cations. Therefore, more effort needs to be made in ex-
ploring alternative methods for PS monolith production
with less reliance on the preparation conditions and more
choice in tailoring its microstructure.

Here, we report a new PS gelation process which is
effective in preparing a monolith starting from its oil/
water microemulsion. PS gelation occurs upon the addi-
tion of a water-miscible organic solvent, which acts as an
effective demulsifier of the microemulsion. Rapid gelation
in only a few minutes at ambient temperature was ob-
served with acetone as the demulsification solvent
(Video S1). Note that heating is necessary for most cases.
Moreover, densification of the as-prepared gels was suc-
cessfully achieved, indicating the possibility of tailoring
the pore structure of the PS monolith and preparing
porous or compact polymer bulk materials by capillary
shrinkage, a method previously used for graphene-based
hydrogels [17,18].

EXPERIMENTAL SECTION

Emulsion polymerization

The St monomer (AR, Aladdin) was purified by washing
in 1 mol L' NaOH solution to get rid of trace poly-
merization inhibitors. As listed in Table S1, weighed
amounts of St and sodium dodecyl sulfate (SDS) (AR,
Aladdin) were added to 100 mL deionized (DI) water in a
250-mL four-neck flask under stirring, then 0.01 g mL "
K,S,05 (99.5%, Real & Lead) aqueous solution was added.
After purging with Ar for 15 min under stirring to re-
move the remaining oxygen, the mixture was placed in a
70°C water bath where it was kept for 6 h. As it reached
the target temperature, the transparent solution gradually
turned a translucent blue color for microemulsions or an
opaque white color for emulsions with larger PS latex
sizes.

Preparation of the PS monolith

Typically, 10 mL water-miscible organic solvent (such as
acetone) was poured into 2.5 mL of the prepared PS
emulsion. For the case of demulsification in acetone
(99.5%, GuangFu Inc) or 1,4-dioxane (99.5%, Kermel),
the PS gel rapidly formed at 25°C in several minutes.
After the addition of acetonitrile (ACN) (AR, Kermel),
the gelation was promoted by a water bath at 25°C for
4 h. For gelation after demulsification by N-methyl pyr-
rolidone (NMP) (98%, Aladdin), N,N-dimethylforma-
mide (DMF) (99.5%, Kermel), acrylic acid (AA) (AR, Real
& Lead), ethanol (EtOH) (AR, Kermel), or dimethyl
sulfoxide (DMSO) (GR, Macklin Inc), the lowest tem-
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perature at which the gel was obtained is defined as the
critical temperature (T.). After demulsification by me-
thanol (MeOH) (AR, Kermel), ethylene glycol (EG) (AR,
Kermel) and glycerol (TG) (99.5%, Real & Lead), the
mixtures were treated at 70 and 80°C, respectively. The
gel was then taken out and washed with DI water to
remove any residual organic solvent. Finally, the pore
structure of the PS monolith could be changed by capil-
lary drying at 70°C after solvent exchange with DI water.
The gelation mechanism and the structure of the PS
monolith were systematically investigated.

Material characterizations

The microstructure of the samples was observed by
transmission electron microscopy (TEM, JEM-2100F)
and scanning electron microscopy (SEM, Hitachi S-4800).
Dynamic light scattering (DLS, Marvin-Nano ZS) mea-
surements were used to determine the particle size dis-
tributions of the as-prepared emulsions as well as the
demulsified dispersions. Note that the demulsified sam-
ples were measured after ultrasonication for 7 min to
eliminate the unstable aggregation. The monolith bulk
densities were measured by a density balance (Sartorious-
YDKO3). Fourier transform infrared spectroscopy (FTIR,
Thermo Scientific-Nicolet 380) was performed in the
wavenumber range of 400 to 4000 cm '. Thermo-
gravimetry (TG, TA-Q50) curves were recorded from 30
to 700°C. Differential scanning calorimetry (DSC, TA-
Q20) was conducted in the range of 25-200°C for the first
2 cycles with heating and cooling rates of 10°C min .
Considering that the first cycle data generally reflects the
thermal history of the materials, the data in the second
cycle was used for further analysis. Rheological properties
of the gels were measured using a RheoPlus MCR301
rheometer with the distance of the two parallel plates
fixed at 2 mm and the oscillation strain at 0.2%. The
viscosity of water/organic solvent mixture was also de-
tected by this rheometer, where 15 mL solution was
poured into the container with the detector rotating at the
constant speed of 10 rad s .

RESULTS AND DISCUSSION

As shown in Fig. 1, rapid demulsification occurred after
the selected water-miscible organic solvent was dropped
into the PS microemulsion, and larger clusters or ag-
gregates formed followed by an integrated gel under the
appropriate conditions. It was found that the gelation of
PS strongly depends on the size of the PS latex particles in
the as-polymerized emulsion, the type of organic solvent,
and the temperature of the mixture after demulsification.
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Figure 1
and followed by gelation and controlled drying.

Moreover, the pore structure of the monolith could be
tuned by evaporation-induced capillary drying after sol-
vent exchange with water. That is, the PS gel could be
dried to produce either a compact PS bulk or a porous PS
aerogel by controlled densification.

The influence of the size of the primary latex particles
on PS gelation was first studied. Considering the difficulty
of observing this step in the rapid gelation with acetone,
EtOH was used as the demusification solvent. A series of
PS emulsions denoted samples 1-5 with increasing latex
particle size was prepared (see Table S1 for detailed
synthesis recipes). DLS studies show that the average latex
particle sizes for samples 1-5 are 42, 45, 50, 70, and
470 nm, respectively (Fig. 2a and Fig. Sla), which are
slightly higher than those observed in TEM images
(Fig. S2), due to the solvent effect and the adsorbed
surfactant layer [19]. When EtOH was dropped into the
PS emulsion, the average sizes of the PS particles in these
five solutions respectively increased to around 400, 275,
186, 106, and 560 nm (Fig. 2a and Fig. S1b). It should be
mentioned that after demulsification, the three PS
emulsions with the smaller particles showed a marked
shift in size distribution compared with the two coun-
terparts with larger particles, which might be attributed to
more coalescence along with stronger Brownian motion
as well as a structural change driven by a tendency to
reduce specific surface energy [20]. Another factor may
be due to the higher mobility of PS chains on the surface
than in the bulk [21,22]. Therefore, the smaller the par-
ticle size, the higher the surface area, and the more likely
the inter-particle interaction of the polymer chains,
leading to a tight aggregation that is hard to break by
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Schematic of the preparation of a PS monolith from a PS microemulsion by adding a water-miscible organic solvent for demulsification

ultrasonication before the DLS measurement. This addi-
tional interaction is partially ascribed to the m-n bonding
between aromatic groups [23], but is mostly the result of
the entanglement of the polymer chains, which is a kind
of physical cross-linking [24,25]. This promotes the for-
mation of a three-dimensional integrated material at an
appropriate temperature (80°C for EtOH) as illustrated by
the first three samples in Fig. 2b. In contrast, the two
emulsions with larger primary particle sizes failed to form
a PS gel due to insufficient aggregation and a lack of chain
entanglement between the primary particles. Similar ob-
servations are presented in Fig. S3a when acetone was
used as the demulsifier for rapid gelation. In rheological
testing, the absence of a modulus change with increasing
frequency implies the outstanding stability of the as-
formed gel structure (Fig. S3b).

Gelation is highly dependent on the organic solvent and
its volume. The solution with 80 vol.% of a water-miscible
organic demulsifier showed better gelation than those
with a lower volume fraction (Fig. S4), indicating that a
larger volume of demulsifier favours gelation. This is at-
tributed to the formation of more crosslinks accompanied
by more intense desolvation. In the following studies, the
amount of water-miscible organic solvent was fixed at
80 vol.%. The type of solvent for demulsification is also a
key factor in determining the PS gelation. As shown in
Fig. 2c, the gelation ability of various solvents can be
divided into three types: (i) a bulk gel is directly formed at
room temperature for acetone, 1,4-dioxane and ACN;
(ii) heating is necessary to obtain an integrated monolith
for DMF, NMP, EtOH, AA, and DMSQO; (iii) no obvious
changes occur even at a high temperature for MeOH, EG
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Figure 2 (a) Comparison of the average particle sizes of the PS emulsions before and after demulsification by EtOH. (b) Optical photograph of the
PS emulsions with different particle sizes after demulsification by EtOH and subsequent gelation at 80°C for 3 h. (c) Optical photographs of the
demulsification at 25°C and subsequent gelation at the lowest gelation temperature (T.) or boiling point of the solvent mixture. (d) d*T/5 value under
either ambient temperature or T, for all the chosen organic solvents, showing that the gelation ability of various solvents can be divided into three
types: gelation under 25°C, gelation at 25-80°C, and failure to gel above 80°C or the boiling point of solvent mixtures.

and TG. It is evident that the solvent largely determines
the size of secondary colloidal particle (d). DLS results
showed that particle sizes increase significantly in acet-
one, ACN, 1,4-dioxane and NMP, while the particle size
changes are relatively small in MeOH, EG and TG
(Fig. S5). The colloidal nature of the dispersions con-
firmed by the Tyndall effect also suggested the limited
development of secondary particles in EG and TG. More
specifically, the size change of the colloidal particles and
the gelation phenomena are closely associated with the
three-dimensional Hansen solubility parameter (HSP, &)
of the solvents, which is commonly used to evaluate the
miscibility of two species with each other. PS (6, =~ 19.8)
dispersed in a solvent with a similar §, value results in
lower interfacial tension and larger secondary particles
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[26]. In addition, solvents with a similar §, value cause the
PS latex to swell significantly and make the PS polymer
chains more flexible [27], so there would be increased free
space and more mobility for significant rearrangement
and crosslinking of the polymer chains in each particle.
Details of the three-dimensional HSP values of PS and the
organic solvents, particle sizes and corresponding phe-
nomena after adding the solvent are listed in Table S2 and
the d value is plotted against J; for the solvent in Fig. Sé6.
We found that d generally decreased with increasing d,,
and a larger secondary particle implies more inter-particle
crosslinking and thus easier gelling.

The effect of organic solvents on the gelation ability is
not only related to the J, value but also to the diffusion
coefficient (D) of the secondary colloidal particles. D is a
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crucial parameter reflecting the speed of the random
thermal movement of the particles, i.e. the possibility of
collision and fusion of the secondary particles or chains
before they entangle into a bulk gel. Taking type (ii) gel
formation as an example, the increased D value of the
secondary colloidal particles at high temperature is ben-
eficial for gelation. According to the Einstein-Stocks
equation (Equation (S1)), D increases with temperature
and decreases with viscosity # and particle size. That is, D
is proportional to T/dn (the # values for various water/
organic solvent mixtures are listed in Table S3), so that
increasing the temperature leads to an increased diffusion
rate, gives rise to stronger collisions and physical cross-
linking between adjacent secondary particles, and mac-
roscopic gelling is promoted. In other words, the gelation
ability is determined by both diffusion of the particles (D
value) and the §, value of the solvent which strongly in-
fluences the secondary particle mass as mentioned above,
and correlates with the cube of the diameter (d°) of the
secondary particles given by Equation (S2). Therefore, the
parameter d° x T/dy = d*T/n can be used to predict the
gelation ability of various organic solvents and quickly
determine the suitable gelation condition. As shown in
Fig. 2d, the d*T/x values at room temperature fall into
three categories, which is basically consistent with the
classification in Fig. 2c. For example, it can be used to
explain the special cases of NMP and AA, which cannot
form a PS gel at room temperature even their HSP values
are closer to PS than that to ACN. This is due to the lower
d’T/n value at room temperature as a result of the high
viscosities of NMP and AA. In order to promote gel
formation, a higher temperature is necessary to increase
the d’T/n value, which also means a lower viscosity of
solvent and thus favours the movement of secondary
particles and increases the amount of entanglement of the
polymer chains. As a result, we define T, as the lowest
temperature at which a PS gel is formed. It is found that
T, for NMP is 70°C and a higher temperature speeds up
PS gelation.

To further understand the gel formation mechanism,
the thermal properties and chemical compositions of the
samples before and after gelation were investigated using
DSC and FTIR. The PS monolith formed at 70°C (PS-M)
and PS powder obtained by filtration of the same sus-
pension demulsified by DMF (PS-P) were collected. As
shown in the DSC curves in Fig. 3a and Fig. S7, PS-M has
a much higher transition temperature (~108°C) than PS-
P (~89°C), which confirms the limited mobility of PS
chains in the monolith due to the much larger amount of
crosslinking after gelation. In addition, it was found that
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the demulsification induced by organic solvents is totally
different from that caused by inorganic salt solutions. In
both the PS-M and PS-P samples, no surfactants re-
mained after the addition of DMF which is shown by the
absence of a -SO; signal from SDS species in the FTIR
spectra and a slight weight loss below 350°C in the
thermogravimetric (TG) curves (Fig. 3b and Fig. S8a)
[28]. This implies that the surfactant species were entirely
desorbed from the PS latex and dissolved in the liquid
after the addition of the organic solvent, which led to an
increased affinity between the PS particles and greatly
facilitated their collision and fusion. This process is quite
unlike the previously reported latex swelling process for
reactive gelation. In contrast, there is still obvious residual
SDS surfactant for demulsified samples induced by an
excess MgCl, solution (PS-MgCl,) even after an extra
rinse, where the particle coagulation is caused by the
charge neutralization. Thus, it is difficult to form a gel
under the same conditions because of the poor inter-
particle affinity caused by the existence of a surfactant
layer [29]. Interestingly, the MgCl,-induced precipitation
still has gelation ability which is seen once the organic
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Figure 3 (a) DSC curves of a PS monolith (PS-M) and PS powder (PS-
P) collected from the same microemulsion after DMF demulsification.
(b) FTIR spectra of PS-M, PS-MgCl,, PS-P and PS particles obtained by
direct filtration of the PS microemulsion.
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solvent is introduced (Fig. S8b). The above result suggests
that the complete desorption of SDS surfactant induced
by the organic solvent demulsification plays a key role in
PS gel formation, which is also important in avoiding any
surfactant residue in the PS monoliths.

The pore structure of the as-formed PS gels can be
further tailored by capillary drying, which has already
proved useful for shrinking the interconnected flexible
graphene network as reported in a previous paper [17].
Here, the trapped solvent in the gels was first exchanged
with water, which has a high surface tension of
72.7 mN mfl, and the gels were then dried at 70°C. The
PS monoliths obtained showed quite different degrees of
shrinkage for gels prepared using different solvents. As
shown in Fig. 4a, PS foams were only obtained for the gels
prepared using acetone, EtOH and ACN, while both
porous and dense structures were obtained for the re-
mainder after solvent removal. As observed from the
SEM images, PS foams have a porous structure con-
structed by relatively uniform-sized particles (Fig. S9a-c),
whose size was consistent with the size of the PS ag-
gregations after solvent demulsification, while the very
stiff monolith has a large volume shrinkage and a com-
pact microstructure (Fig. S9d). To achieve controlled
densification, both the gelation time and degree of solvent
exchange must be taken into consideration. Here, DMSO
was used as the demulsifying solvent to study the impact

Acetone
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of these two factors on the final structure of the PS
monolith, since this system has a long gelation time. The
improved storage modulus (G'), loss modulus (G") and
shear viscosity in rheological testing, as well as a reduced
gel volume, indicating the increased mechanical strength
and degree of entanglement of the PS gel as the gelation
time was prolonged from 5 to 10 h (Fig. 4b and Fig. S10)
[30]. As shown in Fig. 4c, the densities of the PS mono-
liths could be changed from 0.06 to 1.14gcm ° and
gradually decreased with the gelation time, while an ad-
ditional solvent exchange with water did not help in
achieving higher densities. For example, almost no
shrinkage during drying could be observed after a second
water exchange when the gelation time was longer than
8.5 h. These monoliths thus had much lower densities
(less than 0.086 g cm ). Considering the above results, it
is likely that increasing the gelation time and the degree
of water exchange of the PS gel is detrimental to capillary
shrinkage of the PS network. TG analysis was used to
evaluate the amount of residual organic solvent, which is
a direct indicator of the degree of solvent exchange in the
PS gel. PS monoliths prepared with a shorter gelation
time and less water exchange (samples of 5 h-1%, 5 h-2"
and 10 h-1") showed much higher weight losses in the
temperature range of 200-350°C (Fig. 4d), which in-
dicates that some residual DMSO is difficult to evaporate
during capillary drying and is thus trapped in channels in
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Figure 4 (a) Optical photograph of PS monoliths with the two extreme structures of a porous foam (F) and a compact form (C) prepared using
different solvents. (b) The rheological storage modulus (G') and loss modulus (G") as a function of oscillation frequency for the PS gels with different
gelation times in DMSO. (c) Dependence of density on the gelation time of a PS gel when the trapped solvent is exchanged with water once (1%) or
twice (2"). (d) TG curves of PS monoliths with different gelation times and degrees of water exchange.
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the monolith. These three samples all had high densities
due to the effective shrinkage and were characterized by a
compact microstructure as observed in the SEM images
(Fig. S11). In contrast, the ultralight 10h-2™ sample has a
highly porous structure with abundant macropores,
which corresponded to negligible residual DMSO as
confirmed by the TG analysis. These results suggest that
shortening the gelation time and reducing the water ex-
change time cause more residual DMSO and a higher
density. This is largely because the gel with less chain
entanglement absorbs more DMSO to make the PS ske-
leton flexible, which permits easier shrinkage of the PS
network during capillary drying. Moreover, a certain
amount of residual organic solvent in the PS gel with less
water exchange retains the stretching ability of the PS
chains and thus also helps realize capillary shrinkage
during subsequent removal of the trapped solvent. That is
to say, the degree of shrinkage of the PS gel is associated
with the state of the PS skeleton. The PS gel with a less
entangled chain structure and more absorbed organic
solvent is more readily shrunk during capillary drying.
Consequently, the pore structure of the PS monoliths can
be finely tuned by varying the above factors. A combi-
nation of partial capillary-drying and subsequent freeze-
drying to remove the trapped water in the assembled gels
can also be used to achieve the structure control of the PS
monoliths. As shown in Fig. S12, an increase of the ca-
pillary-drying time leads to larger degree of shrinkage and
significant changes in the microstructure as the loose
porous structure changes to a more compact micro-
structure.

CONCLUSIONS

In summary, a new strategy for the gelation of PS latex
from a microemulsion with an emphasis on the gelation
mechanism was proposed. A stable PS gel is obtained by
the gelation of the PS latex after demulsification initiated
by a selected water-miscible organic solvent, which, to the
best of our knowledge, is the first report on PS gelation
resulting from a demulsification-induced chain en-
tanglement. It was found that the gelation ability of the
organic solvents can be evaluated by the d’T/5 value,
which takes into account the influence of both the solvent
and the diffusion ability of the aggregates. In addition, the
strategy proposed here has a great advantage in the
structure control of PS monoliths, which can be easily
regulated by controlling the gelation time, degree of water
exchange of the gel, and the capillary-drying time, etc.
This new gelling strategy avoids the use of shaping
equipment or templates as well as the addition of a
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crosslinking agent. It eliminates the needs of a porogenic
solvent or a large amount (5 wt.%-50 wt.%) of surface-
active material for stabilization. It is believed that this
simple alternative PS gelation method provides a pro-
mising way to produce functional polymer monoliths and
may be extended to a wide range of other polymers for
bulk material production.
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