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ABSTRACT: We demonstrate that stimulus-responsive capillary-structured materials can be formed from hydrophobized
calcium carbonate particles suspended in a non-polar phase (silicone oil) and bridged by very small amounts of a hydrogel as the
secondary aqueous phase. Inclusion of thermally responsive polymers into the aqueous phase yielded a capillary-structured
suspension whose rheology is controlled by a change in temperature and can increase its complex modulus by several orders of
magnitude because of the gelation of the capillary bridges between the solid particles. We demonstrate that the rheology of the
capillary suspension and its response upon temperature changes can be controlled by the gelling properties as little as 0.1 w/w %
of the secondary aqueous phase containing 2 wt % of the gelling carbohydrate. Doping the secondary (aqueous) phase with
methyl cellulose, which gels at elevated temperatures, gave capillary-structured materials whose viscosity and structural strength
can increase by several orders of magnitude as the temperature is increased past the gelling temperature of the methyl cellulose
solution. Increasing the methyl cellulose concentration from 0 to 2 w/w % in the secondary (aqueous) phase increases the
complex modulus and the yield stress of the capillary suspension of 10 w/w % hydrophobized calcium carbonate in silicone oil by
2 orders of magnitude at a fixed temperature. By using an aqueous solution of a low melting point agarose as a secondary liquid
phase, which melts as the temperature is raised, we produced capillary-structured materials whose viscosity and structural
strength can decrease by several orders of magnitude as the temperature is increased past the melting temperature of the agarose
solution. The development of thermally responsive capillary suspensions can find potential applications in structuring of smart
home and personal care products as well as in temperature-triggered change in rheology and release of flavors in foods and
actives in pharmaceutical formulations.
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■ INTRODUCTION

Capillary suspensions are formulations containing solid
particles dispersed in a continuous liquid phase doped with
minute amount of secondary liquid phase immiscible with the
continuous phase. The addition of a very small amount of
secondary phase can result in an increase of the yield stress of
the suspension by several orders of magnitude.1 This change in
the rheological properties of the suspension is induced by the
capillary bridge forces occurring between the solid particles due
to the secondary liquid phase, and they usually dominate all
other interactions such as van der Waals, Brownian, electro-
static forces, steric, and hydrodynamic interactions.2−6 Over the

past few years, the use of capillary bridge forces to make
capillary suspensions with improved rheological properties has
gained increased attention.7−10,22−24 The addition of the
secondary fluid results in the formation of a sample spanning
network, with major impact on the stability as well as the
rheological properties of the capillary suspensions.11 It has also
been found that the capillary suspensions are produced in two
different ways; according to the wetting properties of the fluids
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to the particles. If the secondary liquid phase wets the particles
better than the primary (continuous) phase, it forms capillary
bridges in a pendular state, and if the continuous phase wets the
solid particles better than the secondary one, this corresponds
to a capillary state.12 In both cases, the secondary fluid forms an
interconnected network of bridged particles. Depending on the
wetting properties of the particles, both oil-based and water-
based capillary suspensions can be produced. Recently,
Velankar proposed a non-equilibrium state diagram for
liquid/fluid/particle mixtures.25

Koos and Willenbacher1 reported that the addition of the
secondary fluid results in an increase in the viscosity of the
suspension. Zhang et al.13 also showed that the further addition
of the secondary fluid can significantly decrease the viscosity of
the suspension. They also discussed the effect of addition of
dispersant to the capillary suspension. These effects can be
efficiently used to tune the rheological properties of the
suspensions, resulting in the avoidance of using other additives
such as binding agents and surfactants. Recently, Dunstan et
al.31 showed that hydrophilic calcium carbonate particles can
form capillary suspensions when dispersed in water with very
low concentration of secondary oil phase doped with oleic acid
which in situ hydrophobizes the bridged particles surface.
Capillary suspensions have already been used in various
applications in the field of food sciences for making food
products with less fat8 and control of texture and flow behavior
in foods.21 They have also been used in the production of
macroporous ceramic materials,7,14 porous glass filters,15,16 and
slurries for the fabrication of Li-ion battery electrodes.17

Applications involving the preparation of highly conductive
printable pastes20 and 3D printed porous polydimethylsiloxane-
based capillary suspensions have recently been reported.26

The objective of this study is to take this approach further by
making oil-based capillary-structured suspensions that are
stimuli-responsive upon changing the external physical proper-
ties such as temperature. This would allow the fabrication of
temperature-responsive capillary-structured formulations which
have a significant effect on the respective rheological properties
depending on the behavior of a gelling polymer present in the
secondary fluid phase (see Scheme 1). Such formulations would
respond to external stimuli such as change in temperature with
changes in the respective rheological properties of the capillary
bridges which hold the network structure of the capillary
suspensions. The importance of this work comes from the
possibility that such stimuli-responsive formulations can be
used to produce various oil-based personal care products with
the desired rheological properties tailored to the external
environment.
We developed stimuli-responsive oil-based capillary suspen-

sions by the addition of minute amount of different hydrogel
solutions in water as the secondary liquid phase in a continuous
oil phase containing the solid particles. This results in a sharp
change in the capillary suspension rheology from a fluid-like
material to a gel-like material. A change in external stimuli such
as temperature resulted in extensive changes in the rheological
properties of the formulations depending on the type of
hydrogel-forming polymer used in the secondary liquid phase.
The hypothesis is that aqueous solutions of low concentrations
of certain polymers can be made in which the solution can be
gelled or melted at set temperatures, causing a huge change in
the viscosity of the capillary bridge-forming material. If this
solution is incorporated into a capillary-structured material as
the bridging aqueous phase between the particles suspended in

a nonpolar medium, then it is expected that the rheological
properties of the whole suspension will be governed by those of
the bridging phase to a great extent; that is, a capillary-
structured material whose bridges are formed of a flowable low-
viscosity material might be expected to have significantly lower
viscosity and yield stress than those of a capillary-structured
material whose liquid bridges between the solid particles are
gelled and resist stretching and rearrangement when the
material is subjected to mechanical stress. Therefore, by
changing the temperature to the melting point or gelling
point of the bridging liquid phase, it should be possible to
strongly influence the rheology of the capillary suspension.
We used two different hydrogel-forming polymers, methyl

cellulose and agarose, to form a temperature-responsive
bridging liquid phase in oil-based capillary suspensions. Methyl
cellulose is a polymer consisting of backbone of linked glucose
molecules with the native hydroxyl groups (−OH) substituted
by methoxyl groups (−OCH3). Methyl cellulose is water-
soluble at low temperatures where it forms a flowable liquid
solution. However, upon heating up to the lower critical
solution temperature, methyl cellulose precipitates out of
solution and forms a hydrogel. The temperature at which this
occurs is related to the degree of methylation of methyl
cellulose, with greater substitution leading to a smaller lower
critical solution temperature.18 The phase separation and
gelation occur contemporaneously in an aqueous methyl
cellulose solution with the change in temperature, resulting in
the sol−gel transition at higher temperatures from a clear
flowing solution in to a turbid hydrogel.
Agarose is a polymer of alternate D-galactose and 3,6-

anhydro-L-galactopyranose rings. Although insoluble in cold
water, it hydrates and dissolves at high temperatures, forming a
flowable aqueous solution which upon further cooling forms a

Scheme 1a

a(a) For a nongelled aqueous phase, when shear is applied to the bulk
sample, the bridges can deform and stretch, allowing the bulk material
to flow. (b) At temperatures where the aqueous phase of the capillary
bridges is gelled, they resist deformation which inhibits the flow and
increases the viscosity. Schematics of the response of the capillary-
structured suspension in which the bridging (secondary) liquid phase
can be gelled by changing the temperature.
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strong hydrogel. At low temperatures, hydrogen bonding
between the D-galactose rings facilitates the formation of a
network; these are disrupted upon heating, so the agarose
hydrogel melts.19

In this study, we use aqueous solutions of these hydrogel-
forming polymers as the immiscible secondary liquid phase of a
capillary suspension of pre-hydrophobized calcium carbonate
particles (Socal 312) in silicone oil. This enabled us to control
the rheological properties of this capillary-structured material
by varying the temperature of the surroundings. This “smart”
material would become thermally responsive because of the
presence of methyl cellulose/agarose in the aqueous capillary
bridges of the secondary phase between the solid particles
whose gelation is expected to have a significant effect on the
agglomeration and rearrangement of the solid particles upon
change in temperature. The addition of the secondary hydrogel
phase should induce the change from a fluidlike behavior to an
elastic gel-like response at different temperatures. The rheology
measurements were carried out by applying torsional stress on
samples sandwiched between two surfaces.
The paper is organized as follows. The methods and

materials are presented in the next section. We compare the
rheology of oil-based capillary suspensions of ultrafine calcium
carbonate particles in silicone oil structured by minute amounts
of water with that of the same systems where, instead of water,
aqueous solutions of agarose and methyl cellulose are used as a
secondary liquid phase. We study their rheological response as
a function of temperature and secondary phase concentration.
We demonstrate that the rheology of the capillary suspension
follows a trend similar to the rheology of the gelling aqueous
phase in response to temperature.

■ MATERIALS AND METHODS
Materials. Silicone oil (silicone oil for oil baths −40 to 200 °C, Alfa

Aesar, purity not given), Methocel A4M (Dow, manufacturer-stated
gelling temperature 60 °C), SeaPrep agarose (Lonza, cat no. 50302,
manufacturer-stated gel-melting temperature ≤30 °C), and Socal 312
(Solvay) precipitated and hydrophobized CaCO3 particles were used
as supplied; Dow Corning 200 Fluid 30 000 cSt and Dow Corning 200
Fluid 300 cSt were also used as received. Deionized water was
obtained from an ELGA Milli-Q unit.
Methods. Preparation of Methocel Aqueous Solution. A beaker

was placed in an ice bath over a magnetic stirrer. Water was placed in
the beaker with a stirrer bar and allowed to cool to 5 °C. The desired
amount of Methocel A4M was slowly added with continuous vigorous
stirring. The beaker was covered and left stirring for 24 h, with the
temperature not exceeding 10 °C. After 24 h, the solution was clear
and flowed easily with no visible lumps of Methocel.
Preparation of SeaPrep Agarose Hydrogel. A beaker was placed in

a water bath over a magnetic stirrer. Water was placed in the beaker
with a stirrer bar and allowed to warm to 55 °C. The desired amount
of SeaPrep agarose was slowly added with continuous vigorous stirring.
The beaker was covered and left stirring for 1 h at 55 °C. After 1 h, the
solution was placed in a fridge at 2 °C for 24 h and left to gel.
Formation of Oil-Based Capillary Suspensions. The silicone oil

and the Socal 312 were added into a Tefal fruit sensation blender and
mixed at power level 1 for 30 s. An aliquot of the mixture was taken for
analysis, the desired volume of aqueous phase was added by a pipette,
and the system was reblended. This was repeated until the range of
desired secondary phase concentrations had been achieved. All
samples were placed in a desiccator under reduced pressure for 30 s
immediately after formation.
Contact Angle Measurements. Contact angles of the Socal 312

particles at the interface between the continuous and the secondary
liquid phases were determined by compressing the powder into a
tablet using a KBr press. The tablet was placed in a cuvette on a Krüss

DSA 10 instrument and stuck down with a carbon scanning electron
microscopy (SEM) mounting pad. The cuvette was filled with the
silicone oil, and a 20 μL drop of the aqueous phase was syringed onto
the tablet surface and imaged with a Krüss DSA 10 digital camera.

Krüss DSA 10 software was used to measure the advancing contact
angle through the water phase. The temperature was controlled by
circulating water from a Grant LD50 thermostat around the water
jacket built into the DSA 10 stage. A thermocouple was used to ensure
that the temperature at the tablet surface was as desired. For the
SeaPrep agarose solution at low temperatures, the syringe with the
solution was prewarmed until the agarose gel melt which was followed
by immediate formation of a drop in the silicone oil phase on the Socal
312 tablet surface at a fixed temperature. For the methyl cellulose
solution, the syringe was filled with the solution at room temperature
where the solution was liquid and then a drop was formed quickly in
the silicone phase on the Socal 312 tablet surface at a fixed
temperature.

Rheology Measurements. Rheology was determined using a Bohlin
CVO-120 instrument fitted with 40 mm cones and plates. Unless
stated otherwise, a Teflon-encased cone and plates were used in the
rheometer. Controlled frequency stress sweep oscillatory measure-
ments were made, at 1 Hz. The stress sweep range was altered
according to the viscosity of the material. The temperature was
controlled to better than ±0.1 °C. The samples were allowed to
thermally equilibrate for 10 min prior to the measurement. No
preshear was used. A fresh sample was used for each measurement.
The yield stress was determined by fitting curves with the equation G*
= aσn before and after the break point and calculating the intersection.
Controlled temperature sweeps were made at a frequency of 1 Hz and
controlled stresses of 1 and 5 Pa. The sample was held at a low
temperature for 10 min and then heated to the desired maximum
temperature at a rate of 1 °C min−1.

■ RESULTS AND DISCUSSION

For capillary-structured materials such as the one used in this
study, where the particles are suspended in a nonpolar oil phase
(silicone oil) and bridged by minute amounts of an aqueous
phase, the nature of the surface of the rheometer plates is very
important and should be carefully considered. For rheometer
cones and plates made from hydrophilic materials such as
stainless steel, the results obtained were not well-reproducible.
To avoid this, we used Teflon-encased cones and plates in our
rheometer. This enabled us to obtain reproducible data of
multiple repeats of the different rheological experiments with
oil-based capillary suspensions. More discussion on how to
overcome these problems in the rheology measurement in the
oil-based capillary suspensions is presented in the Supporting
Information section (Figure S1).
We present the results of the rheological measurements of

the samples made using Socal 312 particles dispersed in silicone
oil with the added secondary phases of water, methyl cellulose,
and agarose. All rheological measurements were carried out
after the samples had been desiccated because of the fact that
the presence of air can have a significant effect on the complex
modulus of the system by forming a third fluid phase in certain
conditions.27 (Please refer to the Supporting Information for a
more detailed study.)

Gelation and Melting of Aqueous Solutions of
Methocel A4M (Methyl Cellulose) or SeaPrep (Agarose).
Figure 1 shows the variation in the complex modulus of
solutions of Methocel A4M and SeaPrep in water with
temperature. The methyl cellulose in water starts to show an
increase in viscosity at 45 °C, and it steadily increases with
increasing temperature until a marked increase is observed at
60−65 °C. As evident from Figure 1, the agarose solution starts
to decrease in viscosity at 30 °C. It is expected from this that
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for capillary suspensions including Methocel A4M in the
secondary bridging phase, heating to 60 °C and above will
result in significant changes in the rheology of the system. If
SeaPrep agarose is used, then heating to temperatures above 30
°C will show observable changes in the rheology.
Rheology of the Capillary-Structured Suspensions

with Pure Water as the Bridging (Secondary) Phase.
Figure 2a shows the complex modulus as a function of applied

stress for a series of capillary suspensions in which the primary
phase is silicone oil, the particles are 10 w/w % Socal 312, and
the secondary phase is water, varying from 0 to 2 w/v %. The
data in Figure 2a show the multiple steps in the G* versus
stress amplitude curves, which indicate that these oil-based
capillary suspensions exhibit complex structures depending on
the content of the secondary aqueous phase.
It was found that the oil-based suspensions of particles with

no added water have a relatively low complex modulus at a low
shear stress and a low yield stress. The addition of minute
amounts of water results in an increase of both the complex
modulus and the yield stress significantly, in some cases, by 2
orders of magnitude. This result demonstrates that the addition
of water results in the adherence of Socal 312 particles to each
other in the oil, giving a structure to the suspension. Hence, this
effect is attributed to the presence of water bridges linking the
particles.14 This behavior was also visually demonstrated by the
optical photographs of the samples shown in Figure 2b, where
the low-complex modulus suspension with very little secondary
phase flows compared to samples containing higher amounts of
water. Increasing the amount of added water increases the
number of liquid bridges, which, in turn, strongly increases the
complex modulus and yields a capillary-structured material that
can hold its shape. It was also observed that the multiple step
change occurs only for samples containing less than 0.4% (w/v)
secondary phase, as evident from Figure 2a. This phenomenon
was not observed when the secondary phase of water was
replaced with aqueous solutions of methyl cellulose and
agarose. These are complex fluids, and a separate more detailed
study has to be carried out to find the physics behind the
multiple step changes in G* of the samples when water is used
as a secondary phase.
The Socal 312 particles used in our system are ultrafine

precipitated calcium carbonate with individual particle sizes
ranging from 0.045 to 0.090 μm (data supplied by Solvay
Chemical Int) and 93 ± 16 nm (data measured using dynamic
light scattering), which makes it not feasible to observe
individual liquid bridges formed between these submicrometer
particles by using a fluorescence optical microscope. To reveal
the type of liquid bridges in this system, we measured the
values of the three-phase contact angle of aqueous drops under
silicone oil on a tablet of compressed Socal 312 powder. The
contact angle data indicate that the bridges of secondary phase
formed are likely to be capillary, not pendular for this specific
system from 25 to 65 °C. The complex modulus of the system
containing the secondary phase of water was measured at
various temperatures (25−65 °C). It was observed that the
sample without a secondary liquid phase had no significant
change in the complex modulus with temperature. However,
for suspensions containing 0.2 and 1.0 w/v % water as the
secondary phase, there was a slight increase in the complex
modulus as the temperature is increased, which is evident from
Figure 3.
The complex modulus and the viscosity of the capillary

suspension are dependent on the capillary bridge force acting
between the bridged particles. The later, in turn, is dependent
on the interfacial tension between the two liquid phases as well
as the three-phase contact angle between the aqueous phase,
the oil phase, and the particle surface. These are both
temperature-dependent, so some complex temperature depend-
ence of the viscosity of the capillary-structured materials is
expected. The interfacial tension of the silicone oil−water
interface decreases slightly with the increase in the temperature.

Figure 1. Complex modulus (G*) vs temperature (T) for 2 w/v %
aqueous solution of Methocel A4M and SeaPrep agarose. The
measurements were done on a rheometer with Teflon-encased plates.
The samples were measured at 1 Hz, 1 Pa applied stress, and a heating
rate of 2 °C min−1. SeaPrep agarose hydrogels have been shown to
melt at temperatures exceeding 30 °C.

Figure 2. (a) Complex modulus (G*) as a function of shear stress (σ)
for a suspension of 10 w/w % Socal 312 particles in silicone oil for
varying concentrations of water as a secondary phase at 25 °C. The
measurements were done on a rheometer with Teflon-encased plates.
(b) Digital photographs of the capillary suspension at different
concentrations of the secondary phase.
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The effect of the contact angle dependence on the temperature
plays in a direction opposite to that of the interfacial tension
effect for the overall change in the complex modulus versus
temperature. Because Figure 3 shows a slight increase in the
complex modulus with the increase in the temperature, it is
likely that the overall effect is governed by the increase in the
capillary bridge force due to the change in the particle three-
phase contact angle and the interfacial tension, as shown in
Table 1. The data also indicate that upon increasing the

temperature from 25 to 65 °C, the liquid bridges of the
secondary phase are changing from pendular towards a nearly
capillary state. It is also likely that at higher temperatures, the
lower silicone oil−water interfacial tension favors the dispersion
of the aqueous phase to a larger number of drops which forms a
larger number of liquid bridges between the particles.
Rheology of Socal 312 Particle Suspension in Silicone

Oil with an Aqueous Solution of Methocel A4M as the
Bridging Phase. The complex modulus of suspensions
containing 10 w/w % Socal 312 dispersed in the primary
phase of silicone oil with different concentrations of aqueous
solution of Methocel A4M (0−2 w/v %) was measured as a
function of applied stress. It was observed that the increase in
the secondary phase of Methocel A4M results in a gradual
increase in the complex modulus, as shown in Figure 4.

Figure 5 shows that for a fixed concentration of the
secondary phase, the temperature at which the measurement

is made plays a crucial role. At temperatures substantially higher
than 50 °C, where the aqueous solution of Methocel A4M is
expected to form a strong gel, a greater complex modulus and a
greater yield stress were observed than those at low
temperatures where the bridging phase is less viscous and
flowable.
We measured the cooling−heating curve of G* versus T at a

fixed cooling rate (or heating rate) for a Methocel A4M
solution (Figure 6a) and the oil-based capillary suspension with
liquid bridges of methyl cellulose solution of the same
concentration (Figure 6b). Figure 6 shows the variation in
the complex modulus as a function of temperature for 2 w/v %
aqueous solution of Methocel A4M and also a selected
concentration (1 w/v %) of secondary phase, where the
secondary phase consists of 2 w/v % Methocel A4M in water.
The experiment was carried out in two different settings

while heating from 25 to 65 °C and vice versa. The complex
modulus (G*) of the 2 w/v % aqueous solution of Methocel
A4M does change with temperature in the cases of both heating
and cooling cycles in a very similar manner, as evident from
Figure 6a. Note that G* increases with temperature for the

Figure 3. Complex modulus (G*) vs temperature (T) for the 10 w/w
% Socal 312 particle suspension in silicone oil for varying
concentrations of the secondary liquid phase (water). The measure-
ments were done on a rheometer at 1 Hz, 1 Pa applied stress, and a
heating rate of 1 °C min−1.

Table 1. Advancing Three-Phase Contact Angles of a Drop
of the Aqueous Secondary Phase on a Socal 312 Powder
Tablet under Silicone Oila

temperature/°C secondary phase
O/W interfacial
tension/mN m−1 contact angle/deg

25 water 38.1 ± 0.5 115 ± 5
65 water 31.9 ± 0.6 91 ± 4
25 methyl cellulose

aqueous solution
37.4 ± 0.4 110 ± 4

65 methyl cellulose
aqueous solution

34.8 ± 0.3 93 ± 4

25 SeaPrep agarose
aqueous solution

36.2 ± 0.4 112 ± 5

65 SeaPrep agarose
aqueous solution

32.0 ± 0.5 89 ± 4

aThe methyl cellulose and SeaPrep agarose concentrations were both
2 w/w % in the aqueous solutions.

Figure 4. Complex modulus (G*) as a function of shear stress (σ) for
a suspension of 10 w/w % Socal 312 particles in silicone oil at different
concentrations of the secondary phase of 2 w/v % aqueous solution of
Methocel A4M at 25 °C.

Figure 5. Complex modulus (G*) as a function of shear stress (σ) for
a suspension of 10 w/w % Socal 312 particles in silicone oil in the
presence of 0.4 w/v % aqueous solution of Methocel A4M as a
secondary liquid phase. The three curves correspond to three different
temperatures, 25, 55, and 65 °C.
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capillary suspension, which reflects the increase in G* with T
for the Methocel A4M solution. There is a small gelling
hysteresis for both the methyl cellulose solution and the
capillary suspension, which is attributed to the lack of polymer
mobility in the gel, which hinders the recovery of the
mechanical properties after cooling in comparison to the
viscous liquid.28−30 It also clearly shows a slope change increase
in the complex modulus of the capillary suspension starting at
around 35 °C, in line with the results from Figure 1.
These results demonstrate that the capillary suspension

shows a strong response to the external temperature with a
steep increase in the complex modulus as it goes over the
gelling temperature of the methyl cellulose solution. The
magnitude of this stimulus response is remarkable and gives an
increase over 3 orders of magnitude of the complex modulus by
increasing the methyl cellulose concentration from 0.2 to 1.0
w/v % in the aqueous phase, given that the capillary suspension
contains only 2 w/v % of aqueous phase. This corresponds to a
temperature stimulus effect controlled by the changes in the
overall percentage of methyl cellulose ranging from 0.00004 to
0.0002 w/v % with respect to the whole capillary suspension
system.
In Figure 7, the thermal response is demonstrated visually by

tracking the appearance of the capillary suspension sample
while varying the temperature. In the LHS column, as the
capillary-structured material is cooled from 65 to 25 °C, it loses

its ability to keep its shape. It starts as a sculptable material, and
after 90 min at 35 °C, it flows under gravity into a puddle
shape. The RHS column of Figure 7 shows the corresponding
sample held for the same period of time at 65 °C. This sample
does not show such flow and remains as a sculptable material.
The temperature at which the material is able to flow under

gravity corresponds to the transition temperature of the
Methocel A4M from Figure 1. Here, the primary phase is
silicone oil containing 10 w/w % Socal 312 particles, and the
secondary phase is 2 w/v % aqueous solution of Methocel
A4M. The results show that there is an increase in G* and yield
stress with an increase in the Methocel concentration and
hence an increase in the viscosity of the secondary phase.
Figure 8 uses the yield stress and complex modulus at σ = 5

Pa to summarize a family of complex modulus versus applies
stress curves for systems in which the primary phase was
silicone oil, the particles are 10 w/w % Socal 312 particles, the
bridging phase was held constant at 0.4 w/v %. The
concentration of the Methocel A4M in the secondary phase
has been varied. These show that increasing the Methocel A4M
content increases both the complex modulus and the yield
stress. Also, as the temperature is raised, both rheological
parameters increase. This supports the hypothesis that the
gelation of the Methocel A4M at high temperatures is causing
an increase in the viscosity and “strength” of the structure
within the capillary suspension.

Rheology of the Capillary Suspension with Hydrogels
from SeaPrep Agarose as a Bridging Phase. The complex
modulus of suspensions containing 10 w/w % Socal 312
dispersed in the primary phase of silicone oil with different
concentrations of aqueous solution of SeaPrep agarose (0−2
w/v %) was measured as a function of the applied stress. It was
observed that the increase in the concentration of secondary
phase of SeaPrep agarose results in a gradual increase of the
complex modulus, as shown in Figure 9. Again, a strong
increase in the low stress complex modulus and the yield stress

Figure 6. Complex modulus (G*) vs temperature (T) for (a) 2 w/v %
aqueous solution of Methocel A4M and (b) 10 w/w % Socal 312
particle suspension in silicone oil at 1 w/v % aqueous solution of 2 w/
v % Methocel A4M as a secondary liquid phase. The measurements
were done on a rheometer at 1 Hz, 5 Pa applied stress, and a heating/
cooling rate of 1 °C min−1. The arrows show the directions of the
increase and decrease of the temperature during the experimental run.

Figure 7. Images of a capillary suspension system of 10 w/w % Socal
312 particles in silicone oil containing 1.0 w/v % secondary phase of 2
w/v % Methocel A4M aqueous solution. The sample was held for 90
min at each temperature before imaging. The left-hand side (lhs)
column shows the sample in the process of cooling; in the right-hand
side (rhs) column, the sample was held at 65 °C, from 90 to 360 min.
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was observed as the amount of bridging phase is increased. For
a fixed concentration of the secondary phase, Figure 10
demonstrates that the temperature at which the measurement is
made plays a crucial role. At low temperatures, where the
SeaPrep agarose in water is expected to form a strong gel, a

greater complex modulus and a greater yield stress are observed
(Figure 10).
Figure 11 shows the variation in the complex modulus as a

function of temperature for 2 w/v % aqueous solution of
SeaPrep agarose and also a selected concentration (1 w/v %) of
the secondary phase, which consists of 2 w/v % SeaPrep
agarose in water. The experiment was carried out in two

Figure 8. Yield stress (a) and complex modulus (b) for a capillary suspension system of 10 w/w % Socal 312 particles in silicone oil at 5 Pa applied
stress as a function of Methocel A4M concentration in the secondary phase. The three curves correspond to different temperatures, 25, 55, and 65
°C.

Figure 9. Complex modulus (G*) as a function of shear stress (σ) for
a suspension of 10 w/w % Socal 312 particles in silicone oil at different
concentrations of a secondary phase of 2 w/v % aqueous solution of 2
w/v % SeaPrep agarose at 25 °C.

Figure 10. Complex modulus (G*) as a function of shear stress (σ) for
a suspension of 10 w/w % Socal 312 particles in silicone oil in the
presence of 1 w/v % aqueous solution of 2 w/v % SeaPrep agarose as a
secondary liquid phase. The five curves correspond to five different
temperatures, 25, 30, 35, 45, and 55 °C.

Figure 11. Complex modulus (G*) vs temperature (T) for (a) an
aqueous solution of 2 w/v % of SeaPrep agarose and (b) 10 w/w %
Socal 312 particle suspension in silicone oil with 1 w/v % aqueous
solution of 2 w/v % SeaPrep agarose as a secondary liquid phase. The
measurements were done on a rheometer at 1 Hz, 5 Pa applied stress,
and a heating rate of 1 °C min−1. The arrows show the directions of
the increase and decrease of the temperature.
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different settings: heating from 25 to 55 °C and then cooling
from 55 to 25 °C. The complex modulus (G*) of the 2 w/v %
aqueous solution of SeaPrep agarose does change with
temperature in the cases of both heating and cooling cycles
in a completely different manner, as evident from Figure 11a.
The results show that there is a hysteresis in the gelling and
melting properties of SeaPrep agarose. The complex modulus
(G*) is much higher when the agarose gel was melted by
heating from 25 °C, whereas it is much lower in case it was
cooled from a high temperature to 25 °C, as evident from
Figure 11a. This gelling hysteresis behavior has also been
observed in many other hydrogels and is believed to be due to
the formation of fluid gel during the cooling sweep under
shearing.28−30

The capillary suspension containing 1 w/v % of secondary
phase of 2 w/v % SeaPrep agarose in water also shows a similar
effect in the cases of heating and cooling, as shown in Figure
11b. It also clearly shows a step change increase in the complex
modulus of the capillary suspension starting at around 30 °C, in
line with the results from Figure 1. The complex modulus
gradually decreases at higher temperatures where the agarose is
expected to melt. There is a slight difference between the
complex modulus (G*) values of the capillary suspensions
shown in Figure 11 compared to those shown in Figure 10,
which is likely due to the formation of different numbers of
capillary bridges between the particles in the experiment at a
fixed shear stress of 5 Pa as we bring the system through the
temperature cycle of heating and cooling in real time. This type
of gelling hysteresis could also be influenced by possible
coalescing of liquid bridges during the temperature cycle in
addition to the hydrogel-own hysteresis (Figure 11b). It is
remarkable that the gelling hysteresis in the hydrogel (Figure
11a) is reflected in the gelling hysteresis of the capillary
suspension which actually contains a very small overall amount
of hydrogel forming polymer in the liquid bridge-forming phase
(0.02%). Hence, one can control the rheology of the capillary
suspension with an ultrasmall amount of gelling agent in the
secondary (bridging) liquid phase.
Capillary suspensions with SeaPrep agarose incorporated

into the secondary bridging phase clearly lose their high
viscosity and structural rigidity as the temperature of the system
is raised to a point where the agarose melts. Taken in
conjunction with the opposite behavior for capillary suspen-
sions containing Methocel A4M solution as a secondary phase,
where a rise in temperature results in an increase in the
viscosity and structural strength of the system. This
combination of results demonstrates that the rheological
behavior of the bridging phase does indeed play a major role
in the overall rheology of the capillary suspension. We also
demonstrated that capillary suspensions that are responsive to
stimuli such as temperature can be readily manufactured.

■ CONCLUSIONS
Capillary suspensions formed of hydrophobized CaCO3
particles (Socal 312) suspended in silicone oil and bridged by
small amounts of aqueous hydrogel solutions as a secondary
liquid phase have been successfully prepared and exhibited
excellent stability with regard to the sedimentation of the
particles. We prepared capillary-structured suspensions of Socal
312 particles in silicone oil with aqueous solutions of methyl
cellulose (Methocel A4M) as the bridging phase. These showed
significant changes in behavior as the temperature of the system
is increased above the gelling temperature of the Methocel

A4M solution. Although at low temperatures, they exhibit a low
initial complex modulus and yield stress, both of them increase
at temperatures above the gelling temperature of the methyl
cellulose. These parameters (at any given temperature)
increases if the concentration of methyl cellulose in the
aqueous phase is increased. They also increase if the overall
concentration of the secondary aqueous phase is increased at a
fixed concentration of methyl cellulose.
We also fabricated capillary-structured suspensions of Socal

312 particles in silicone oil with a secondary liquid phase of
aqueous solutions of SeaPrep agarose. These showed significant
changes in rheological behavior as the temperature of the
system is increased above the melting temperature of the
agarose hydrogel. However, in contrast with the case of methyl
cellulose-containing systems, although at low temperatures, the
suspension systems with agarose hydrogel bridging phase
exhibited a high initial complex modulus and yield stress, these
both decrease at temperatures above the melting temperature
of the SeaPrep agarose gel. These parameters (at any given
temperature) increase if the amount of aqueous phase is
increased. It is therefore concluded that capillary-structured
materials where the rheology of the bulk material can be
significantly altered by the temperature as a stimulus factor and
the subsequent rheology of the bridging phase have been
demonstrated.
Thermally responsive capillary suspensions could find many

potential applications in smart consumer products which rely
on a temperature-triggered change in rheology. They can also
be used to program the release of actives in pharmaceutical
formulations and flavors in foods and many other applications.
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