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ABSTRACT

The bijel is a new class of soft material comprised
of two fluids arrested in a bicontinuous configuration on
the mesoscale. We stabilize the fluid structure using
an interfacial layer of silica particles. The particles be-
come trapped at the liquid-liquid interface because they
reduce the exposed area; this relies on the particles be-
ing partially wetted by both liquids. We use water and
2,6-lutidine which have an accessible demixing transi-
tion and the particles are silica with tuned wettability.
Dispersing the particles in the mixed phase and then
warming through the lower critical temperature into
the demixed phase leads to our novel fluid-bicontinuous
structures [1]. The two fluids of the bijel are in contact
through the interstices in the particle monolayer. This,
combined with the arrangement of domains, means that
bijels are ideal for use as membrane contactors on the
microfluidic scale.
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1 INTRODUCTION

Emulsions can be stabilized by colloids and nanopar-
ticles resulting in properties quite different to those of
conventional emulsions [2]. Even for small nanoparticles
the energy well is sufficiently deep that neutrally wetting
particles are irreversibly trapped at the interface. Un-
til recently all particle-stabilized emulsions created in-
volved discrete droplets, although non-spherical droplets
and bubbles can be made too [3]. A major new possibil-
ity was suggested by large-scale computer simulations:
a soft material (a bijel) might be formed comprised of a
particle-stabilized emulsion with bicontinuous fluid do-
mains [4]. The behavior of neutrally wetting particles
dispersed in a binary fluid host were simulated following
an instantaneous quench into the demixed region. As
the two liquids phase separate the particles are swept
up by the interface and, as the domains coarsened, the
area fraction increases until the particles jam together.
The final configuration of fluids and particles resembles
the cartoon in Fig. 1.

Experimentally we approach bijel creation by dis-
persing neutrally wetting particles in a binary fluid [1].

Figure 1: A cartoon of the structure of a bijel. The two
fluid domains are yellow and red respectively; the inter-
face between them is coated by a monolayer of particles
(which must exhibit partial wettability with the fluids).

On quenching through the critical point the single-fluid
phase will become unstable and the fluids undergo spin-
odal decomposition. For a symmetric phase diagram
this results in bicontinuous fluid domains; the size of
these domains is characterized by a single length scale
which grows with time. By contrast, shallow quenches
through the binodal lead to phase separation via nucle-
ation (droplets of the minority phase form). Discrete do-
mains can also form via heterogeneous nucleation seeded
by impurities and surfaces. To create the bicontinuous
fluid domains we need a host fluid that undergoes spin-
odal decomposition and we need this to take place in the
presence of dispersed particles. To this end we use mix-
tures of water and 2,6-lutidine with critical composition;
the particles are fluorescent silica.

2 METHODS

The water–2,6-lutidine system has a lower critical
solution point (Tc=34.1◦C, xl=0.064); it demixes into
phases with similar volumes and densities. The par-
ticles are fluorescently tagged Stöber silica with a hy-
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Figure 2: Showing the formation of a bijel via phase separation. Sequential images (∆t between images is 0.7 seconds)
captured using fluorescence confocal microscopy of a 2,6-lutidine-water sample at critical composition with Φv=2%
particles, slowly quenched from 33.5◦C to 35.3◦C. Phase separation via spinodal decomposition is clearly visible. Silica
particles appear white while liquids appear dark; the difference in the shade of grey for the two domains indicates that
the lighter phase contains a substantial population of residual particles (scale bar 100 µm). Reprinted by permission
from Macmillan Publishers Ltd: Nature Materials [1], copyright 2007.
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Figure 3: Left two columns: Bijel structure versus depth as imaged using fluorescence confocal microscopy. The sample
composition is 2,6-lutidine-water at critical composition with 2% volume fraction of silica colloids quenched from room
temperature to 40◦C at 17◦C/min. Depth from the surface is given on each frame. Right column: a series of vertical
cuts through the sample (reconstructed from the confocal images) reaching 500 µm into the cuvette. Reprinted by
permission from Macmillan Publishers Ltd: Nature Materials [1], copyright 2007.
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drodynamic radius of 290 nm and a polydispersity of
0.025. The fluorescent dye is FITC and the wettability
of the particles depends on both this and on absorbed
surface water. When the particles are dried at 70◦C
over night under vacuum then neutral wetting surfaces
are created. Initially the particles are dispersed in wa-
ter (MilliQ, 18 MΩ) using an ultrasound probe (Sonics
& Material), with 20 kHz for 2 minutes at 3-6 W and
subsequently 2,6-lutidine (Sigma Aldrich, ≥ 99%, used
as received) is added creating a suspension of silica par-
ticles in the single-fluid phase. The dispersion is placed
in a glass cuvette (Optiglass) of 1 mm pathlength which
can be housed in an aluminum block. When the block is
preheated to 40◦C the fastest heating rate of 17◦C/min
is achieved with slower rates implemented via heating
and cooling coils.

3 RESULTS

Figure 2 is a sequence of confocal microscopy im-
ages showing the behavior of silica particles (white) in a
phase separating water–2,6-lutidine mixture with close
to critical composition. Time progresses both as each
frame is rastered and from frame to frame. It is evident
that spinodal decomposition still occurs in the presence
of the particles. This batch of particles have a slight
preference for one of the phases making it easier to dis-
tinguish the domains. In the later frames it is evident
that there is a significant population of particles on the
liquid-liquid interface; as this occurs the coarsening of
the domain size is considerably impeded.

When the overwhelming proportion of particles se-
quester to the interface the resulting structure is fully
arrested (Fig. 3) and can be seen to extend throughout
the sample. This is a large-scale static analog of the sur-
factant sponge phase. In these images the interface can
be seen to include variations in the mean curvature and
it is static for long periods; this implies that the inter-
faces are semi-solid on large scales. Samples have been
kept for more than half-a-year with no observed changes
(see movies on website associated with ref. [1]). Simi-
lar structures have been created in spun-cast polymer
films [5], in that case too the process of phase separa-
tion is permanently arrested.

We have studied the structures formed when the vol-
ume fraction of particles is varied between 0.5 % and
4.0 %. The composition of fluids was kept close to
critical and the warming was carried out at a rate of
17◦C/min with a final temperature of 40◦C. In all cases
an arrested structure was formed although the size of
the domains varied with the quantity of particles [1].
For larger quantities of particles the domain sizes are
smaller: spinodal decomposition is arrested at the point
at which all the particles jam together. We used high
resolution confocal microscopy [1] to show that the in-
terfaces are covered by about a monolayer of particles.

We explored the behavior of dispersed particles in
fluids with different compositions. For compositions to
either side of criticality particle-stabilized droplet emul-
sions were observed to form as the sample was warmed
through the binodal [1]. Further tests confirm that the
internal phase in each case is the minority phase. Hence
structure formation is driven by the mechanism by which
demixing occurs. The transition from a water-rich dis-
persed phase to a lutidine-rich dispersed phase with
changing sample composition is reminiscent of the catas-
trophic inversion of particle-stabilized droplet emulsions
[2] [6]. The bijel appears to be the arrested state that
corresponds to an emulsion balanced precisely at the
inversion point.

4 CONCLUSIONS

We have presented a route to creating an arrested
fluid-bicontinuous structure using an interfacial layer of
particles. We have shown that the structure is fully
three dimensional and long lived; we have gone on to
demonstrate the dependence of the structure on the vol-
ume fraction of particles and the demixing route. This
is a new type of soft solid with an intriguing and poten-
tially useful geometry [7]. We envisage possible applica-
tion as a membrane contactor on the microfluidic scale
since two immiscible fluids are brought into contact at
the interstices between the particles. Others have al-
ready begun to try harnessing the permeability and re-
sponsiveness of particle-stabilized emulsions [8].
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