Journal of Colloid and Interface Science 627 (2022) 415–426

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science
journal homepage: www.elsevier.com/locate/jcis

Linking intermolecular interactions and rheological behaviour in
capillary suspensions
Ahmed Jarray a,b,⇑, Annika Feichtinger a, Elke Scholten a,⇑
a
b

Physics and Physical Chemistry of Foods, Wageningen University, PO Box 17, 6700 AA Wageningen, the Netherlands
Multi Scale Mechanics (MSM), MESA+ Institute for Nanotechnology, University of Twente, P.O. Box 217, 7500 AE Enschede, the Netherlands

g r a p h i c a l a b s t r a c t

a r t i c l e

i n f o

Article history:
Received 28 March 2022
Revised 20 June 2022
Accepted 11 July 2022
Available online 14 July 2022
Keywords:
Capillary suspensions
Capillary bridges
Gel
Solubility parameters
Intermolecular interactions

a b s t r a c t
Hypothesis: Capillary suspensions feature networks of particles connected by liquid bridges, which are
obtained by adding a small amount of a second immiscible liquid to a suspension. It is possible to link
the network formation as well as the rheological behaviour of capillary suspensions to the intermolecular
interactions of their constituents.
Experiments and simulations: Through a combination of experimental and numerical methods, we present
a novel approach, based on Hansen solubility parameters computed from Molecular Dynamics (MD) simulations, to rationalize and predict the rheological behaviour of capillary suspensions. We investigated
the formation of capillary suspensions for various combinations of bulk and secondary liquids mixed with
hydrophilic silica particles. The predictions were confirmed experimentally by rheological analysis, interfacial tension measurements and microscopy (CLSM) imaging.
Findings: Numerical and experimental results show that the Hansen solubility parameters theory allows
to predict the formation of capillary suspensions, whose strength exponentially decays with decreasing
intermolecular interactions between the secondary liquids and the dispersed particles. High immiscibility between the bulk and secondary liquid strengthens the gel up to a critical immiscibility point, above
which the strength of the gel remains mostly affected by the affinity between the secondary liquids and
the dispersed particles. Furthermore, we find that hydrogen-bonding and polar interactions control the
formation of capillary suspensions. This simple approach can guide the selection of adequate solvents
and immiscible secondary liquids, allowing an easy formulation of new particulate-based gels.
Ó 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
⇑ Corresponding authors at: Physics and Physical Chemistry of Foods, Wageningen University, PO Box 17, 6700 AA Wageningen, the Netherlands (A. Jarray).
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Capillary suspensions are composed of particles dispersed in
two immiscible liquids, where the secondary liquid forms liquid
bridges between the dispersed particles. The strength of the forces
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phase contact angle [1,8]. Such mesoscopic properties are ultimately determined by the molecular interactions of the materials
involved. As a consequence, several studies correlated the solubility parameters to various mesoscopic properties of fluids [29–
31,24,22,17,32]. By using Owens and Wendt [33] equation, Jarray
et al. [17] derived a new equation that uses the solubility parameters to estimate the surface tension and the contact angle of liquids
on polymeric substrates. However, the use of the concept of solubility parameter to predict the formation and rheological properties of capillary suspensions is still unexplored.
By combining numerical and experimental methods, we present
a simple approach based on Hansen Solubility Parameters computed from Molecular Dynamics (MD) simulations, to link the rheological behaviour of capillary suspensions in the pendular state to
the intermolecular interactions of its components. The method
allows to identify the range of bulk liquids (solvents) and secondary liquids that are likely to form capillary suspension-based
gels, while rationalizing their rheological behaviour in terms of
their atomistic intermolecular interactions. The approach was successfully tested experimentally using rheological analysis, interfacial tension measurement and microscopy imaging for various bulk
and secondary liquids.

exerted by the capillary bridges on the particles determines the
rheological and structural properties of the particulate system
[1,2]. Capillary suspensions allows the design of novel materials
with exceptional mechanical properties, relevant for a broad spectrum of potential applications, such as low saturated-fat food products [3], highly porous materials [1,4], highly conductive pastes for
solar cells [5], and additive manufacturing [6,7]. Yet, the formulation of capillary suspensions-based materials remains serendipitous, simply because the physico-chemical phenomena
responsible for the formation of capillary suspensions are still
unclear, especially at the atomistic scale.
The formation of capillary bridges in capillary suspensions has
been recently studied through experiments by Koos and other
researchers [8–10]. By using mainly water as secondary liquid
(i.e., bridging liquids), Koos et al. [9] showed that the yield stress
of capillary suspensions scales with the interfacial tension, and
that decreasing the particle size strengthens the resulting particulate gel. It was observed that a pendular networks of particles connected with single capillary bridges is obtained for three-phase
contact angles smaller than 90 , whereas a different clustered
structure, the capillary state, forms for angles larger than 90 [8].
In another work, Fischer and Koos [10] observed that the gel
strength could also be altered when the secondary liquid (water)
was mixed with a partially miscible bulk liquid. By adding sodium
alginate to the secondary liquid of capillary suspension, Yang et al.
[11] observed a significant increase of the gel strength. They
hypothesized that this increase is due to the hydrogen-bonding
force induced by sodium alginate, which augment the number of
liquid bridges. Scholten and coworkers [12,13] inferred that
hydrogen-bonding induced by the addition of water to a suspension of oil and protein particles strengthens the obtained gel. Cavalier and Larché [14] measured the rheological properties of ternary
oil-based suspensions, and attributed the change in the yield stress
to the formation of hydrogen bonds. These studies show that the
rheological behavior are related to different parameters that
change the structure on a mesoscopic scale (contact angle, wettability, meniscus shape), but it is not yet understood how these
properties are controlled by the atomistic scale, and how the
molecular interactions affect the gel formation of these suspensions. The rheological behaviour of capillary suspensions and their
properties are ultimately governed by the molecular structure of
the bulk and secondary liquids, and the particle surface as well
as their combined intermolecular interactions [15–18]. Knowing
a priori the atomistic interactions can help in gaining a more comprehensive understanding of the formation of capillary networks,
subsequently allowing efficient selection of secondary liquids and
solvents for obtaining gels with a predefined strength when using
a specific type of particles. Therefore, there is a need to establish
the link between these interactions and the rheological behaviour
of capillary suspensions.
In this context, the concept of Hansen Solubility Parameters
(HSP) [19] (i.e., square root of the Cohesive Energy Density, CED)
can be used to quantify the interactions between the molecules
that compose capillary suspensions. The solubility parameter has
been proven a useful tool for the prediction of the molecular interactions and properties of polymers and systems employing multicomponent solvents [20–25]. Nunes et al. [26] used the solubility
parameters to determine the gelation domain for individual low
molecular weight gelators. Zhu et al. [27] used the solubility
parameter for preliminary screening of optimum solvents for aerogels [27]. Using the solubility parameters, Zhang et al. [28] correlated the viscoelasticity of molecular gels to the gelator-solvent’s
intermolecular interactions, revealing how the hydrogen-bonding
interactions determine the mechanical properties of the gel. The
capillary bridges strength in capillary suspensions depends on
the interfacial tension of the two liquids as well as the three-

2. Materials and methods
2.1. Materials
Spherical hydrophilic silica particles, with a smooth surface and
particle diameter of d50 = 5:1lm, were purchased from US Research
Nanomaterials, Inc. (Houston, TX USA). These particles were used
as provided without further purification or chemical treatment.
Solvents (silicone oil, diisononyl phthalate, triacetin and decanol)
and secondary liquids (milli-Q water, glycerol, ethylene glycole,
diacetine, dimethyl sulfoxide, dimethyl formamide and tetrahydrofuran) were purchased from Sigma–Aldrich, except for the solvent sunflower oil, which was bought at a local supermarket and
produced by Vandemoortele Europe NV.
2.2. Experimental methods
2.2.1. Sample preparation
Dry silica particles were dispersed in the bulk liquids at room
temperature under agitation using a propeller mixer for 15 min
at a rotation speed of 1400 rpm to obtain a homogeneous suspension. Afterwards, the secondary fluid was progressively added to
the suspension and then thoroughly mixed for 20 min. The samples
were then placed in air-tight containers and immediately brought
for rheological measurements. The same volume ratios were used
for all samples; the solid volume fraction was /solid = 0.2 (v/v)
and the secondary liquid volume fraction /secondary = 0.015 (v/v)
or /secondary = 0.03 (v/v).
2.2.2. Rheological measurements
Immediately after sample preparation, rheology measurements
were performed using a rotational Anton Paar MCR 502 rheometer
(Anton Paar GmbH, Graz, Austria) equipped with a textured plateplate geometry (model PP50/P2, diameter 50 mm) to reduce slippage of the oil-based suspensions. The gap size was set to 1 mm.
Prior to measurements, the samples were pre-sheared at a constant strain of 0.01 % and a frequency of 1 Hz at 20°C for 20 min
to mechanically and thermally equilibrate them. Straincontrolled amplitude sweeps were performed strait away after
pre-shearing at a constant angular frequency of 1.6 Hz for a total
duration of 1500 s up to 1000 % strain. Measurements of the viscoelastic moduli (storage modulus, G0 and loss modulus, G00 ) were
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done in triplicate for all samples. The obtained rheological data
were analyzed using the Anton Paar RheoCompass software 1.3
(Anton Paar, Austria) to obtain storage modulus (G0 ), loss modulus
(G00 ), and yield stress (r). G0 -values were obtained at the limit of
Linear Visco-Elastic (LVE) range, which was averaged at the point
where G0 has decreased by 3% from its initial value [34]. G00 values are the maximum points of the loss modulus curve. The
yield stress, r, was extracted from the rheology measurements as
the shear stress at the onset of the amplitude sweeps curve, just
before the rapid decline of the shear stress [35] (i.e., the point
below which the material is showing reversible viscoelasticbehaviour) and determined by a linear weighting using the
RheoCompass software.

cos hBS ¼

cSa cos hS;a  cBa cos hB;a
:
cBS

ð1Þ

The subscripts ”a”, ”B” and ”S” refer to the air, the bulk liquid (i.e.,
the solvent) and the secondary liquid, respectively. c is the interfacial tension and h the liquid-particle contact angle. The network
capillary strength [9,8] (i.e., the maximum capillary force formed
by liquid bridges in the pendular state, which occurs when two
equally sized spheres of radius r are in contact) can then be approximated as

g ¼j

/2solid cBS cos hBS
j:
r

ð2Þ

2.3. Numerical methods

2.2.3. Confocal laser scanning microscopy (CLSM)
CLSM-images were recorded using a Zeiss LSM 510-META 18
(Germany) confocal laser scanning microscope operating with a
100/1.4 NA oil immersion objective. In order to prepare the capillary suspensions for CLSM-imaging, silica particles were stained
by dispersing them in acetone containing 0.05%(w/w) of rhodamine B (purchased from Sigma Aldrich). The suspension was
mixed thoroughly for 20 min using a propeller mixer at
1400 rpm. The rhodamine B-labelled particles were then dried
for 48 h in a fume hood. The secondary liquid was stained by addition of 1%(v/v) fluorescein isothiocyanate, before using it for the
preparation of capillary suspensions as described above. A
514 nm argon ion laser and a 488 nm helium neon laser were used
to excite the rhodamine B and the fluorescein, respectively, allowing to separate the signals from particles and the secondary liquid.

2.3.1. Solubility parameter and Hansen method
The solubility parameter [19,43] quantifies the energy required
to separate one molecule from its surrounding in a given liquid or
amorphous solid. The solubility parameter of a substance is equal
to the square root of its cohesive energy density, CED, which is
defined as the ratio of the energy of vaporization, DU v ap , to the
molar volume, V m [43,44],

d2 ¼ CED ¼

U DHv ap  RT
¼
;
Vm
Vm

ð3Þ

where U is the molar internal energy of the liquid phase, Hv ap is the
molar enthalpy of vaporization, R is the gas constant, V m the molar
volume of the liquid and T is the temperature. Hansen [23] proposed to split the solubility parameter d into three components
based on the substance’s intermolecular interactions:

2.2.4. Interfacial tension
The surface tension of the bulk and secondary liquids were
measured using a Krüss K6 tensiometer (Krüss GmbH, Germany)
following the platinum ring detachment method [36,37]. Interfacial tension between the bulk and the secondary liquid phases
were determined at the interface between the two fluids using
the same tensiometer [38]. Due to the partial miscibility of tetrahydrofuran and dimethyl formamide with the bulk liquids, it was not
possible to accurately measure their interfacial tension. All the
measurements were performed at room temperature. Between
the measurements, the platinum ring was cleaned using acetone
and then placed in a blue flame for several seconds to remove all
the impurities. Interfacial tension values were measured a minimum of three times.

d¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
d2d þ d2p þ d2h ;

ð4Þ

where dd is the dispersive component related to the van der Waals
dispersion interactions, dp is the polar component related to the
coulombic interactions (excluding hydrogen-bonding interactions),
and dh represents the hydrogen-bonding component of the solubility parameter, describing the highly directional attraction occurring
between a specific hydrogen atom from one molecule and another
oxygen or nitrogen acceptor atom from a second molecule. Based
on this division of the solubility parameter, Hansen [23] proposed
what is now the most widely used three-dimensional interaction
space, wherein all the solid and liquid substances are localized
(see Fig. 1, left side) by a single point whose coordinates are defined
by the Hansen solubility parameter components. The basic premise
of Hansen’s theory is that substances that are closer to each other in
the Hansen space tend to have higher miscibility. Therefore, for a
solid substance to be soluble or dispersable in a liquid, or two liquids to be miscible, it is necessary that their positions in the Hansen
space are close. Skaarup and Hansen further formulated the solubil-

2.2.5. Contact angle measurement
The contact angle of the bulk and secondary liquids droplets
were measured using KRUSS DSA-100 optical contact angle measuring instrument (Germany). A silica plate with the same chemical properties as the silica powders was used as substrate to avoid
the fast adsorption of the wetting secondary and bulk liquids
within the silica powders upon measurement. To ensure our measurements were correct, the contact angles of water, glycerol and
ethylene glycol (i.e., the least wetting liquid among the secondary
liquids) were also determined on silica powders pressed into a flat
surface using a hand-press machine. A sessile drop was deposited
on the substrate and images of the drop were captured. The contact
angle values were determined using an in-built software in the
Krüss DSA 100 system by placing a tangent at the intersection of
the liquid and solid [39,40]. The reported angle values are generally
an average over a minimum of 3 measurements.
From the surface tension, the interfacial tension and the contact
angle, the three-phase contact angle can be calculated using the
Young equation [41,42]:

Fig. 1. Schematic representation of the 3D Hansen solubility parameters space
(left). Here, RðAB1Þ > RðAB2Þ , indicating that material A has stronger interactions with
material B1 than with B2. Triangular representation of the Hansen space (right).
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ity parameter distance, RAB , quantifying the affinity between two
components as [45,23]:

RAB ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4ðdd;A  dd;B Þ2 þ ðdp;A  dp;B Þ2 þ ðdh;A  dh;B Þ2 :

with a time step of 1 fs. The temperature was set at room temperature T = 298.15 K and controlled by a Nose–Hoover thermostat.
The solubility parameter values were calculated by averaging
the intermolecular energy [57] over the last 20 ps of the MD
simulation:

ð5Þ

Here, the scaling factor ”4” is a fitting coefficient suggested by Hansen based on empirical testing [23].
To better visualize the three parameters on a plane, Teas [46]
developed a triangular representation of the Hansen space (see
Fig. 1, right side), in which the individual Hansen parameters are
normalized by the sum of the three parameters, defined as

fi ¼

di
;
dd þ dp þ dh

dk ¼

aV a
Sa

ðd2d þ bðd2p þ d2h ÞÞ;

ð8Þ

where k runs over the dispersive, Coulombic and hydrogen-bonding
energies. The brackets denote a time average, and V denotes the
simulation box volume. The silica solubility parameter was computed following the same recipe of Faasen and coworkers [21],
using a simplified atomistic model with similar atomistic structure
as the hydroxilated silicon surface. The d values computed from
molecular dynamics simulation will be used to calculate RAB and c.

ð6Þ

where i = d; p; h. In this work, the interactions between the silica
particle and the solvent (bulk liquid), the particle and the secondary
liquid, and the bulk liquid and the secondary liquid, are respectively
quantified by RPB ; RPS , and RBS , in the Hansen space.
The strength of the capillary bridges in capillary suspensions
depends on the surface tension, which is the imbalance of the
cohesive forces between the molecules of the two materials forming an interface. It can therefore be related to the solubility parameters using the equation [17,47];

c¼

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hEInter;k i
;
V

3. Results and discussion
By using a combination of various bulk and secondary liquids
with different properties, the effect of a wide range of intermolecular interactions on the rheological behaviour of the resulting capillary suspensions can be explored. We start by examining the
microstructure and rheological properties of suspensions of silica
particles in various bulk liquids with water as secondary liquid.
Fig. 2 (A) shows CLSM images of the hydrophilic silica particles dis-

ð7Þ

with V a the volume of the molecule, Sa the surface area of the molecule, b = 0.6225, and a  0.5 is a parameter that depends on the
ratio of the number of neighboring molecules on the surface to that
in the bulk of the liquid.
2.4. Molecular dynamics simulations
All-atom Molecular Dynamics (MD) simulation techniques have
emerged as a robust and convenient tool for the prediction of the
solubility parameter [48,49,30,50,51]. Herein, Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) open source
code was used for the computation of the solubility parameter following the same method described in our previous work [17]. The
initial configurations were generated using a Monte-Carlo algorithm available in the Scienomics MAPS package [52,53], and were
thereafter relaxed to adjust the coordinates of the atoms, where
the experimental density of the different materials was used to
set the simulation box volume. The atomic charges were computed
using the charge equilibration (Qeq) method of Rappé and Goddard
[54]. After generating the molecular simulation cell with periodic
boundaries, DREIDING [55] forcefield was applied to the molecules,
where 12–6 Lennard-Jones and Coulomb electric potentials
account for the van der Waals and electrostatic interactions,
respectively, and a 12–10 Lennard-Jones potential accounts for
the hydrogen-bonding interactions. A cutoff distance of 10 Å
smoothed at 11 Å was used for the 12–6 Lennard-Jones and Coulomb interactions. Long-range electrostatic interactions were handled by the Ewald summation [56], with an accuracy of
0.001 kcal/mol. For the hydrogen-bonding interactions, all oxygen
and nitrogen atoms were considered to be potential hydrogen
bond acceptors and donors. The hydrogen bond Lennard-Jones
potential was parametrized with a zero-crossing distance Rhb =
2.75 Å and a hydrogen-bond energy Dhb = 4 kcal/mol, with a cosine
angle periodicity equaling 4 as suggested by Mayo et al. [55]. We
set the angle cutoff to 140° to limit the scope of the LennardJones hydrogen-bonding potential. The generated system was
energy minimized using the steepest descent method, followed
by the conjugate gradient method. Molecular dynamics simulations were launched in the canonical ensemble NVT for 200 ps,

Fig. 2. CLSM images of silica particles dispersed in sunflower oil (A), capillary
suspensions obtained by adding 1.5% (v/v) (B) and 3% (v/v) (C) water to the mixture
of silica particles and sunflower oil, and silica particles dispersed in DINP (D),
silicone oil (E) and triacetin (F) mixed with 1.5%(v/v) of water. Silica particles
appear in magenta, and water in green.
418

Journal of Colloid and Interface Science 627 (2022) 415–426

A. Jarray, A. Feichtinger and E. Scholten

occurs in the system. At larger strains, a gel-to-fluid transition
occurs, where the moduli cross each other. Then, both G0 and G00
show a second peak at a strain = 290 %, reminiscent of a twostep yielding behaviour. For the sample with triacetin as bulk liquid (blue symbols), a lower storage modulus below 1000 Pa is
obtained, with G0 being only slightly higher than G00 , along with a
crossover point of the G0 and G00 at low strains. The suspension prepared using triacetin thus behaves as a weak gel, caused by the
absence of liquid bridge formation in agreement with Fig. 2 (F).
We notice that triacetin-water–silica particle mixture gives a
higher G0 than for the case of sunflower oil in the absence of water,
which suggests that partial miscibility of triacetin-water and the
presence of some water surrounding the particles surface have
an effect on the rheological properties of the resulting material.
Fig. 4 (A) shows the storage modulus, G0 , versus the strain
amplitude for a larger number of bulk liquids. Comparably high
G0 -values are obtained for sunflower oil, DINP and silicone oil,
which confirms the presence of a capillary bridge network as
observed in the CLSM images (see Fig. 2 (B), (D) and (E)). Similarly
to sunflower oil-based suspensions, the suspensions based on silicone oil and DINP show a high G0 at low strains, followed by a gradual decrease as the strain increases, suggesting a restructuring of
the material after breakdown of the network. This also translates
into a higher shear stress, s, which can be seen by the curves of
s plotted against the strain provided in Fig. A1 of the Appendix.

persed in sunflower oil in the absence of a secondary liquid. The
particles are generally well dispersed within the sunflower oil.
Upon addition of a small amount of water (1.5% (v/v)) (Fig. 2
(B)), silica particles in sunflower oil are shown to form a continuous network of individual particles (visible in magenta) connected
by capillary water bridges (visible in green). These bridges are the
key indicators for the formation of capillary suspensions (pendular
state). Increasing the amount of the secondary liquid to 3%(v/v)
results in the formation of larger clusters, again with the water
being clearly located between the particles (see Fig. 2 (C)). This
shows that at an increased amount of secondary liquid, the clustering of particles through the formation of capillary bridges increases
particle connectivity and network formation. A capillary-bridge
induced network was also obtained when using diisononyl phthalate (DINP) or silicone oil as bulk liquids, as shown in Figs. 2 (D)
and (E). Conversely, using triacetin, which is a weakly hydrogenbonding liquid compared to the other bulk liquids, no capillary
bridges were observed as shown in Fig. 2 (F). Here, water is partially miscible with triacetin and some of it seems to stick on the
surface of the particles, as indicated by the few light green surface
of some particles, without forming liquid bridges.
In order to quantify the macroscopic properties of these suspensions, oscillatory rheology was performed. Next to the bulk liquids
used for microscopy imaging, here also a suspension prepared with
decanol as bulk liquid, which is a hydrogen-bonding liquid, was
included. All following rheological experiments were performed
with a fraction of secondary liquid of 1.5% (v/v).
In Fig. 3, we show the storage modulus G0 (closed symbols) and
loss modulus G00 (open symbols) as a function of the strain amplitude for suspensions prepared using sunflower oil and triacetin as
bulk fluids. For a sunflower-silica particle mixture in the absence of
a secondary liquid (black symbols), the system starts exhibiting a
liquid-like behavior at small strains, due to the absence of a capillary network. Also, at low strain values, G0 is slightly higher than G00 ,
which is possibly due to Van Der Waals interactions between the
silica particle, leading to the formation of some clusters [9], as
can be seen in Fig. 2 (A). After adding a small amount of water to
the sunflower-silica particle mixture, a viscoelastic paste-like
material was obtained, due to the formation of a capillary network
as evidenced by the CLSM image in Fig. 2 (B). In the low strain
region, both moduli have higher values when adding water (red
symbols), with G0 being above G00 at low strains, indicating gellike behavior. As the strain increases, the sample begins to yield
as indicated by a decrease in G0 and rearrangements of the particles

Fig. 4. Storage modulus G0 as a function of strain amplitude for various bulk liquids
(DINP, triacetin, silicone oil, sunflower oil and decanol) mixed with water as
secondary liquid (A), and for the various secondary liquids (ethylene glycole,
glycerol, water, dimethyl sulfoxide, diacetine, tetrahydrofuran, and dimethyl
formamide) mixed with sunflower oil as bulk liquid (B). In all cases, the particles
volume fraction /solid = 0.2 (v/v) and the secondary liquid volume fraction /secondary =
0.015 (v/v). DINP: diisononyl phthalate.

Fig. 3. Viscoelastic moduli (filled symbols, G0 ; open symbols, G00 ) as a function of
strain amplitude obtained from amplitude sweeps for suspensions prepared using
sunflower oil and triacetin as bulk fluids. Black squares symbols show the case of a
suspension prepared in the absence of a secondary liquid.
419
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To ensure that there is no slip, we measured the storage modulus
G0 for DINP as a function of the strain for different gap sizes
between the plates, and a good match was obtained, as shown in
Figure S6 of the supplementary information. Using decanol as a
bulk liquid did not lead to a network formation as shown by G00
being higher than G0 throughout the applied strain range (see Figure S1 in the supplementary information), and therefore also has
the lowest G0 -value compared to the suspensions prepared with
other bulk liquids.
Amplitude sweep measurements were also performed for several secondary liquids other than water, and were mixed with silica
particles and sunflower oil as bulk liquid. The resulting G0 curves
are plotted in Fig. 4 (B), as a function of the strain amplitude. For
all suspensions, gels with solid-like properties were obtained, as
seen from G0 -values being higher than G00 -values, see supplementary information (Figures S2, S3 and S4). The high G0 -values in
the case of glycerol, ethylene glycol, and dimethyl sulfoxide is
due to the formation of a strong gel or a paste material. Along with
water, these three liquids have a high polar character in common,
and therefore a high probability to form hydrogen bonds. Lower G0 values are obtained when using dimethylformamide and tetrahydrofuran as secondary liquids, indicating the formation of weaker
gels. These liquids have the lowest surface tension among the secondary liquids as shown in Table 1 of the supplementary information. This is also a consequence of their low polar and hydrogenbonding interactions, which affects the strength of the gel as discussed later in this paper. We also provide the storage modulus
versus the strain amplitude for various secondary liquids, mixed
with DINP and silicone oil as bulk liquids in Figure S2 of the supplementary information. These results show that the rheological
behavior of the ternary liquid–liquid-particle suspensions is highly
dependent on the nature of both the bulk and the secondary liquids
used, likely because each component induces specific intermolecular interactions with the other components upon mixing.

Fig. 5. Experimental versus computed surface tensions, obtained using Eq. (7), of
the bulk and secondary liquids used throughout this study.

nents. Computed surface tension values are in good agreement
with the experiments, which confirms our numerical method for
the calculation of the solubility parameters. Bulk liquids such as
DINP and silicone oil are dominantly dispersive, and have weak
orientational ordering on the interface due to their weak polar
and hydrogen-bonding solubility parameter components, which
explains their low surface tension. In contrast, most secondary liquids exhibit stronger hydrogen-bonding and polar intermolecular
interactions, and therefore have a higher surface tension (see
Table 1 in the supplementary information).
Fig. 6 shows the Hansen triangular diagram, in which the silica
particle (red cross symbol), water (blue square symbol) and the
various bulk liquids used are placed according to their tabulated
solubility parameter components. The inset images show the suspensions obtained for some of the used bulk liquids. The selected
immiscible bulk liquids at the bottom left corner of the ternary diagram (sunflower oil, DINP and silicone oil, in red dots) form a capillary network, resulting in a strong gel, as demonstrated
previously by the CLSM images (Fig. 2) and the rheological measurements (Fig. 3 (A)). It is clear from Fig. 6 that these bulk liquids
sit in a position in the ternary diagram which is far from that of
water. This indicates that they have low affinity with water and
justifies their immiscibility. The ability of the bulk liquids in red
dots to form a strong gel originates from their low hydrogenbonding and polar interactions, which results in a weak interaction
with both the secondary liquid and the dispersed particles. As bulk
liquids with relatively high hydrogen-bonding ability can interact

3.1. Effect of the intermolecular interactions induced by the bulk liquid
Using the solubility parameter, the properties of a material can
be rationalized in terms of its intermolecular interactions, namely
hydrogen-bonding, electrostatic or Van Der Waals interactions. The
solubility parameter of clean silica particles, bulk liquids and various secondary liquids used throughout this study, calculated from
molecular dynamics simulations, are summarized in Table 1.
Fig. 5 shows the experimental surface tension of bulk and secondary liquids plotted against the surface tension values obtained
using Eq. (7) and calculated using the solubility parameter compo-

Table 1
Solubility parameter components in MPa1/2 for clean silica particles and the various bulk liquids and secondary liquids used in this study. B: bulk liquid (solvent), S: secondary
liquid and P: particle. d is the total solubility parameter as defined by Eq. (4), dd is the dispersive component, dp is the polar component, and dh represents the hydrogen-bonding
component of the solubility parameter.
Compound

d

dd

dp

dh

Type

Decanol
Diacetine
Dimethyl sulfoxide
Dimethyl formamide
DINP
Ethylene glycole
Glycerol
Silica
Silicone oil
Sunflower oil
Tetrahydrofuran
Triacetin
Water

19.7
22.5
24.9
22.8
17.6
31.5
34.9
37.5
13.1
16.5
18.3
22.7
48.0

16.1
17.1
18.4
17.9
16.9
13.2
11.7
19.8
12.9
15.7
16.7
18.3
17.2

3.9
7.7
14.6
14.1
4.7
22.9
26.7
27.3
1.3
1.7
4.9
13.4
36.2

10.6
12.4
8.1
0.4
1.8
17.1
19.3
16.5
1.24
2.8
5.8
0.4
26.4

B
S
S
S
B
S
S
P
B
B
S
B
S

DINP: diisononyl phthalate.
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the presence of water as secondary liquid, we plot, respectively,
in Fig. 7 (A), (B) and (C), the storage modulus, loss modulus and
yield stress, normalized respectively by the storage modulus, loss
modulus and yield stress without added secondary fluid,

G0n ¼

G0
G00
00
0 ; Gn ¼ 00 ;
G0
G0

rn ¼

r
;
r0

ð9Þ

as a function of RPS /RPB , for water as secondary liquid. The change of
the normalized rheological parameters displayed in Eq. (9) only
depends on the intermolecular interactions of the added secondary
liquids (i.e., water in this case) with silica particles and the bulk liquid. RPS and RPB values were calculated using Eq. (5), where the solubility parameters values computed from molecular dynamics
simulations were used as input parameters. The ratio RPS /RPB quantifies the dominance of the particle-secondary liquid over the
particle-bulk liquid intermolecular interactions. Values of G0 ; G00
and r were averaged from three rheological measurements, which
are provided in the supplementary information.
The normalized storage modulus, G0n , loss modulus, G00n , and yield
stress, rn , decrease with an increase of RPS /RPB , indicating that the
lower the particle-bulk liquid intermolecular interactions, the
stronger the gel. Here, a fluid-like gel is defined as a gel that will
flow when disturbed. When adding water to silicone oil, the
increase of the yield stress, storage and loss modulus is the highest.
This can be attributed to the non-polarity and weak hydrogenbonding ability of silicon oil, resulting into a low surface tension.
Additionally, silicone oil has the least affinity to both the particles
and water, which resulted into the highest interfacial tension and
the lowest three-phase-contact angle among the bulk liquids when
using
water as
a
secondary liquid
(see
Table
3
in the supplementary information).
Similar trends are observed when plotting the same normalized
rheological quantities against RBS (Fig. 8). RBS quantifies the miscibility between the bulk liquid and the secondary liquid. As RBS
increases, the degree of miscibility between the bulk liquids and
water decreases, resulting in a higher strength of the obtained
gel. This suggests that for a specific secondary liquid, its affinity

Fig. 6. Ternary Hansen solubility parameter diagram. The solubility parameter
coordinates of the bulk liquids that form capillary suspensions are shown with red
dots, while those that do not form capillary suspension are marked as black dots.
Blue squared symbol marks the solubility parameter coordinates of water as
secondary liquid, and the cross symbol of the silica particle. The region delimited by
the red line regroups the bulk liquids that likely form capillary suspensions-based
gels when combined with silica particles and water as secondary liquid.

strongly with the silica particles, water–silica interactions are
reduced, hindering the formation of the capillary network. A similar effect was observed by Bitsch et al. [58] who investigated the
influence of polymeric additives on the formation of capillary suspensions of graphite particles. They showed that polar liquids can
displace the polymer adsorbed on the particles, which promotes
the formation of a spanning network. The high hydrogenbonding components of the silica particle as shown in Table 1 suggests that hydrogen-bonds between hydrogen atoms of water
molecules and the siloxane groups of the silica surface may contribute to the formation of capillary bridges. This is in line with
previous studies [59,14,60,61] reporting on the importance of
hydrogen-bonding on the gelation mechanism and microstructure
of suspensions of silica particles. Decanol and triacetin (black dots)
have a remarkably low G0 as shown previously by the storage modulus curves. They do not form capillary suspensions due to their
higher affinity towards the silica particle compared to the bulk liquids marked with red dots (i.e., decanol and triacetin are close to
silica particle in the Hansen diagram). This higher affinity can be
attributed to the high polar and hydrogen-bonding interactions
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
( d2p þ d2h > 10 MPa1/2) of decanol and triacetin. Decanol and triacetin are also close to water in the Hansen diagram, which is an
indication of partial miscibility.
Here, similarly to previous work [62,63], a region may be drawn
to distinguish between capillary suspension based gels (delimited
by the red line in Fig. 6), and weak gels where phase separation
happens. These results show that stronger gels are obtained when
using bulk liquids (delimited by the red line) with low hydrogenbonding and polar interactions.
To further explore the effect of the bulk liquid intermolecular
interactions on the rheological properties of the suspensions in

Fig. 7. Normalized storage modulus G0n (A), loss modulus G00n (B), and yield stress rn
(C), as a function of the intermolecular interaction ratio RPS /RPB of suspensions
obtained using various bulk liquids.
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Fig. 8. Normalized storage modulus G0n (A), loss modulus G00n (B), and yield stress rn
(C), as a function of the intermolecular interaction RBS of suspensions obtained using
various bulk liquids.

Fig. 9. Ternary Hansen solubility parameter diagram. The solubility parameter
coordinates of the bulk liquids are identified by the red dots. Blue squared symbols
mark the secondary liquids that form capillary suspensions, while those in black do
not form capillary suspension. The cross symbol marks the solubility parameter
coordinates of silica particles. The region delimited by the blue line regroups the
secondary liquids that likely form strong gels due to the formation of a capillary
network, when combined with silica particles and sunflower oil as bulk liquid.

(i.e., miscibility) with the bulk liquid has a detrimental effect on
the strength of the obtained gel. We also notice that in the specific
case of silica particles, which exhibit strong hydrogen-bonding
interactions, the weaker the hydrogen-bonding and polar interactions of the bulk phase, the higher the normalized yield stress, storage and loss modulus. We will investigate next the effect of the
properties of the secondary liquid, and we will focus on the bulk
liquids that led to formation of capillary suspensions, namely sunflower oil, DINP and silicone oil.

sible to draw an approximate circle for the interaction area where
secondary liquids with solubility parameter coordinates within
this region will likely lead to the formation of a gel. This approach
simplifies the selection of secondary liquids, eliminating the need
for trial and error experiments. We emphasize however that there
is no theoretical justification for a circle, and more secondary liquids should be tested to obtain more points in order to increase
the precision of the delimited region where capillary
suspensions-based gels can be expected to form.
To link the intermolecular interactions induced by the various
combinations of secondary and bulk liquids to the rheological
properties of the suspension, we plot in Figs. 10 (A), (B) and (C)
G0n ; G00n and rn as a function of RPS /RPB , for sunflower oil, DINP and
silicon oil as bulk liquids mixed with various secondary liquids.
In Fig. A2 of the Appendix, we also plot the same rheological properties in a descending order according to RPS /RPB , where each secondary liquid is labeled. In Fig. 10 (A), we observe a clear
exponential decay trend, where an increase in the intermolecular
interactions between the secondary liquids and the silica particle
(i.e., decrease in RPS ) results in a stronger gel, especially when using
water and ethylene glycol as secondary liquids (see Fig. A2 in the
Appendix). This is because the surface tension increases with an
increase in the solubility parameter, and polar and strongly
hydrogen-bonding liquids such as water and ethylene glycol tend
to partially wet the surface of silica particles and form a pendular
state. In principle, a decrease in RPS /RPB (i.e., increase in particlesecondary liquid affinity) should contribute to an increase in the
particle-secondary liquid interfacial energy and/or a decrease in
the particle-bulk liquid interfacial energy, which strengthens the
gel in the pendular state. Alternatively, as shown Fig. A2 in the
Appendix, an increase in the approximated capillary strength, calculated using Eq. (2), seems to promote the formation of strong

3.2. Effect of the intermolecular interactions induced by the secondary
liquid
First, we explore the interactions of various secondary liquids
with silica particles dispersed in sunflower oil as bulk liquid. In
the triangular Hansen diagram shown in Fig. 9, the various selected
secondary liquids are placed based on their solubility parameter
components. Tetrahydrofuran and dimethyl formamide (black
square symbols) are dominantly dispersive (i.e., high dd ), and have
their position relatively far from the position of silica particle (red
cross symbol) in the Hansen space, suggesting low affinity between
them. Using these secondary liquids does not lead to a strong gel
formation, and the suspension is a weak gel as demonstrated by
the rheological measurements in Fig. 4 (B). Secondary liquids in
blue square symbols produce stronger gels, with G0 > 1000 Pa
(see Fig. 4 (B)). The secondary liquids leading to capillary
suspension-based gels display a high polarity and hydrogenqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
bonding contribution, with d2p þ d2h > 15 MPa1/2. Their position
in the triangular space is close to that of the silica particle, indicating higher affinity with silica, and farther from sunflower oil, indicating immiscibility. High secondary liquid-silica affinity means
that the secondary liquid will likely tend to locate itself in the
vicinity of the silica surface to form capillary bridges. In contrast,
we expect that in the case of a pendular state, secondary liquids
having solubility parameter coordinates far to the right or far up
in the triangular Hansen diagram will have a low affinity towards
the silica particles, and thus will not form a gel. Here too, it is pos422
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Fig. 10. Normalized storage modulus G0n (A), loss modulus G00n (B), and yield stress rn
(C) as a function of the intermolecular interaction ratio RPS /RPB of suspensions
obtained using various bulk liquids and mixed with different secondary liquids.
Region colored in light green highlights weak or fluid-like gels.

Fig. 11. Normalized storage modulus G0n (A), loss modulus G00n (B), and yield stress rn
(C), as a function of the intermolecular interaction RBS of suspensions obtained using
various bulk liquids and mixed with different secondary liquids. Region colored in
light green highlights weak or fluid-like gels.

gels. Values of the three-phase contact angle and the interfacial
tension are available in Table 3 of the supplementary information.
The data can be fitted into a single master curve shown in a dashed
orange line in Fig. 10 (A). The fitting curve is described by the following equation:

where a and b are fitting constants equal to 8.3107 and 17.2,
respectively. The highest deviation from the fitted line is observed
for glycerol. A possible explanation is that glycerol have a low contact angle than water which promotes bridge aggregation leading to
a weaker gel strength. In terms of the mesoscopic properties,
tetrahydrofuran on the other hand, has the lowest surface tensions
and capillary strength among all the secondary liquids. Similarly, in
terms of the atomistic properties, tetrahydrofuran has the lowest
combination of hydrogen-bonding and polar intermolecular interqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
actions (i.e.,
d2p þ d2h is the lowest), and thus has the highest

interfacial tension, cBS , between the bulk and secondary liquid
[1], which fundamentally depends on the intermolecular interactions between these liquids. This is confirmed by the increasing
linear trend obtained between the interfacial tension and the
degree of immiscibility quantified by RBS (see Fig. 12). These results
are inline with previous experiments showing an increase in the
gel strength with increasing interfacial tension and decreasing
three-phase contact angle [8]. No clear trend was observed
between RBS and the three-phase contact angle, since the later also
depends on the intermolecular interactions between the secondary
liquid and the particle (see Figure S11 in the supplementary
information).
Above the affinity point where RBS = 20 MPa1/2, the gel strength
remains dominantly sensitive to the affinity between the particle
and the secondary liquid, RPS , as visible by the continuous decrease
of G0n and rn in Fig. 10, compared to their leveling off observed in
Fig. 11. This might also support the recent finding of Fischer and
Koos [10], showing that using specific partially miscible liquids

RPS /RPB , and as a consequence, falls in the weak gel region, with G0n
< 100 for all bulk liquids.
Figs. 11 (A), (B) and (C) show, respectively, an increase of G0n ; G00n
and rn with RBS . This is expected, since a high affinity between the
secondary liquid and the bulk liquid can cause partial mixing of the
fluids and weakens the strength of the capillary bridge, as discussed earlier. Among all bulk liquids, the strongest gel is obtained
when using ethylene glycol as secondary liquid. This could be
explained by ethylene glycol having low miscibility with the bulk
liquids (i.e., RBS > 20 MPa1/2), while simultaneously having high
affinity with the silica particle. We notice that once RBS is above
20 MPa1/2, a plateau is reached, suggesting that a further decrease
in the bulk liquid-secondary liquid miscibility does not remarkably
contribute to the strengthening of the capillary bridge network, or
to its resistance to deformation. The strength of gels obtained by
the capillary suspension processing route is directly linked to the

Fig. 12. Interfacial tension, cBS , of the secondary liquids with the different bulk
liquids (sunflower oil, DINP and silicone oil) as a function of the intermolecular
interaction RBS . DINP: diisononyl phthalate.

G0n ¼ a exp ðbRPS =RPB Þ;

ð10Þ
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having strong affinity with the dispersed particles can still lead to
the formation of capillary suspensions. An adequate tuning of the
interplay between RPS (i.e., affinity between the particle and the
secondary liquid) and RBS (degree of miscibility) allows to formulate a gel with a predefined strength tailored for specific applications. Using secondary liquids miscible with the bulk liquid and
having high affinity towards the particle surface (i.e., high secondary liquid-particle adhesion) can improve the rheological
strength of the resulting capillary suspension in the pendular state.

Appendix A. Appendix
Figs. A1 (A) and (B) show the shear stress, s, versus the strain for
various bulk liquids and secondary liquids, respectively. A broad
peak is observed when using sunflower oil, DINP and silicone oil
as bridging liquid (see Fig. A1 (A)), suggesting a gradual yielding
of the material, likely due to elongation and stretching of bridges,
before they finally break. Suspensions prepared using decanol
and triacetin as bulk fluids have a continuously increasing curve.
For suspensions with varying secondary liquids, a yielding peak
is observed at low strains when using glycerol or ethylene glycol
as secondary liquids mixed with sunflower oil (see Fig. A1 (B)),
which can be interpreted as the breakdown of a strong gel network. The yielding peak becomes progressively less pronounced
for tetrhydrofuran and dimethylsulfoxide, indicative of a weaker
(or the absence of a) network.
Figs. A2 (A), (B) and (C) show G0n ; G00n and rn as a function of the
capillary strength s approximated using Eq. (2), for sunflower oil,
DINP and silicon oil as bulk liquids mixed with various secondary
liquids. We observe an overall increasing trend of G0n ; G00n and rn
with an increasing g. Secondary liquids with the highest capillary
strength are obtained when using silicone oil as a bulk liquid,
which led to the formation of gels with the highest G0n ; G00n and rn .
In terms of intermolecular interactions, this is due to the fact that
silicone oil is a non-polar and weakly hydrogen-bonding liquid,

4. Conclusions
We investigated the rheological behavior of several capillary
suspensions, experimentally and with numerical simulations. The
experiments were carried out for various bulk liquids and secondary liquids, with varying intermolecular properties and affinities towards the suspended particles. We have demonstrated for
the first time that Hansen solubility parameters provide a way to
predict the formation of capillary suspensions in the pendular
state, and to explain the rheological properties of the resulting
gel in terms of the intermolecular interactions of its components.
Strong capillary suspensions-based gels were obtained for suspensions with high affinity between the particles and the secondary liquid, and low affinity between the secondary liquid and
the bulk liquid. Immiscibility between the bulk liquid and the secondary liquid correlates linearly with their interfacial tension, and
increases the strength of the obtained gel up to a certain limit.
Above this limit, the gel strength reaches a plateau and is only
weakly affected by a higher immiscibility degree, while it remains
mostly sensitive to the intensity of the secondary liquid-particle
intermolecular interactions. This is driven by polar interactions
and hydrogen-bond formation, as shown by our numerical simulation results, and previously hypothesized by various studies
[14,11,12]. Owing to the simplicity of the proposed Hansen
approach, tedious and time-consuming experiments can be significantly reduced when searching for adequate secondary liquids or
solvents for predefined gel properties. Since the three-phasecontact angle is ultimately determined by the intermolecular interactions between the components of capillary suspensions, one may
therefore expect the Hansen approach to work for systems in the
capillary state as well.
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