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Compressing a spinodal surface at fixed area: the bijel
in a centrifuge
Katherine A. Rumble, Job H. J. Thijssen, Andrew B. Schofield and Paul S. Clegg∗

Bicontinuous interfacially jammed emulsion gels (bijels) are solid-stabilised emulsions with two
inter-penetrating continuous phases. Employing the method of centrifugal compression we find
that macroscopically the bijel yields at relatively low angular acceleration. Both continuous phases
escape from the top of the structure making any compression immediately irreversible. Microscopically, the bijel becomes anisotropic with the domains aligned perpendicular to the compression
direction which inhibits further liquid expulsion; this contrasts strongly to the sedimentation behaviour of colloidal gels. The original structure can, however, be preserved close to the top of
the sample and thus the change to an anisotropic structure suggests internal yielding. Any air
bubbles trapped in the bijel are found to aid compression by forming channels aligned parallel to
the compression direction which provide a route for liquid to escape.

Introduction
Bicontinuous interfacially jammed emulsion gels, known as bijels, are a relatively new class of solid-stabilised emulsion with
two inter-penetrating continuous phases and a large interface between them. 1,2 Formation requires the arrest of the spinodal decomposition of a binary liquid mixture using neutrally wetting
solid particles. These particles become irreversibly adsorbed onto
the interface 3 and prevent further phase separation by jamming
and thus form a long-lived stable bicontinuous structure. 4 The
mechanical strength of the structure can be attributed to this jamming of solid particles at the interface. 5 It is expected that yielding will occur in response to an expansion of the liquid interface
and hence an unjamming of the particles. 2 Carefully controlled
unjamming and re-jamming could lead to training of the structure.
The bijel has many highly desirable properties such as the large
surface area and the zero mean curvature of the interface. In addition, the pore size and distribution are within the experimentalists control and the material has long-range connectivity which
leads to efficient mass transport. 6 Potential applications include
cross flow microreactors and separation processors which utilise
the long-range connectivity and the containment of two immiscible liquids within separate continuous flows within the bijel structure. 7 A step towards the utilisation of bijels has been made by
Lee and Mohraz who have created a method to form bicontinuous structures from various materials using the bijel as a template to create a polymer scaffold. 8 Recently the bijel templating
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method has been utilised to create electrodes where the bicontinuous structure allows for the optimisation of active surface area
and mass transport. 9,10 Others have found ways to avoid precisely tuning the particle wettability. 11,12 Additionally, Haase et
al. have developed a new technique to create bijel fibres and
thin membranes using solvent transfer induced phase separation
which simplifies fabrication and allows a larger range of templating liquids to be used. 13
While the potential applications of the bijel are varied with
progress having been made towards implementation, 4,5,8–10,12–16
little work has considered the fundamental mechanical properties. Before any applications can be realised it will be necessary to test whether the structure can withstand the stresses applied during necessary processing steps and the general use of
the product. Furthermore, linking macroscopic properties with
microscopic changes will allow for the tuning of the microscopic
structure in order to obtain the optimum bijel. 17
Previous experiments investigating the structural integrity of
bijels have been largely qualitative. These have included both
shear stress and compressive stress experiments. Shear experiments deform the sample at fixed volume whereas compression
experiments either result in the expulsion of fluid or expansion
in other directions. Firstly, upon dropping a small wire into a
2,6-lutidine–water bijel, Herzig et al. found that the wire sunk
with decreasing velocity before entering a regime of intermittent
falling and finally stopped indicating that the bijel exhibits both
viscoelastic properties and a yield stress. It was hypothesised that
this intermittent movement was due to the local rearrangement
of particles on the interface caused by the stress of supporting
the weight. 1 Secondly, the qualitative response of ethanediol–
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nitromethane bijels to compressional stress and shear stress has
been investigated. These bijels were imaged before, during and
after the experiments and thus it was observed that the connectivity of the particle network can change in response to shear with
the domains orientated in the direction of the shear. In response
to a localised perturbation the bijel was observed to resume its
original state after the removal of the compressional stress indicating that the bijel displays elastic behaviour. 4 More recent research has also investigated the rheological properties of bijels of
both liquid pairs using oscillatory shear. These experiments have
shown that the bijel can indeed be described as a gel since the
elastic behaviour becomes more prominent than the viscous behaviour on formation. 6
Here we employ the method of centrifugal compression combined with confocal microscopy in order to investigate the macroscopic and microscopic changes to the bijel induced by a wellcontrolled compressional force. Due to the preferential wetting
of the vial by one of the solvents the bijel structure appears to
slide freely and hence experiences pure compression. This force
is given by
F = mω 2 r

(1)

where r is the radius from the axis of rotation, m is the mass of
the sample above r and ω is the angular velocity. This method
has previously been used to probe the mechanical properties of
a dispersion of incompressible polymer beads and droplet emulsions stabilised by hard sphere particles. 18–20 For the polymer
beads, a maximum strain was observed due to the incompressible nature of the particles. 18 For the emulsions, it was found
that faster angular velocities led to compression to higher volume
fractions of droplets and that towards the bottom of the sample
the droplets become more deformed due to an increased compressive force at this location (see equation 1). In addition, the
solid stabilised structure was observed to change in shape under
centrifugal compression. 19 This training of the structure has also
been observed in simulations of phase separating systems, such
as the bijel, when phase separation was performed under electric
or magnetic fields. 21,22 All four of the above effects are expected
to be observed in the compression of the bijel.
Firstly, in this article the macroscopic changes in the final height
of the sample and how this is linked to the initial permeability
and domain size of the bijel will be discussed. Secondly, confocal microscopy images will be used to analyse the changes in
the microstructure of the bijel. This will be done using a Fourier
transform method to extract quantitative information about the
deformations in the structure. Finally, the behaviour of trapped
air bubbles within the bijel and the effect they have on compression via the permeability will be described.

Experimental Section
Materials
Ethanediol (anhydrous, 99.8%) and hexamethyl disilazane
(HMDS) (reagent grade, ≥ 99%) were purchased from SigmaAldrich. Nitromethane (≥ 99%, for analysis) was purchased
from Acros Organics and stored under nitrogen gas. Ammonia
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Fig. 1 a: Schematic of the experimental set-up for centrifuging bijels. b:
A confocal microscopy image of the initial structure of a typical bijel with
5 vol% particles and an interface separation of 27 µm. The ethanediol
phase is coloured magenta and the particles are coloured yellow.

(35%, Certified AR for analysis) was purchased from Fisher Scientific, fluorescein was purchased from BDH and absolute ethanol
(AnalaR NORMAPUR) was purchased from VWR; all chemicals
were used as received. The silica particles were made via the
Stöber method 23 and rhodamine B isothiocyanate (RITC), purchased from Fluka, was used to fluorescently label the particles.
The particle radius was determined by SEM to be 0.29 ± 0.02µm.
Methods
The surface of the rhodamine B doped silica particles was modified with hexamethyldisilazane (HMDS) to obtain neutral wetting. Relevant concentrations of HMDS were added to a 2.4 wt%
solution rhodamine B doped particles in ethanol followed by 0.7
g of ammonia solution (35%). The mixture was stirred at 1000
rpm for 24 hours at room temperature before the particles were
washed with ethanol five times. The particles were then dried
in an oven at 110 ◦ C for half an hour to evaporate the solvent
before drying for a further hour under full vacuum. In between
these steps the particle ‘cake’ was ground up: a key step to achieving the correct wetting properties. Once dried the particles were
used immediately.
Bijels were formed by first measuring out the desired volume
fraction of the HMDS modified rhodamine B doped particles, followed by nitromethane and then the fluorescein doped ethanediol. It is essential to ensure that the critical composition (64:36
mass fraction nitromethane:ethanediol) is maintained by adding
the correct mass of ethanediol to the mass of nitromethane actually added. This mixture was then heated and the particles
simultaneously dispersed in a hot ultrasonic bath. The hot mixture was transferred into a preheated (56 ◦ C) glass cuvette with a
1 mm pathlength before this was quenched to room temperature
using a stirred water bath. The samples were then observed using a Zeiss LSM 700 laser scanning microscope, with the 555 nm
and 488 nm laser lines used for excitation of rhodamine B and
fluorescein respectively, to determine if a bijel has indeed been
formed. Filters were used as appropriate.
The centrifugal compression experiments were carried out by
placing the cuvette containing the bijel sample in a protective silicone cover into the thermostated Thermo Scientific 3SR+ Multifuge centrifuge for 5 minutes at a variety of rotation speeds at
room temperature (see Figure 1a). The internal structure of the

samples was observed after centrifugal compression again on the
Zeiss laser scanning confocal microscope. The height measurements of the bijel were taken using a mounted calliper accurate
to 0.1 mm. The bijel domain sizes are determined by a pixel
counting algorithm in MATLAB (Mathworks) which evaluates the
product of brightness intensities between pixels of given distances
apart from the fluorescein labelled ethanediol image and then
takes an average across the whole image. The distance between
pixels where the first minimum in the product of brightness intensities occurs then represents the interfacial separation.

a

Results and Discussion

b
1.0

Macroscopic
We observe that when the bijel is compressed in a centrifuge nitromethane and ethanediol are resolved into two layers on top of
the compressed bijel structure (see Figure 2a). At high angular
acceleration (360 g) almost complete destruction of the structure
is observed with the two liquids fully resolved above a particle
fraction. The latter has a volume fraction that is approximately
3 times the initial volume fraction of particles. Here, a highly
compressed structure remains which contains a large fraction of
particles and a small fraction of the liquids (see Figure 2a). At
lower angular accelerations the bijel structure still significantly
decreases in height but is not completely destroyed; the height
achieved (Hc ) depends on both the angular acceleration and centrifugation time. Here we focus on low angular accelerations (14
– 27 g) and short times (increments of 5 minutes).
The changes in height (or height ratio (Hc /H)) of the bijel
structure with the centrifugation time at a constant angular acceleration (14 g) have been investigated (see Figure 2b). Figure
2b shows that at short times the change in height is substantial
however this change decreases and approaches a plateau after
approximately 30 minutes. As the particle volume fraction decreases the final height ratio achieved by the sample decreases.
The shape of the curve also changes with particle volume fraction and for samples with larger particle volume fraction a much
more gradual variation from the initial rapid compression to the
plateau is observed. This implies that the particle volume fraction
and thus the domain size plays an important role in the stability
of the bijel. This could be due to either the increase in the amount
of elastic interface or the lower permeability of the fluid domains,
or both.
The permeability of the structure describes the ease with which
liquid moves through the porous medium and can be calculated
from the graphs of sample height versus time. 24 We take the permeability to be
k0 =

dh
−a2
(1 − φ0 )u0 dt

(2)
0

6.9 vol% Particles 15. 5 µm
6.7 vol% Particles 16.1 µm
5 vol% Particles 19.3 µm
4 vol% Particles 29.5 µm

0.8

Height Ratio

The bijels used in this work consisted of continuous ethanediolrich and nitromethane-rich domains separated by a layer of silica
particles at 4 vol%, 5 vol% or 7 vol% (see Figure 1b). These
structures are stable and were not observed to collapse in more
than 100 hours under terrestrial gravitational conditions.
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Fig. 2 a: An image showing the appearance of a bijel with 3 vol%
particles and an interface separation of 60 µm that has been completely
destroyed by centrifugal compression at 360 g for 30 minutes. A
confocal image of the structure of the particle fraction is also shown
where the particles are coloured yellow and the ethanediol coloured
magenta. b: A height ratio (Hc /H) versus time graph for samples made
with 7 vol% (filled squares), 5 vol% (open triangles) and 4 vol% (filled
diamonds) of particles with different domain sizes centrifuged at 14 g.

where a is the particle radius, φ0 is the particle volume fraction,
dh
is the initial slope of the height versus time graph in units of
dt
0

ms−1 and u0 is the sedimentation rate of an isolated particle. The
latter quantity is calculated using
u0 =

2a2 ∆ρg
9ηs

(3)

where ∆ρ is the difference in density between the solid particles
and the liquid with the lowest density, g is the centrifugal acceleration and ηs is the background solvent viscosity which is estimated by combining the viscosities of nitromethane and ethanediol in terms of the ratio 64:36. 24 This approach is based on the
theory of sedimenting gels proposed by Buscall and White which
considers the balance of the viscous drag force, the gravitational
force and network stress to give the rate of change in sediment
height with time. 25
The initial permeability of the bijel, determined using equation 2, can be used to establish whether the movement of liquids
throughout the structure affects the compression process. Figure
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a

the two.
In principle, slight changes to sample temperature could occur
within the centrifuge. This could potentially influence the sample response via changes to the interfacial tension. Preliminary
studies, on the effect of five minutes of centrifugation at elevated
temperature, showed no effect on the height ratio. We did not
investigate this further here.
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Fig. 3 a: A graph showing the relationship between the initial
permeability and the square of the domain size of samples centrifuged
at 14 g. b: A graph showing the relationship between the initial
permeability and the final height ratio achieved after 1 hour of
centrifuging at 14 g.

3a shows that the permeability is proportional to the square of the
domain size which is consistent with many models of fluid flow
through porous media. 26 This indicates that the ease with which
the liquids can move through the bijel is irrevocably linked to the
size of the internal structure of the bijel. This also agrees with
the result of Huh et al. where the initial permeability was observed to scale with pore area for sedimenting gels. 24 Secondly,
the equilibrium height ratio, calculated as the compressed final
height divided by the initial height (Hc /H), after one hour of centrifuging at 14 g is plotted against the initial permeability in Figure 3b. This shows that as the initial permeability increases the
equilibrium height ratio decreases. This could indicate that the
compression of the bijel is determined by the movement of the
two liquids out of the bijel structure which in turn depends on
the size of the internal domains of the bijel. Similarly, it has been
observed by Manley et al. that the initial rate of gravitational collapse of colloidal gels is controlled by the movement of fluid out
of the structure. 27 However, it is also possible that both the permeability and final compressed height could be controlled by the
interface separation leading to the observed correlation between
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It is not just the macroscopic height of the bijel that changes under
centrifugal compression, the internal structure of the bijel is also
modified. In fact, an anisotropic bijel structure emerges as a result
of this compression (see Figure 4). In three dimensions this structure appears to be sheet-like with a large domain size in two directions and a very small domain size in the third direction which
can be seen in the orthogonal projections in Figure 4. These
sheets are orientated with the flat surface perpendicular to the
centrifuge arm and the small domains parallel to the centrifuge
arm. This means that the domains have aligned perpendicular to
the applied compressional force as has also been observed when
compressing a bicontinuous polymer blend in a squeeze flow experiment. 28 In addition, the structure observed here appears to
be similar to that achieved via spinodal decomposition close to
a wall 29 and we note that the base of the cuvette could play an
analogous role to the wall. Indeed, a wetting layer of ethanediol
at the glass is observed surrounding the bijel including at the base
both before and after centrifugation. The anisotropic compressed
bijel structure (see Figure 4) strongly suggests that negative feedback occurs: as compression progresses solvent withdrawal from
the structure becomes more difficult. This is observed experimentally in the height versus centrifugation time graphs where as the
time increases the rate of height decrease is reduced (see Figure
2b). This is in complete contrast to the initial collapse of colloidal
gels where a positive feedback loop is observed; as collapse occurs
channels open up and the solvent flow is increased. 30
It has also been observed that (1) the anisotropic structure,
once formed, is permanent and (2) that the height of the compressed sample does not recover; a phenomenon which was also
observed for some emulsions centrifuged by Maurice et al.. 19 After centrifugal compression, observations for 3870 minutes show
that there is no elastic recovery of the height of the sample. One
reason for this is that the liquids cannot easily return to the right
domains. This is due to the domains of the ethanediol becoming closed off by particles since a nitromethane rich phase sits on
top of the compressed structure (see Figure 2a). Nonetheless –
in principle, the internal anisotropy could relax at fixed height,
but doesn’t since the anisotropic structure is observed to be stable
over time. This contrasts with previous observations of a local
perturbation which was only applied for a few seconds and then
removed with no macroscopic ejection of liquids. 4 Our results
mean that the distorted interfaces must themselves be jammed.
In addition, Figure 5a shows that at the top of the compressed
sample the structure can remain isotropic whilst at the bottom the
structure is anisotropic. These structures remain intact and hence
the structures of both regions must be locally jammed. These ob-
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Fig. 4 Confocal microscopy image of a distorted compressed bijel
including the orthogonal projections with 5 vol% particles and an
interface separation of 29 µm and centrifuged at 20 g for 10 minutes.
The ethanediol rich phase is coloured magenta, the particles are
coloured yellow and the arrows show the direction of compression. The
scale bar is 50 µm. This image has been deconvoluted using the
Huygens R software (Scientific Volume Imaging).
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servations support the idea that the yielding is an unjamming and
re-jamming process. 1 The particles are the heaviest component in
the system and thus under centrifugation they move in the direction of the centrifugal force. Since the particles are essentially
irreversibly adsorbed to the interface, the interface between the
liquids is then dragged along with the particles leading to an increase in the total interfacial area and hence an unjamming of
the particles. Then, when the stress is removed, the interface
contracts driven by the interfacial tension and the particles are
re-jammed in their new positions creating these structures.
As we have seen, the compressed anisotropic bijel structure
(seen in Figure 4) is not always observed throughout the whole
of the compressed sample. In some samples centrifuged at low
angular acceleration the top of the bijel appears to descend without changes to the internal structure in agreement with the model
of Buscall and White. 25 However, the bijel becomes increasingly
anisotropic approaching the bottom of the cuvette (see Figure
5a). This effect has been quantified by analysing the fast Fourier
transform (FFT) of the confocal microscopy images of the internal
structure of the bijel at various distances from the cuvette base.
A heuristic model which fitted the line shape (two Lorentzian fits
summed together) was employed in order to analyse the peak
in the FFT in the horizontal and vertical directions of the image
(see Figure 5b Inset). From the fitted line shape the full width
half maximum (FWHM) of each peak was extracted and the values obtained for one sample are plotted in Figure 5b. Initially,
the FWHM in both the horizontal and vertical directions of the
image are similar and remain constant. However, at a certain
height from the base of the cuvette the FWHM in the horizontal
direction increases rapidly and the FWHM in the vertical direction decreases slightly. This change can be associated with the
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Fig. 5 a: Images of a compressed bijel with 5 vol% particles and an
interface separation of 32 µm which was centrifuged at 15 g for 5
minutes with increasing depth in the sample where the ethanediol rich
phase is coloured magenta and the particles are coloured yellow. The
scale bar is 50 µm. The bottom line is the fast Fourier transform (FFT) of
these images. b: A graph showing the full width half maximum (FWHM)
of the FFT peak obtained using a heuristic fit function versus the height
from the cuvette base. The schematic shows the orientation within the
sample. Inset: A graph showing a peak from the fast Fourier transform
(red) and the respective fit functions (black).

transition from the initial isotropic bijel to that of the anisotropic
bijel structure. The degree of anisotropy of the structure appears
to increase from this point indicating that the structure becomes
more compressed towards the base of the cuvette. This can be
attributed to the increase in the radius from the axis of rotation
and the increase in the mass above the sample both leading to
an increase in the compressional force experienced by the sample
(see equation 1). At some height the yield stress of the structure
appears to be exceeded.
The FWHM data which was taken from samples after five minutes of centrifugation can be represented in the form of a stress
versus internal strain graph (see Figures 6a and 6b). The stress
can be calculated from the force (see equation 1) at the different
locations within the cuvette divided by the area. We define the
internal strain to be the deformation of the internal structure of
the bijel. We quantify this by the anisotropy of the liquid domains
and we then assume that this is linearly proportional to the comJ
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Fig. 6 a: A graph showing the stress versus internal strain for a sample with 5 vol% particles after centrifugation at 16.6 g for 5 minutes. b: A graph
showing the stress versus internal strain for a sample with 5 vol% particles after centrifugation at 24.8 g for 5 minutes. c: Three confocal images in a
Z-stack at the location of a kink from a bijel with 5 vol% particles and an interface separation of 27 µm which was centrifuged at 20 g for 5 minutes.
The top slice is at the glass wall and the next two slices are further into the sample. The scale bar is 50 µm. d: The length of a side of a cube
calculated from the FWHM data assuming unchanged surface area for the same sample as shown in a with the distance from the cuvette base. e:
The length of a side of a cube calculated from the FWHM data assuming unchanged surface area for the same sample as shown in b with the
distance from the cuvette base.

pressive strain. The anisotropy is calculated from the relation between the FWHM in the horizontal direction of the image in the
compressed sample and that of the sample before compression.
This then quantifies the deformation of the internal structure of
the bijel compared to the structure before centrifugation. We calculate the strain, ε, from a compression experiment using
ε=

a0 − a
a0

(4)

where a0 is the initial length scale and a is the compressed length
scale. Here, the deformations of the bijel are quantified in Fourier
2π
space and thus we have to consider q0 = 2π
a0 and q = a where
q0 and q are the initial and compressed length scales in Fourier
space. Using the extracted FWHM we find that the internal strain
is
εint = 1 −

q0
.
q

(5)

Such a graph is shown in Figure 6a for a sample centrifuged
for five minutes at low angular acceleration (14–18 g) and here
the internal strain is initially constant and centred around zero.
In this region of the sample the internal structure of the uncompressed bijel is maintained. However, at a certain stress the strain
observed within the sample starts to increase. This suggests that
the bijel structure exhibits internal yielding where the structure
6|
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starts to become anisotropic (see Figure 4). A yield stress has previously been hypothesised to be present for the bijel and thus this
result is qualitatively consistent with previous findings. 1,4 Herzig
et al. crudely estimated that for a 2,6-lutidene–water bijel stabilised by 2 vol% particles the lower bound on the bijel yield
stress would be 600 Pa. 1 This is an order of magnitude lower than
the approximate internal yield stress obtained here however the
bijels used in this study contained different liquids (ethanediol–
nitromethane) and were stabilised by a higher particle volume
fraction (5 vol%) which would increase the yield stress.
At higher angular accelerations (19 – 27 g) the samples display
altogether different behaviour; the bijel initially already exhibits
an internal strain but rather than smoothly increasing with the
stress a kink appears (see Figure 6b). The data does not display
zero strain initially because the entire structure is deformed to
a significant extent due to the larger compressional stress. The
kink, where the internal strain remains constant or in fact decreases with increasing stress, is observed to be present in all
samples centrifuged at higher angular acceleration. This kink
(or kinks in some cases) does not appear to be related to the
presence of trapped air bubbles within the sample or the channels they form (see below). However, taking a closer look at the
confocal microscopy images, large light and dark regions are observed in the vertical direction of the images. This would indicate
that compression also occurs on a larger length scale with the en-

tire structure buckling in places. This may then lead to a constant
anisotropy being observed microscopically in the compressed bijel
structure. We suggest that this occurs because there is a wetting
layer of ethanediol surrounding the glass which the compressed
sample can move laterally into. Indeed, in Z-stacks taken in the
kink region it can be observed that the sample has begun to bulge
towards the glass on a length scale of approximately 0.1 mm (see
Figure 6c). This indicates that it is necessary to consider more
than one length scale when assessing the effect of compression
on the bijel. Such behaviour is not, however, observed in samples
centrifuged at lower angular accelerations.
The FWHM data in both the horizontal and vertical directions
can be used to assess whether the surface area of the interface
changes. This is done by modelling the initial domains as a cubes
with equal sides and the compressed domains as oblate cuboids
with two long sides and one short side. The length l of the side
of an equivalent cube with equal surface area can be calculated
from the reciprocal of the FWHM in the vertical (v = 2π/FW HMv )
and the horizontal (h = 2π/FW HMh ) directions:
r
l=

v2 + 2vh
.
3

(6)

The values for l after a compression experiment for the two
samples shown in Figures 6a and 6b are plotted against the height
from the cuvette base in Figures 6d and 6e respectively. The value
of l for the initial uncompressed structure is shown as a red line
on these graphs. For the sample centrifuged at low angular acceleration (shown in Figure 6d) the length l for the compressed
sample remains within error of the length calculated for the initial structure. This indicates that the initial low angular acceleration compression does not alter the surface area of the interface but simply modifies the shape. However, the sample centrifuged at higher angular acceleration (shown in Figure 6e) does
not show such agreement. The length appears to remain fairly
similar at different heights within the cuvette but the length is
approximately 10 µm lower than that for the initial structure. A
reduced length corresponds to an increased interfacial area as a
result of compression. This increase in the surface area might be
due to the bulging of the sample towards the glass which occurs
for this type of sample. This could mean that some of the interface is now supported by the glass walls allowing the particles
to stabilise more surface area within the structure. These results
combined with the confocal images suggest that particles are not
being ripped off the interfaces at least at the angular accelerations
investigated. 31–33
Air Bubbles
The scenario, outlined above, is modified in the majority of samples due to the presence of air bubbles (see Figure 7a). The first
is air trapped within the silica particles and the second is nitrogen solubilised within the nitromethane which is released due to
temperature changes as the sample is quenched. No air bubbles
have been observed in bijels made from water, 2,6-lutidene and
silica particles implying that the bubbles are more likely to originate from the temperature quench inducing a change in solubility

a

b

Fig. 7 a: An image taken on the confocal microscope of an air bubble in
a bijel with 5 vol% particles and an interface separation of 40 µm. b: An
image taken on the confocal microscope of bubble and track after
centrifuging for 5 minutes at 15 g in a bijel with 5 vol% and an interface
separation of 23 µm. The ethanediol rich phase is coloured magenta
and the particles are coloured yellow.

of the nitrogen. The number of air bubbles observed in the bijels
ranged from 0 to 200 but the majority of the samples contained
fewer than 20 bubbles.
Channels formed by the bubbles which reach the top of the
compressed structure undermine the negative feedback response
described in Section 3.2. This is the case because the air bubbles are significantly more buoyant than the surrounding structure and upon centrifugation, an enhancement of gravitational
acceleration, these bubbles proceed upwards creating a path of
destruction behind them (see Figure 7b). If the angular acceleration and centrifugation time are high enough the bubbles can
reach the top of the compressed bijel creating a large channel
through the structure which ends at the top (see Figure 8 Inset).
The presence of these channels allows the liquids to depart the
compressed bijel structure much more easily and hence leads initially to a larger macroscopic compression under centrifugation.
Indeed, this effect can be observed in Figure 8 where the initial
permeability increases with increasing number of channels in the
sample indicating that initial liquid movement is faster for samples which contain more channels. Since the initial permeability
is also dependent on the domain size of the bijel the data has been
grouped in this manner. This establishes that the withdrawal of
the two liquids from the bijel structure is an essential aspect of
the compression process. Channels caused by air bubbles such
as the ones reported here have additionally been observed to aid
settling in experiments on settling iron oxide suspensions. 34
Although the solid particles provide the bijel with mechanical
stability, we have found that the bijel is relatively easily deformed
due in part to the density differences of the particles and liquids.
We have demonstrated that it is possible to train the isotropic
bijel structure into an anisotropic configuration with only modest
stresses. This substantiates previous findings that liquid based
templates for solid particles can be altered into new structures by
centrifugal compression. 19 This style of experiment will allow us
in the future to engineer out undesirable properties such as the
presence of air bubbles within the structure. The information on
the flow of liquids throughout the structure could be useful for
applications involving liquid transport.
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Fig. 8 A graph showing the relationship between the initial permeability
and number of channels caused by bubbles in the sample where blue
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Conclusions
We have created bijels which have long term stability at 1g from
nitromethane, ethanediol and silica particles and studied their
response to centrifugal compression. As summarised below, we
find that the response of the bijel is due to the combined roles
of the permeability of the fluid channels and the unjamming and
re-jamming of the interfaces.
At low angular accelerations, it takes many minutes for the bijel height to reach its final value. We find the permeability associated with bijel compression to be a consequence of the size of
the domains through which the fluids flow. Higher permeabilities
are found in bijel samples that contain air bubbles, which rise to
the surface during compression and provide routes for fluids to
escape. Hence, these samples are initially compressed faster.
Microscopically, the bijel undergoes internal distortion under
compression. At lower angular accelerations, internal yielding is
observed: below some height in the sample the bijel structure
becomes anisotropic. The initially sponge-like arrangement of
domains comes to resemble sheets aligned perpendicular to the
compression direction. In this regime the interfacial area that
is stabilised remains constant along the height of the sample.
At higher angular accelerations the entire structure appears to
buckle on a longer length scale – apparently associated with occupying a wetting layer close to the vial wall. After centrifugation
has ceased, the interfaces appear to have re-jammed in all cases
and the bijel shows no macroscopic elastic recovery. The latter is
because the less dense fluid is blocked from re-entering the bicontinuous structure.
The microscopic and permeability characteristics combine to
give the bijel a negative feedback response to compression: the
microscopic rearrangements serve to make it more difficult for
the fluids to escape. This implies that the permeability decreases
as compression proceeds.
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