
Soft Matter

PAPER
SUPA, School of Physics & Astronomy, The

3JZ, UK. E-mail: j.h.j.thijssen@ed.ac.uk

† Electronic supplementary informa
10.1039/c3sm51046h
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Squeezing particle-stabilized emulsions into biliquid
foams – equation of state†

Louison Maurice,‡ Ryan A. Maguire, Andrew B. Schofield, Michael E. Cates,
Paul S. Clegg and Job H. J. Thijssen*

Using a centrifuge, wemeasure the (pressure vs. density) equation of state of Pickering emulsions stabilized

by hard-sphere colloids, in order to elucidate the particle contribution to their mechanical properties.

Moreover, we have developed a transparent Pickering emulsion, allowing us to determine local volume

fraction as a function of distance within the sediment using confocal microscopy, thus extracting an

entire equation of state from one centrifugation cycle. We can explain and predict trends in our data

using a quantitative model incorporating interdroplet films with a thickness on the scale of the (micron-

sized) particles and repulsive interactions across these films. We suggest that the effective repulsion

between droplets is due to the deformation of the liquid–liquid interface between particles on one

droplet due to compression against a neighbouring droplet.
1 Introduction

Designing so composites requires predictive control of their
morphology and mechanical properties.1–3 An intriguing class
of so composites consists of emulsions/foams, i.e. dispersions
of droplets/bubbles in an immiscible liquid, because they can
display solid-like behavior despite being comprised of uids.2

Such materials are ubiquitous in e.g. the food, personal-care
and petrochemical industries.4 Recent years have seen a
growing interest in emulsions/foams stabilized by colloidal
particles rather than molecular surfactants, mainly because
they feature superior functionality and shelf life.3–6 Unlike their
molecular counterparts, particulate emulsiers can become
irreversibly attached to droplet surfaces by reducing energy–
expensive liquid–liquid contact area. This is described by

DGd ¼ pr2g(1 � cos(q))2 (1)

where g is the liquid–liquid interfacial tension and DGd is the
free energy of detachment for a spherical particle of radius r and
contact angle q; the sign inside the bracket is negative for removal
into the water phase and positive for removal into the oil phase.6

Note that DGd � 4 � 104 kBT0 for detachment of a hydrophobic
particle with radius r � 0.5 mm into the oil phase, even for a
contact angle as high as q � 160� (Boltzmann constant kB; room
temperature T0; q measured through the water phase).7,8 These
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particle-stabilized, or Pickering–Ramsden (PR), emulsions/foams
also feature in the rational design of porous materials, including
‘colloidosomes’9 and macrocellular foams.10

The mechanical properties of PR emulsions are not yet fully
understood, for they arise from a rich interplay between the elas-
ticity of the liquid–liquid interface and interparticle interac-
tions.11–14 Traditional studies tend to focus on shear, though it has
recently been suggested that osmotic compression can play a
pivotal role in the rheology of complex uids, e.g. the impact
resistance of cornour.15 Similarly, the compression of PR emul-
sions has been le relatively neglected (particularly in the case of
model particles).13,16–19 Knowing the (pressure vs. density) equation
of state of well-dened PR emulsions would lead to an under-
standing of their behavior in mechanical equilibrium, which is
essential in interpreting non-equilibrium (shear-rheological)
experiments on similar samples. Furthermore, a comprehensive
investigation could elucidate the specic contribution of the
particulate stabilizer to the morphology and mechanical proper-
ties of particle-stabilized liquid–liquid composites, which is
essential to their further processing and use, e.g. as scaffolds for
technologically relevant porous materials,14 and for shelf life.20

Here, we measure the equation of state of water-in-oil (w/o)
PR emulsions via centrifugal compression and we interpret our
results using a quantitative model adapted from surfactant-
stabilized emulsions.21,22 To facilitate data interpretation, we
initially consider standard (opaque) PR emulsions. However, we
also present a (compound) transparent PR emulsion and use
confocal microscopy to determine the local volume fraction as a
function of distance within the sediment, thus extracting an
entire equation of state from one centrifugation cycle. Crucially,
we employ colloidal particles that interact as hard spheres in
the continuous oil phase due to steric stabilization,23,24 i.e.
Soft Matter, 2013, 9, 7757–7765 | 7757
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polymer chains graed onto their surface.25 At low droplet
volume fractions F, near the random close packing threshold
for spheres (RCP), our results agree with literature data for
emulsions stabilized by molecular surfactants or occulating
nanoparticles.13,22,26–28 New behavior emerges on increasing F,
where the osmotic pressure P of our PR emulsions increases
more rapidly. We attribute this to (1) nite-thickness inter-
droplet lms and (2) an (effective) repulsion between droplet
facets, which we argue to be due to the deformation of the
liquid–liquid interface between particles on one droplet upon
compression against a neighbouring droplet.

The rest of this paper is organized as follows. In Section 2, we
describe the experimental procedures, including sample prep-
aration, centrifugal compression and characterization tech-
niques. Subsequently, in Section 3, we calculate the expected
(pressure vs. density) equation of state by adapting a quantita-
tive model from surfactant-stabilized emulsions. In Section 4,
we present the measured equation of state of both standard and
transparent PR emulsions, aer which we discuss its interpre-
tation in Section 5 together with incomplete post-centrifugation
recovery and materials-science aspects. Finally, in Section 6, we
summarize our ndings and draw conclusions.
2 Materials and methods
2.1 Sample preparation

2.1.1 Standard (opaque) emulsions. Standard (opaque)
samples were prepared with water, oil and poly(methyl methac-
rylate) (PMMA) spheres. Water was distilled and passed through
a Millipore Milli-Q RG system (resistivity 18 MU cm), whereas the
oil n-dodecane was used as received (Sigma-Aldrich, $99%). The
PMMA particles, stabilized by a layer of poly(12-hydroxystearic
acid) (PHSA), were synthesized following Bosma et al.23 They were
uorescently labeled with 4-chloro-7-nitrobenzo-2-oxa-1,3-diazol
(NBD), which was chemically linked to the PMMA during particle
synthesis. Following Thijssen et al.,7 particles were cleaned by
repeated (10�) centrifugation/redispersion in hexane or dodec-
ane, aer which they were dried under vacuum in an oven at
(43 � 3) �C. According to static light scattering, they had a radius
r ¼ 0.630 mm and a polydispersity pd ¼ 9%.

Sample mixtures were prepared at xed water/oil volume
ratios of 40/60 and overall colloid volume fractions of 1.8 to
4.3% (ESI, Table 1†) in �7.5 cm long, cylindrical glass vials of
internal cross-section A ¼ (2.574 � 0.019) cm2. The dried
colloids were dispersed in n-dodecane using an 80 W ultrasonic
bath (VWR) for at least (3 � 15) min, each cycle followed by 30 s
of vortex mixing (Fisons). Subsequently, water was added and
the samples were emulsied by cycles comprising 30 s of vortex
mixing followed by 2.5 min of rest (repeated till the supernatant
was clear).7 Aer preparation, the samples were le to sediment
for up to 48 h, during which time they were frequently tapped to
promote random close packing.29 A small fraction of sediment
was carefully extracted for microscopy, for which we corrected
the droplet volume fraction by assuming that the mass removed
had the density of an emulsion aer sedimentation.

All amounts were determined by weighing; volume fractions
were calculated using the densities of PMMA (rp ¼ (1.166 �
7758 | Soft Matter, 2013, 9, 7757–7765
0.052) g mL�1),30 n-dodecane (ro ¼ (0.7460 � 0.0015) g mL�1)31

and water (rw ¼ (0.99696 � 0.00011) g mL�1) (density meter,
Anton Paar, DMA 4500).

2.1.2 (Compound) transparent emulsions. For 3D confocal
imaging, we developed a transparent system containing the
same PMMA particles. A mixture of poly(dimethylsiloxane-co-
methylphenylsiloxane) (DC550, Aldrich, Dow Corning
550�uid) and cycloheptyl bromide (CHB, Aldrich, 97%) was
used as the oil phase (DC550 : CHB ¼ 83 : 17 v/v). The aqueous
phase was a 65 wt% solution of sodium iodide (Sigma-Aldrich,
$99.5%) in de-ionized water. To allow separate imaging of the
oil phase, the CHB was saturated with Nile Red (Sigma, tech-
nical grade), an uncharged uorescent dye that does not act as a
surfactant.7,32 An Abbe refractometer was used to measure the
refractive index of the oil and aqueous phases, which were 1.498
and 1.496 respectively, closely matching the refractive index of
the PMMA particles (1.503). The densities were determined to
be 1.103 g mL�1 (oil) and 1.881 g mL�1 (aqueous).

Sample mixtures were prepared in �7 mL cylindrical glass
vials at xed volume ratios of 40/60 aqueous/oil phase and
overall colloid volume fractions of 0.9 to 4.0%. The dried
colloids were dispersed in the oil phase using the 80 W ultra-
sonic bath and the vortex mixer. A minimum of 3 sonication
cycles of 30 minutes, each followed by 30 s of vortex mixing, was
required to achieve good dispersion of PMMA within the oil
phase (veried by confocal microscopy). Aer addition of the
aqueous phase, samples were emulsied via two 30 s cycles of
vortex mixing. Aer preparation, approximately 0.4 mL of each
emulsion was carefully transferred by Pasteur pipette from the
vials to glass cuvettes (Starna, 10 � 30 mm2, path length 1 mm).
The samples were then le overnight to settle.
2.2 Compression and expansion

To measure their equation of state, standard samples were
compressed for at least 8 hours in a swinging-bucket centrifuge
(Denley BS400) (Fig. 1); we checked that mechanical equilib-
rium had been reached aer 8 h by centrifuging some samples
for �63 h. Angular velocities were calibrated using a digital
photo tachometer (Lutron DT-2236) and ranged from 0 # u #

332 rad s�1. The distance between the centrifugal axis and the
outside bottom of the vials wasmeasured using a vernier caliper
(Mitutoyo): dc ¼ 13.8 � 0.5 cm; the main contribution to the
error coming from the potential compression of the semi-
spherical silicone-rubber adapters that had been inserted into
the buckets to protect the vials from shattering.

As the centrifugal pressure acts as a ‘virtual’ semi-permeable
membrane squeezing the oil out of the droplet sediment, the
pressure required in mechanical equilibrium to prevent the
continuous phase from being sucked back in can be interpreted
as an osmotic pressure P,17,33

PðdÞ ¼ ðrd � roÞu2d

ðdc
dc�H

Fðd0Þdd0; (2)

in which rd(ro) is the density of the particle-laden droplets
(continuous oil phase) and u is the angular frequency of the
centrifuge. If the height of the sediment H is much smaller than
This journal is ª The Royal Society of Chemistry 2013



Fig. 1 Centrifuge schematic: angular frequency u, lever arm dc, emulsion-
sediment height H and cross-section A. Insets: confocal micrographs of water-
in-dodecane (blue) emulsions, stabilized by PMMA particles (white/green), before
and after centrifugation at 522g; scale bars 100 mm (362g and 10 mm for zoom).
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the centrifuge lever arm dc (here H/dc � 2.8 cm/13.8 cm – ref.
34)), the spatial gradient in both F and the centrifugal accel-
eration ac ¼ u2d can be neglected, i.e. P x P(dc � (H/2)),13,17

P ¼ ðrd � roÞu2FH

�
dc �H

2

�
: (3)

Aer compression, the overall droplet volume fraction F of
the emulsion sediment was calculated from H using

F ¼ Vw þ Vp

AH
; (4)

in which Vw(Vp) is the volume of the water (particles). As the tops
of the sediments were sometimes slanted, we measured H at 8
positions around the vial using a mounted dial ruler. To correct
for emulsion recovery, we used a camera to monitor the post-
centrifugation change in sediment height DH and subtracted it
fromHnal (see ESI Section 7 for detailed recovery analysis†). Aer
recovery, samples were either re-emulsied (ESI Section 5†) or
centrifuged at higher u (Fig. 4), leading to similar results.

In the case of transparent samples, compressive stress was
applied by centrifugation for 16 h at �263g (h 874g for stan-
dard samples due to density differences); no substantial
differences were observed when using a different centrifuge
(Heraeus Multifuge 3SR Plus). To protect the cuvettes from
shattering during centrifugation, they were inserted into sili-
cone-rubber adapters (dc ¼ 12 cm). Aer centrifugation, the
sediment height was monitored every 5 min for 24 h using a
Labview-controlled webcam (Logitech), but no noticeable
expansion was observed in these samples. This allowed for 3D
characterization of their morphology using confocal uores-
cence microscopy (see below).
2.3 Sample characterization

To provide microscopic explanations for our macroscopic
observations, standard emulsions were transferred to glass
cuvettes. To check that the transfer did not affect the samples,
we also prepared and centrifuged samples in square glass
cuvettes (1 cm path length), i.e. without transfer. Both before
This journal is ª The Royal Society of Chemistry 2013
and aer centrifugation, they were imaged at various locations
along the cuvette, from the inner glass wall up to depths of
�100 mm, using a Zeiss Observer.Z1 inverted microscope in
conjunction with a Zeiss LSM700 confocal scanning unit. A
488 nm diode laser was used to excite NBD in PMMA and Nile
Red in n-dodecane, while a 555 nm diode laser was employed
for DiIC18 in PMMA (only Fig. 7); lters were used as appro-
priate. In samples with two uorescent dyes, lines were scanned
sequentially to minimize cross-talk between the two channels.
Image signal-to-noise was enhanced by averaging (1 to 4�).
Owing to the 1.25 mm glass walls of the cuvettes, required to
withstand centrifugal pressures, long-working-distance objec-
tives were used: Zeiss LD Plan-Neouar 20�/0.4NA and LD Plan-
Neouar 63�/0.75NA (both with a correction collar).

In the transparent samples (already in cuvettes), the Nile Red
in the oil phase or the Rhodamine B in the PMMA (only Fig. 7)
was excited with a 555 nm laser. 3D image series were captured
at a minimum of 7 positions along the radial axis (d in Fig. 1), at
a depth between 100 mm and 400 mm, using a Zeiss LD Plan-
Neouar 20�/0.4NA or 40�/0.6NA objective. To minimize out-
of-focus contributions, the confocal pinhole aperture was made
as small as possible, while maintaining signal-to-noise by
averaging (2�).

For further details regarding emulsion characterization,
including interfacial-tension measurements, droplet sizing,
particle specic surface area and image analysis, see ESI
Section 3†.
3 Theory

One of the distinctive features of our system is that the particles
should behave as hard spheres under ambient conditions,23,24

which helps model their contribution to the equation of state.
Here we follow a model by Buzza and Cates,21 starting with a 3D
array of spherical, close-packed, monodisperse water droplets at
volume fraction f0 ¼ 0.7405. Focussing on one representative
droplet, its free energy F upon deformation is

FðF; hÞ ¼ gSðfÞ þ
�
vðhÞ
2

�
SfðfÞ; (5)

in which S(Sf) is the droplet surface area (interdroplet lm area),
v(h) is the repulsion energy per unit area of two attened
surfaces across an interdroplet lm of thickness h, and f is the
“effective volume fraction”,

fðF; hÞ ¼ F�
1� ðF=f0Þ1=3

��
h� hp

��
2R
��3 ; (6)

i.e. the volume fraction the same droplet would occupy at zero
lm thickness (hp ¼ 0 for now). To account for polydispersity,
we equate the droplet radius R to the Sauter mean droplet
radius R32 (R ¼ R32).33 The equation of state P(F) can then be
obtained using

PðFÞ ¼
�
F2

V0

��
vF

vF

�
V0

; (7)

with constant droplet volume V0.
Soft Matter, 2013, 9, 7757–7765 | 7759
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Evaluation of eqn (7) requires explicit expressions for S(f)
and Sf(f). Here we start with (empirical) expressions found by
Princen and Kiss for surfactant-stabilized emulsions,22

SðfÞ
S0

¼

1þ 1

3

�
0:084

f
� 0:068

f
lnð1� fÞ � 0:237

�

for 0:715\f\0:90�
0:00283

1� 0:9639f

�
þ 0:989

for 0:90\f\0:99

0:0686
�
1� 1:892

ffiffiffiffiffiffiffiffiffiffiffiffi
1� f

p �3 þ 1:014

for 0:99\f\1

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

(8)

and

Sf ¼ S1

f2=3
f ðfÞ; (9)

with

f ðfÞ ¼ 1�
 

3:20ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðf=ð1� fÞÞ þ 7:70
p

!

for 0:718\f\0:975

f ðfÞ ¼ �1� 1:892
ffiffiffiffiffiffiffiffiffiffiffiffi
1� f

p �2
for 0:975\f\1:

8>>>>>>>><
>>>>>>>>:

(10)

Here S0 and S1 are the droplet surface areas in the uncom-
pressed and fully compressed states (S1 z 1.083S0). Combining
eqn (5)–(10) for h ¼ 0 leads to the solid line in Fig. 2
labelled ‘LL’.

Inspired by confocal micrographs (Fig. 1 zoom), we account
for the particles by introducing an interdroplet lm of thickness
h, which causes Fmax to shi to a lower value (lines labelled
‘+F(F)’ in Fig. 2). Note that h is measured between liquid–liquid
Fig. 2 Calculated osmotic pressureP vs. droplet volume fractionF for emulsions
with mean droplet radius R ¼ 67 mm (LL: h ¼ 0 and a ¼ 0), including interdroplet
films of finite thickness h (+F: h ¼ 2.4 mm and +FF: h ¼ 4.4 mm) and including
repulsive interactions (+PP: a ¼ 1 rather than a ¼ 0); g is the liquid–liquid inter-
facial tension. Curves to compare monodisperse and polydisperse emulsions (for
h ¼ 0 and a ¼ 0) have been calculated following Maestro et al.28
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interfaces across the lm, so we subtract from h a thickness hp
corresponding to the volume of particles that resides in the lm
but should be counted as part of the droplet (eqn (4) and ESI
Section 8†). Setting hp ¼ 0 would result in a substantial part of
the particles being counted as continuous rather than as droplet
phase (q � 160�).

Subsequently, we introduce a repulsive interaction between
droplets across the lm of thickness h via

v(h) ¼ ag, (11)

where a is the (dimensionless) interaction strength. If we
assume that the particle–liquid–liquid contact line is xed, we
expect a � 1. Aer all, the menisci between particles on the
same droplet will undergo continued deformation upon drain-
ing of the interdroplet lm (i.e. upon compression) for which
the energy penalty per unit area is of the order of the liquid–
liquid interfacial tension g. If instead the contact angle is xed,
the contact line should slide along the particle surface, giving
two additional contributions to the interaction energy: the
change in (i) the wetted particle surface by the two liquid phases
and (ii) the area of the oil–water interface. Both of these
contributions are proportional to g, so we can still write eqn
(11), and they can easily be comparable to the contribution of
the deformation of the liquid–liquid interface (ESI Section 9†).
For a � 1, the repulsive interaction in eqn (11) causes a
P-enhancement of approximately one order of magnitude (lines
labelled ‘+PP’ in Fig. 2).

Finally, we have considered the effects of droplet poly-
dispersity, which have recently been studied in detail for
surfactant-stabilized emulsions without nite interdroplet lms
(h ¼ 0) by Maestro et al.28 For monodisperse emulsions, they
write

P

g=R
ðfÞ ¼ K

f2ðf� f0Þb�1ffiffiffiffiffiffiffiffiffiffiffiffi
1� f

p ; (12)

in which K ¼ 3.64 and b ¼ 2.5. For polydisperse systems, they
modify eqn (12) as follows

P

g=R
ðfÞ ¼ K 0zcbz

f2ðf� f0Þb�1ffiffiffiffiffiffiffiffiffiffiffiffi
1� f

p ; (13)

with K 0 ¼ 1.32, zc the number of rst-neightbour contacts of a
droplet,

zcðfÞx 6þ 10
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f� f0

p
; (14)

b(zc) x 1.9 + 0.05zc, (15)

and

z(zc) x �0.016 + 0.0058zc. (16)

Even though polydispersity does have an effect on the
equation of state, this is much smaller than the effects of nite
interdroplet lms and repulsive interactions as described
above, especially for f / 1 (Fig. 2). Hence, it is unlikely that
polydispersity can explain the observed Fmax-reduction and
P-enhancement.
This journal is ª The Royal Society of Chemistry 2013
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4 Results
4.1 Standard (opaque) emulsions

Prior to centrifugation, we characterized the structure of our
samples using confocal microscopy, demonstrating that we had
prepared w/o PR emulsions (Fig. 1). This observation is
consistent with both sample composition and sedimentation
behavior: water is the minority phase, the hydrophobic
(q � 160�) particles prefer a continuous oil phase and the
Fig. 3 Water-in-dodecane emulsions, stabilized by PMMA particles,�8min after
centrifugation at (a) 33g and (b) 1289g. Scale bars 10 mm.

Fig. 4 (a) Symbols: measured osmotic pressure P vs. droplet volume fraction F

of emulsions stabilized by 0.630 mm radius PMMA particles (‘R.o’), a molecular
surfactant (‘Princen’, ‘Mason’, ‘Tcholakova’ and ‘Maestro’)22,26–28 or flocculating
nanoparticles (NPs).13 R28o: mean droplet radius R ¼ 28 mm in opaque sample, g:
corresponding liquid–liquid interfacial tension, solid lines are guides to the eye.
(b) Measured (P, F) – curve for R38o, including error bars instead of symbols (ESI
Section 4†).

This journal is ª The Royal Society of Chemistry 2013
droplets are denser than n-dodecane. Qualitatively, it is clear
from Fig. 3 that emulsions subjected to higher osmotic pressure
P (i.e. higher centrifugal acceleration) are compressed to higher
droplet volume fraction F (i.e. more compact sediment). Note
that the tops of the sediments are sometimes slanted, which we
attribute to sample inhomogeneities rather than non-horizontal
centrifugation (Fig. 1), as the latter should become less
pronounced at higher centrifugal accelerations (contradicted by
Fig. 3(b)).

The P (eqn (3)) vs. F (eqn (4)) data of four w/o PR emulsions
with mean droplet radii R varying from 28 to 58 mm are shown in
Fig. 4(a), which also includes literature data for emulsions
stabilized by surfactants22,26–28 and occulating nanoparticles.13

To allow a proper comparison between these data sets, they have
been normalized by the appropriate value of the capillary pres-
sure Pc f g/R.22,26,35 Whereas our results are comparable to the
‘Mason’ and ‘NP’ data sets at low F, they deviate substantially
from all plotted literature data at high F, suggesting a previously
undetected contribution from the stabilizing particles.

4.2 (Compound) transparent emulsions

Aer centrifugal compression, transparent samples were
imaged in 3D at various locations along the cuvette (i.e. along
the d-axis in Fig. 1). Qualitatively, the micrographs in Fig. 5
Fig. 5 Confocal fluorescence micrographs of two transparent water-in-oil
(white) emulsions of droplet radius (a–c) 25 mm and (d–f) 67 mm, stabilized by
0.630 mm radius PMMA particles, at three different positions along the lever arm
after centrifugation at �263g. Taken from 3D image series at a depth of 200 mm.
Scale bars (a–c) 100 mm and (d–f) 200 mm.

Soft Matter, 2013, 9, 7757–7765 | 7761
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indicate that, except near the top of the sediment (Fig. 5(a/d)), F
does not vary substantially across the sample, so our assump-
tion of constant F for analyzing standard PR emulsions is partly
justied (eqn (3) and Section 4.1). Note that our method for
analyzing transparent PR emulsions does not assume a
constant F along the sediment (Section 2.2).

Quantitatively, we use image analysis to extractF from image
series taken from a depth of 100 mm to at least 300 mm. The
corresponding graphs in Fig. 6(a) conrm that F is fairly
constant along the sample apart from the top of the sediment,
where P � 0 by denition and so droplets may have moved
upon tilting the sample horizontally for confocal imaging. Note
that there seems to be a trend for emulsions with larger droplet
sizes to have larger Fmax, which is also predicted by our model
(Section 3).

The spatial gradient in the centrifugal acceleration can be
used to obtain an entire equation of state from one centrifu-
gation cycle by employing eqn (2) to calculateP(d) via numerical
integration of F(d) (Fig. 6). For clarity, we have only plottedP(d)
vs. F(d) for two transparent samples (others in ESI Fig. 3†).
Though the microscopy-derived curves are not quantitatively
Fig. 6 (a) Droplet volume fraction F vs. distance to the top of the sediment in
transparent PR emulsions, after centrifugation at �263g. (b) Osmotic pressure P

vs. F of opaque and transparent PR emulsions from macroscopic and microscopic
data; dashed lines calculated as described in Section 3 for h ¼ 4.4 mm and a ¼ 1
(‘M67t’ is ‘LL + FF + PP’ in Fig. 2 and ‘M58o’ is the equivalent curve for R¼ 58 mm).
All emulsions stabilized by 0.630 mm radius PMMA particles. Solid lines are guides
to the eye, g: interfacial tension, R67t: mean droplet radius R ¼ 67 mm in trans-
parent sample, macro data from Fig. 4.

7762 | Soft Matter, 2013, 9, 7757–7765
identical to the macroscopic ones (Fig. 6(b)), they are qualita-
tively similar, lending additional credibility to our methods.
Note that the theory presented in Section 3 reproduces both the
measuredFmax and the observedP-enhancement for h¼ 7r and
a ¼ 1 (dashed lines).
5 Discussion
5.1 Equation of state

As predicted by our model (Fig. 2), our data features: (i) a rela-
tively low Fmax, and (ii) aP-enhancement by about one order of
magnitude (Fig. 4(a)), though we appreciate that the corre-
spondence between theory and experiment is not perfect for all
F. To explain the observed Fmax, we have to set the interdroplet
lm thickness h ¼ 7r, which is substantially larger than the
thickness of a close-packed bilayer of interfacial particles
(h ¼ 3.5r). This actually corresponds well with confocal micro-
graphs, which clearly show an additional layer of continuous oil
phase in between the particle-coated droplets (Fig. 1 zoom).

This thicker interdroplet layer could be the result of emul-
sion recovery in the rst 8min aer centrifugation, for which we
have no recovery monitoring data. In addition, even though all
supernatants were clear by eye aer emulsication, we have
observed some non-interfacial particles in micrographs of both
types of emulsions (e.g. Fig. 1 zoom), which could contribute to
thicker interdroplet lms. Indeed, our model predicts that
smaller particles should lead to higherFmax, which we have also
observed (ESI Fig. 4†). Nanoparticles allow for even thinner
interdroplet lms, effectively because they have a larger surface-
to-volume ratio, which results in even higher Fmax (Fig. 4(a)).
The lack of an upswing in P at high F in the NP data suggests
that these experiments simply have not probed the regime
where the system exhibits an apparent divergence.

To explain the observed P-enhancement (Fig. 4(a)), we have
to set the dimensionless interaction strength a � 1 (eqn (11)),
which suggests that the effective repulsion between the droplets
stems from the deformation of the liquid–liquid interface
between particles on one droplet due to compression against a
neighbouring droplet. In other words, the repulsion between
droplets is due to a disjoining-pressure component that can be
associated with the capillary stabilization of the interdroplet
lms by particles.36 For example, if the three-phase contact line
is xed upon compression, the liquid–liquid interface between
particles on the same droplet has to deform more upon drain-
ing of the interdroplet lm, for which the energy penalty per
unit area is of the order of the liquid–liquid interfacial tension
g. If instead the contact angle is constant, the contact line
should slide along the particle surface, giving two additional
contributions to the interaction energy: the change in (i) the
wetted particle surface by the two liquid phases and (ii) the area
of the oil-water interface. Both of these contributions are also
proportional to g and can easily be comparable to the contri-
bution of the deformation of the liquid–liquid interface (ESI
Section 9†).

Deformation of the liquid–liquid interface between interfa-
cial particles on the same droplet should give rise to (attractive)
This journal is ª The Royal Society of Chemistry 2013



Fig. 7 Multicolor confocal fluorescence micrographs. (a) Water-in-dodecane
emulsion, stabilized by micron-sized PMMA particles fluorescently labeled with
NBD (green) or DiIC18 (red), centrifuged at 362g. (b) Transparent emulsion,
stabilized by micron-sized PMMA particles fluorescently labeled with NBD (green)
or Rhodamine B (red), centrifuged at 838g. (b) The red circles are due to an optical
artefact in long-working-distance objectives. The white circle highlights what
looks like a zipping site, but we cannot rule out that it is caused by limited
confocal resolution in the axial direction. Scale bars (a) 100 mm and (b) 10 mm.
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capillary forces between those particles.11,12 To compare to
interparticle interactions, we write eqn (11) as

vðhÞ ¼ ag

¼
� 3

pr2

�
kBT0; (17)

in which 3 is a dimensionless interaction strength at the length
scale of the particles. Our measurements indicate a � 1, which
means 3 � 1.5 � 107. Note that 3kBT0 ( DG(max)

d � 5.7� 107 kBT0
(minus sign in eqn (1) for removal into the water phase). This was
to be expected, since additional deformation of the liquid–liquid
interface between particles on the same droplet is equivalent to
the particles being pushed into the aqueous droplet phase (which
they do not prefer as q � 160�); we know 3kBT0 cannot greatly
exceed DG(max)

d (or particles would have been pushed off the
interface). Indeed, an order of magnitude estimate for various
potentially relevant interparticle interactions shows that only
capillary forces can make a substantial contribution to the
observed P-enhancement (ESI Section 9 and 10†).

Now we would like to point out that the incomplete recovery
of our PR emulsions (Section 5.2 below) suggests that we have
not measured a thermodynamic (equilibrium) equation of state.
However, we have performed our measurements following two
different protocols, essentially with and without re-emulsica-
tion before centrifugation at a higher u, both leading to similar
results (ESI Section 5†). This suggests that our measurements
are not very sensitive to the specic compression protocol used.
In other words, we have measured the (pressure vs. density)
equation of state for the compression of PR emulsions stabilized
by hard-sphere particles.

5.2 Incomplete recovery

Intriguingly, the incomplete recovery of our PR emulsions,
which allows for post-centrifugation characterization (Fig. 5),
implies attractive forces between the droplets aer compres-
sion.35 One might be tempted to attribute these to zipping or
bridging, i.e. particles on one droplet simultaneously adsorbing
onto a second droplet,37 which would indeed glue liquid–liquid
interfaces together via shared particle monolayers.38 To high-
light any potential zipping, we repeated the centrifugal
microscopy experiments with emulsions in which the particles
were labeled with different uorescent dyes. As exemplied in
Fig. 7, we have not found any conclusive evidence for bridging
(note the registering of red and green particles on adjacent
interfaces). However, we have observed interfacial aggregates in
the standard PR emulsions (ESI Fig. 2†, probably from incom-
plete particle dispersion), which may rotate onto the liquid–
liquid interface upon compression, thereby ‘locking in’ the
deformation – relaxation to a spherical droplet would require
expelling interfacial particles, which is energy-expensive (DGd �
6 � 104 kBT0 per particle). Though interfacial aggregates prob-
ably do play a role in preventing droplet-shape relaxation, it
cannot explain why the cells of our biliquid foams do not easily
redisperse upon mechanical agitation (ESI Fig. 10(b)†).

Alternatively, droplet relaxation could be inhibited by
attractive interactions between (interfacial) particles through
the continuous phase. Though attractive interactions between
This journal is ª The Royal Society of Chemistry 2013
PMMA–PHSA colloids in n-dodecane have been reported,39 the
majority of the evidence suggests that they are hard spheres in
this and other hydrocarbon liquids.23,24,40 These studies do not,
however, rule out (osmotic) pressure-induced occulation, i.e.
they might occulate due to strong compressive forces during
centrifugation, analogous to lm and cluster formation from
colloidal suspensions upon diluent evaporation.25,41

To check the feasibility of pressure-induced occulation, we
estimate here the energy scale DGc associated with centrifugal
compression. DGc should be of the same order as the (centrif-
ugal) potential energy difference between two touching spheres
at d � dc along the radial axis (Fig. 1),

DGc ¼ mbuoyantacðdcÞDdðdcÞ
¼
�
4

3
pr3
�
rp � ro

���
u2dc

�ð2rÞ: (18)

This equates to 47.9 to 1.85� 103 kBT0 for 50.8 rad s�1 # u#

316 rad s�1. Values reported in the literature for repulsive free
energies associated with steric barriers of PMMA–PHSA parti-
cles range from 75 to 3.4� 102 kBT0,42 which can be overcome in
the u range calculated via eqn (18). In other words, the osmotic
pressures applied in our experiments may well have pushed
adjacent particles across their steric-stabilization barriers,
thereby inhibiting post-centrifugation recovery. In addition,
compression may lead to a relatively high density of steric
polymer hairs in the interdroplet lm, thereby increasing the
effective viscosity of this lm,25 which can slow down its
swelling aer centrifugation by orders of magnitude.43
5.3 Materials-science aspects

Our results are clearly relevant for designing porous materials:
we can control (i) the pore size via the initial droplet radius; (ii)
the Plateau borders and volume fraction gradient via the
applied pressure, and (iii) the interdroplet-lm thickness via the
particle radius. All of these features can be easily reproduced in
a robust template via UV polymerization of a monomer/initiator
mixture dissolved in the continuous phase.14,44 Moreover, it is
Soft Matter, 2013, 9, 7757–7765 | 7763
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important to know whether zipping occurs, since compressed
but non-zipped particle-coated droplets do not necessarily form
a continuous pathway in 3D (Fig. 7). Finally, the post-
compression mechanical stability of these structures is crucial
to their use as scaffolds for further processing. For example, we
have observed that using poly (lauryl methacrylate) (PLMA)
rather than PHSA as the stabilizer on the PMMA particles may
result in post-centrifugation recoveries of T65% rather than
(10% (ESI Section 7†), which demonstrates that this choice is
crucial for a well-controlled structure.
6 Conclusions

We have used centrifugal compression to measure the (pressure
vs. density) equation of state of emulsions stabilized by hard-
sphere colloids, thereby elucidating the contribution of the
stabilizing particles. Moreover, we have presented results for a
transparent model system, in which we have characterized
volume-fraction gradients using confocal microscopy, allowing
us to extract an entire equation of state from one centrifugation
cycle. We have explained trends in our data using a quantitative
model, which includes a nite interdroplet-lm thickness and
repulsive droplet facets; we suggest that the (effective) repulsion
stems from the deformation of the liquid–liquid interface
between particles on one droplet due to compression against a
neighbouring droplet. Finally, we have discussed the incom-
plete post-centrifugation recovery of our Pickering emulsions
and the relevance of predictive control to designing porous
materials from particle-stabilized liquid–liquid composites, e.g.
metal foams45 and electrodes.46
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