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Abstract

The interaction of solid particles with fluid interfaces in colloidal
multiphase systems can lead to a wide range of fascinating
and sometimes useful phenomena. Most of the research in this
area has focused on ternary systems with two immiscible fluids
and one particle species. After a brief review of some common
characteristics, this article discusses recent insights and future
opportunities regarding systems that confront particles with
multiple types of fluid interfaces, focusing in particular on the
interaction of particles with oil-coated bubbles in aqueous
media. Relevant examples include the particle-assisted
reconfiguration of bubble—droplet morphologies, the separa-
tion of hydrophilic particles from aqueous slurries by oily
bubble flotation, and the formation of capillary foams, a
promising new class of foam materials.
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Introduction: particles and fluid—fluid
interfaces

Interest in the behavior of colloidal particles dispersed
in a liquid medium goes back to the very roots of colloid
science [1]; many of the most fascinating recent de-
velopments, however, involve systems with at least one
additional, immiscible fluid phase and, as a conse-
quence, a fluid—fluid interface for particles to interact
with [2—4]. Even the seemingly simple adsorption of an
individual particle to a liquid interface still holds open
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questions and experimental challenges [5]; but it is the
effects of fluid interfaces on pairs and ensembles of
particles which often give rise to exciting engineering
opportunities.

Interface-mediated particle interactions have, for
instance, been leveraged for the directed assembly of
particles in flat or curved fluid interfaces [6,7], for the
reversible bulk assembly of particle clusters via switch-
able capillary forces [8], the deployment of capillary inks
for 3D printing [9], the stabilization of printed, recon-
figurable liquid-in-liquid structures [10], the fabrication
of bijels for reactive separations [11,12], and to orches-
trate the collective motion of active swimmers via
interfacial confinement and tension gradients [13,14].

In contrast to colloidal interactions within a bulk fluid,
particle interactions mediated or modulated by in-
terfaces tend to be anisotropic, strong, and long-ranged,
as exemplified by capillary forces [15] or the electric
dipole force between pairs of charged particles at an
interface [16]. Add to that the reduction in average
particle separation that comes with interfacial assembly
and the associated reduction in dimensionality of the
particle arrangement, and it is easy to see why multi-
phase systems with very strong particle coupling can be
prepared even from fairly dilute dispersions.

Among all the phenomena known to occur in systems
with colloidal particles and fluid—fluid interfaces, the
interfacial adsorption of particles and wmterparticle bridging
are particularly noteworthy because they have far-
reaching consequences for the structure and proper-
ties of these system and can lead to interesting behavior
even in the case of ‘simple’ particles (z.e. particles of low
complexity, such as inert, spherical particles without
patterned surfaces, internal anisotropy, or a particular
response to external stimuli).

Interfacial adsorption

Particles with some wettability for each of two inter-
facing fluids can reduce the system’s free energy by
entering into the interface. Calculating the precise value
of this energy benefit is complicated by the influence of
particle—particle interactions, possibly by line tension,
and certainly by any deformation of the interface, which
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2 Thin liquid films and foams

can arise in practice from nonspherical particle shapes,
clectric charge effects, pinning of the contact line at
surface heterogeneities or roughness features, and from
external forces acting on the particles. In a first-order
approximation that neglects all of these influences, the
energy required to remove an adsorbed spherical parti-
cle with radius R from the interface is given by the
familiar expression

IAG| = wR?y(1 — |cos 0]) (1)

where 7 is the tension of the fluid—fluid interface, and 4 is
its contact angle with the particle surface. For particles
larger than a few nanometers, typical tension values for oil—
water or gas—water interfaces, and contact angles not very
close to the limits of 0 or 180°, this desorption energy is so
large compared with the thermal energy scale 47" that
adsorption can be considered irreversible in the absence of
macroscopic external forces. In coarsening biphasic fluid
mixtures, interfacially adsorbed particles therefore remain
confined to the interface and impose a kinetic limit to the
shrinkage of the interfacial area and thus to the fluid
demixing.

Arrested fluid phase separation

This phenomenon is responsible both for the particle-
stabilized droplets in Pickering emulsions (or bubbles
in Pickering foams) and for the space-spanning particle
assemblies in bijels (bicontinuous interfacially jammed
emulsion gels) [17,18]. In the case of bijels, the phase
separation was originally induced by spinodal demixing,
following the idea of a simulation study from 2005 that
first predicted bijel formation [19]. Great advances in
the preparation of bijels have recently resulted from the
realization that solvent transfer—induced phase separa-
tion [11,20—22] and even direct mixing [23,24] are
viable alternatives to the spinodal route, with fewer
limitations regarding the choice of fluids, more robust
protocols, and more options to control the characteristic
length scale of the two continuous fluid phases sepa-
rated by the particle-stabilized interface.

Interfacial jamming

One noteworthy difference between the arrested states
in bijels and Pickering emulsions is that the particles in
bijels are indeed reported to ‘interfacially jam’ as the
acronym suggests, whereas particle jamming can, but
need not occur in the interface of Pickering emulsion
droplets with good long-term stability. Although there is
no doubt that interfacial jamming limits droplet coales-
cence in some systems and can even arrest coalescence
in stages of highly nonspherical droplet shapes [25,26], it
has also been established that droplets can sometimes
remain stable at very sparse coverage [27], and that some
particles can alternatively stabilize densely or sparsely
covered droplets, depending on solution parameters
(pH, ionic strength of the polar phase) that modulate the
particles’ electrostatics [28—30].

Droplet bridging and gelling

The interaction of two interfaces with sparse particle
coverage often results in the formation of a bridging
monolayer of particles adsorbed to both interfaces
simultaneously [31]. In Pickering emulsions, droplet
bridging particles can play a crucial role both in stabi-
lizing the droplets, especially in emulsions with low
overall droplet coverage [30,32,33] and in particle-sta-
bilized high internal phase emulsions (HIPEs) [34].
When sufficiently many droplets bind together via
bridging particles a space-spanning network (a Pickering
emulsion gel) results that shows many rheological fea-
tures of a classical colloidal gel [35], without the need
for any significant particle—particle attraction across the
continuous liquid phase or added gelling agents.

Particle-assisted spreading

Another important consequence of the energy benefit
associated with particle adsorption to fluid—fluid in-
terfaces is that it can change the spreading behavior of
liquids [36]. For instance, an oil drop deposited on a
water surface is known to spread spontaneously into an
oil film covering the water surface, provided that the
free energy cost of the original air—water interface ex-
ceeds the combined free energy penalty of the newly
created air—oil and oil—water interface. This is the case
of a positive oil spreading coefficient

S0 = Yo — ('Yzm =+ 707@) (2)

where ¥,y Yas Yo denote the respective interfacial ten-
sions of the equilibrated fluids. Oil drops with a negative
spreading coefficient, by contrast, retain the more compact
form of a lens on the water surface; but the adsorption of
particles at either or both oil interfaces can shift the
interfacial energy balance and induce film spreading [37].

Interparticle bridging

In addition to particle adsorption and the discussed
consequences, one more effect involving particles and
fluid interfaces is important for the systems discussed in
the following sections: the formation of fluid bridges
between particles. Liquid bridges between particles in a
continuous gas phase are familiar from wet granular
materials, and the associated capillary attraction is
known to physically bind the bridged solids (think sand
castles or the caking that occurs in hygroscopic powders
when water condenses in the interstices between
neighboring hydrophilic particles). Similar capillary at-
tractions occur in the inverse situation of bubbles
nucleating in small gaps between hydrophobic water-
borne particles and have been associated with long-
range hydrophobic forces [38].

Capillary suspensions

In systems with two liquid phases and particles partially
wettable by each of them, liquid interparticle bridges
tend to form upon mixing when the volume fraction of
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one liquid is lower than that of the particles and of the
majority liquid phase. Koos and Willenbacher [39] found
that even a very small volume of immiscible liquid (well
below 1%) added to a stirred particle dispersion or slurry
can induce gelation, turning the liquid dispersion into a
soft elastic solid. This dramatic effect in arises from
interparticle bridges of the minority fluid whose capil-
lary forces keep particles interconnected in a percolating
network; it occurs regardless of whether the continuous
or the bridging liquid phase wets the particles prefer-
entially, and regardless of which liquid is more polar.
Concave pendular bridges between two particles form
when the particles are wetted preferentially by the
bridging fluid (i.e. with a wetting angle 6 < 90°
measured through the fluid bridge; this is referred to as
the pendular state). In the opposite case of preferential
wetting by the continuous liquid phase (6 > 90°,
referred to as the capillary state), the liquid bridges
more closely resemble tiny droplets that connect two or
several particles [40,41]. Not surprisingly, the bridges in
this capillary state have greater volume polydispersity,
and the strength of the particle network depends more
strongly on processing conditions, with more intensive
mixing required for the formation of strong networks
with a fine distribution of the bridging liquid, since the
capillary network formation now competes with the
stabilization of Pickering emulsion droplets [42,43].

Capillary suspensions in the pendular state and in the
capillary state, similar to the aforementioned bijels, are
examples of the distinct morphologies found in ternary
liquid/liquid/particle ~systems depending on the
composition, particle wettability, and processing condi-
tions. A more complete picture of the accessible mor-
phologies has recently emerged thanks to the effort of
Velankar et al. [44—46], who have combined insights
from capillary suspension and bijel studies with their
own work on particle-filled blends of molten polymeric
liquids.

All of the phenomena mentioned previously require the
presence of one particle phase and two immiscible fluid
phases. Fundamental studies on systems with particles
and more than two fluid phases and thus different types
of fluid—fluid interfaces are scarce by comparison (and
do not always reveal fundamentally new behavior). The
following sections will focus on recently discovered
phenomena involving simple particles, a continuous
aqueous phase, a water-immiscible liquid (referred to as
‘oil phase’), and air bubbles as a third fluid phase.

Oil-coated bubbles in aqueous particle
dispersions

Wetting in three-fluid systems

Equilibrium configurations of two fluid drops in a fluid
medium have mostly been studied using three mutually
immiscible liquids and gained renewed attention
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because of the advances in the microfluidic production of
multiple emulsions over the past two decades [47—49].
The encounter of two liquid drops in a liquid medium
can produce three qualitatively different outcomes,
depending on the interfacial tensions v;; associated with
the three possible liquid pairings, or the respective
spreading coefficients §; of each phase, where §; =
Yie — (vj + i), in a generalization of Eq. (2), is the
spreading coefficient of liquid j at the interface of liquids
i1 and k. It is easy to see that at most one of the three
phases can have a positive spreading coefficient. If the
continuous liquid phase does, the two drops will remain
separated in this medium; if one of the drops has a
positive spreading coefficient, it will spread around the
other drop and fully engulf it. Finally, if all three
spreading coefficients are negative, the drops will
partially wet each other, where two drops with similar
spreading coefficient form a Janus drop, ze. a ‘two-faced’
composite structure with a low-curvature internal
interface and similar portions of its two liquid compo-
nents facing outward, whereas a droplet with signifi-
cantly higher (less negative) spreading coefficient
partially engulfs the other [47,50].

Because surfactants reduce the tension of the interface
to which they adsorb, they can be used to change the
balance of interfacial tensions and, by extension, the
spreading coefficients and the resulting wetting
configuration. Doing so with stimulus-responsive sur-
factants even permits the in situ reconfiguration of
complex emulsion droplets, as demonstrated in an
impressive study by Zarzar et al. [51], who used com-
posite droplets of a hydrocarbon (H) and fluorocarbon
(F) oil in water (W) to demonstrate the controlled and
fully reversible reconfiguration between F/H/W double
emulsion droplets, inverted (H/F/W) droplets, and the
intermediate states of H—F Janus droplets and partial
engulfment of one oil by the other. Recent follow-up
work has used this droplet shape control for a number
of fascinating optical applications, including reconfig-
urable liquid microlenses [52], lenses that can quanti-
tatively sense and visualize enzyme activity [53], and
iridescent lenses with tunable structural coloration
(Figure 1a and b) [54].

Particle effects on wetting configurations

A very recent follow-up study has looked at the effect of
particles at the oil—oil interface of these H—F com-
posite droplets [55]. It finds that F/H/W double emul-
sion droplets known to reconfigure into Janus droplets
upon addition of a fluorosurfactant cannot do so when
their F/H interface is stabilized by (modified silica)
particles of appropriate wettability (Figure 1c). In that
case, the only identified pathway to droplet reconfigu-
ration involves the temporary removal of the F/H
interface by raising the temperature to a point, where
the two oils become miscible (Figure 1d).
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Figure 1
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Iridescence of biphasic oil droplets depending on the curvature of the oil—oil interface (a—b). Reprinted with permission from a study by Goodling et al
[54]. Copyright 2019 Springer Nature. Alteration of the internal interfacial curvature in heptane—perfluorohexane biphasic droplets causing a change in the
iridescence (a, top row). Scale bar, 50 um. The bottom row shows photographs of the iridescence pattern as viewed from § = 0° with an illumination angle
of § = 35°. Scale bar, 1 cm. A light-responsive surfactant was added to allow photopatterning of the emulsion shape, and hence, reflected color in a Petri
dish (b, scale bar, 2 cm). Images on the right show a side view of the droplet shapes giving rise to the blue and green colors (scale bar, 50 um). Particles
inhibit surfactant-induced morphology change in O/O/W emulsion droplets, but droplets can be triggered to change morphology upon heating (c—d).
Adapted with permission from a study by Cheon et al [55]. Copyright 2020 American Chemical Society. Double emulsion droplets of polyfluorooctane
(PFO)/hexane/water containing modified silica particles at 1 wt/vol % (larger diameter droplets) were mixed with PFO/hexane/water droplets without
particles (smaller droplets) in 0.1 wt % sodium dodecy! sulfate (SDS) (c). Upon adding the fluorosurfactant Capstone, only the droplets without particles
reconfigured to Janus morphology. The transmission optical micrographs are ‘top view’ images, and the Janus droplets orient with their oil—oil interface
parallel to the substrate, which is why the interface is not visible. Double emulsion droplets of PFO/hexane/water with 1 wt/vol % particles did not change
shape as the surfactant was switched from SDS to Capstone (c and d) but did reconfigure upon heating to the upper critical solution temperature (about
34-37 °C) and subsequent cooling (d). In the final droplet morphology with particles after heating, the PFO phase almost fully engulfed the hexane. Inset
images are side views of exemplary droplets from each sample, taken by gently shaking the emulsion to roll the droplets on their side. Scale bars are
100 pm.

Particles as wetting modifiers where v 1s the interfacial tension 1n the absence of parti-
The observation that particles can inhibit droplet cles, ¢ is the interfacial coverage (area fraction of the
reconfiguration should NOT lead to the conclusion that  adsorbed particles in the interface), and 6 the particle
particles always do so, or that they cannot be used to contact angle [56]. For moderate to high coverage and near-
trigger reconfiguration. Contrary to a widespread neutral particle wetting (# =90°), the associated surface
misconception, all strongly adsorbing particles (not only ~ pressure Il = vy — y', which promotes .the expz.msion of
Janus particles), effectively lower the interfacial ten- the covered interface, can be substantial. Particles can

sion. The resulting tension 7/ can be expressed, at the therefore be used to induce reconfigurations, as demon-
same level of approximation as Eq. (1), by strated in a study of droplet—bubble configurations in
) ’ water [57].

r_ 2
Y = 7[1 — (1 = cos 0) ] ) Because of the high tension associated with (clean)
gas—water interfaces, a bubble’s encounter with an oil
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drop in water can yield only two stable configurations (at ~ partial to full bubble engulfment (Figure 2a—d) in
least in the absence of surfactants): either complete or  perfect analogy with the particle-assisted spreading of
partial engulfment of the bubble by the oil, depending  oil at planar water surfaces [37], whereas particles with a
on the sign of the oil spreading coefficient (Eq. (2)). preference for the air—water interface were seen to
Particles preferentially adsorbing at the oil—water  promote dewetting of the bubbles by the oil
interface were found to trigger the transition from (Figure Ze—h).
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Particle-induced bubble wetting and dewetting, adapted from a study by Zhang et al. [57] with permission from John Wiley and Sons. Bubble engulfment
by hexadecane in an aqueous dispersion of hypromellose phthalate (HP) particles in the aqueous phase (a); interfacial tensiometry indicates particle
adsorption at both water interfaces with a larger tension drop at the oil—water interface (b), which results in the effective oil spreading coefficient becoming
positive as particle adsorption proceeds (c); the same reconfiguration is observed in situ upon particle addition (d). Bubble dewetting by triethyleneglycol
dimethacrylate (TEGDMA) due to the presence of ethyl cellulose (EC) particles (e), for which interfacial tensiometry confirms preferential adsorption at the
air—water interface (f) and an ensuing drop in the oil spreading coefficient (g), further corroborated by in situ dewetting upon particle addition (h). Partial
bubble engulfment by hexadecane is observed in the absence of particles and in presence of EC particles (i), which adsorb to both the oil-water and
air—water interface (j), in a way that makes the oil spreading coefficient transiently become positive (k). The corresponding in situ reconfiguration upon
particle addition shows transient bubble engulfment (I).
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Particle-induced changes of droplet-bubble configura-
tion can also produce interesting reentrant behavior [57]
that may have no analogy in surfactant-induced recon-
figuration: ethyl cellulose particles adsorbing both to the
air—water interface and to a hexadecane—water inter-
face were found to change the engulfment of an air
bubble by hexadecane from partial to complete and then
back to partial as particle adsorption proceeded. This
happened reproducibly and independently of the
droplet/bubble orientation with respect to the tube
orifice through which the particles were delivered. It
suggests that particles first adsorb at the oil-water
interface and take longer to enter and expand the air—
water interface. Measurements of the particles’
adsorption kinetics at an air bubble and at a hexadecane
droplet in water with a pending drop tensiometer
confirmed that particle adsorption at the air—water
interface proceeds a bit more slowly (Figure 2j) and
shows that, as a result, the oil spreading coefficient
jumps from negative to positive values and then drops
back to negative (Figure 2Kk) in agreement with the
observed reentrant wetting effect (Figure 2I).

The delay in adsorption at the air—water interface
compared with the oil—water interface suggests kinetic
adsorption barriers of different height at the two in-
terfaces. The particles of this study are negatively
charged, as are typically both air—water and oil—water
interfaces in the relevant pH window (likely due to
adsorbed acidic trace impurities [58,59]). An electro-
static barrier, caused by repulsive double layer and image
charge forces [60] between particles and both types of
interfaces, is therefore expected. More importantly, van
der Waals interactions cause an attraction of (most)
solids to oil—water interfaces [61], but a repulsion from
air—water interfaces [62], the present particles being no
exception. Hence the air—water interface plausibly
presents a higher barrier to particle adsorption than the
oil-water interface. It should be mentioned though, that
such barrier differences are notoriously difficult to probe
by tensiometry and may not fully explain the observed
differences in adsorption kinetics, since one should
expect the particle adsorption from a quiescent liquid to
weakly curved interfaces to be diffusion-limited [63,64].

Particle adsorption to bare bubbles and oil-coated
bubbles

We have already seen that particles in aqueous disper-
sion can help spread a coat of oil around an air bubble,
and, because neutral wetting at the oil—water interface
is optimal for this, it is easy to understand that less polar
oils are most easily spread by less hydrophilic particles
and more polar oils by more hydrophilic ones. Given that
every oil has a higher dielectric constant than air, and
considering that water-dispersible particles tend to be at
least somewhat hydrophilic, it is also easy to appreciate
that the affinity of water-borne particles to bubbles can

typically be improved by some type of oily bubble
coating. This may prove useful in the formulation of
microbubbles for biomedical applications, where both
lipid coated bubbles and protein or nanoparticle deco-
rated bubbles play an important role, e.g. as contrast
agents [65]. It is especially relevant in the context of
froth flotation, a technology that uses macroscopic
bubbles at large industrial scales for the separation of
particulates from liquid (often aqueous) dispersions and
slurries, for example, in mining operations, wastewater
treatment, or paper recycling [66]. The technique relies
on the adsorption of sufficiently hydrophobic particles
to rising air bubbles, which then combine in a froth at
the surface of the liquid column and are readily skim-
med off. When the targeted particles are too hydrophilic
to adsorb strongly to the bubble surface, particle
hydrophobizing agents referred to as ‘collectors’ are
commonly added to the system, but they raise costs and
can lead to undesired side effects.

An interesting alternative is to effectively render the
bubbles less hydrophobic by applying an oil coat to
them, for instance, by using a fine oil mist instead of
pure air in the bubble preparation (Figure 3a). The oil
quickly deposits at the air—water interface and forms a
bubble coat, which can also be used as a vehicle for small
amounts of oil-soluble amphiphiles that further opti-
mize particle wetting at the oil—water interface [67]
and render the separation process more selective [68]
without the need to add large amounts of collectors to
the bulk liquid. This strategy known as ‘reactive oily
bubble flotation’ has been explored for the recovery of
minerals [69] and low rank (hydrophilic) coals [70,71].

In the context of flotation deinking, a step commonly
used in paper recycling, an early study published in
1998 already found that oil-coated bubbles performed
better than ordinary bubbles in the removal of hydro-
philic flexographic ink particles [72], but the idea of
oily bubble flotation did not gain traction in the
deinking field. Since then, we have witnessed a shift in
high volume printing away from offset printing (with
hydrophobic ink particles) toward inkjet printing,
which uses water-based inks with hydrophilic particles.
Because of their low affinity for (uncoated) bubbles,
these ‘greener’ inks ironically lead to reduced deink-
ability and thus lower paper recyclability via the
established processes [73]. It therefore seems timely to
reconsider flotation deinking with oil-coated bubbles.
We just completed a study (submitted for publication
after the present opinion piece) on the removal of
inkjet ink from pulped newsprint paper by flotation
deinking that demonstrates significant benefits of an
oily bubble coat according to a number of standard
performance metrics, including the ISO brightness and
effective residual ink concentration of the recycled
paper and the fiber loss during deinking.
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www.sciencedirect.com


www.sciencedirect.com/science/journal/13590294

Oil-coated bubbles in particle suspensions Behrens 7

Figure 3
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Standard bubble flotation versus oily bubble flotation of hydrophilic particles (a); schematic of a particle’s interaction with a naked versus an oil-coated
bubble (b).
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In addition to providing more favorable wetting condi-
tions for particles attached to the bubble surface
(stronger attachment energy), the presence of the oil
coat is known to significantly decrease the so-called
induction time 7;, ze. the time required for the
rupture of the aqueous film initially separating particles
from the bubble interface after they have been brought
in close contact with a bubble [71]. This time depends
sensitively on the height of the kinetic barrier, and
obviously needs to be shorter than the contact time 7,
(residence time of particles in close proximity to the
surface) for particle attachment to the bubbles to occur
and flotation separation to succeed. Figure 3b shows a
qualitative sketch of the energy landscape experienced
by a particle at a bubble surface, with the presence of an
oily bubble coat lowering both the energy well and the
energy barrier and thus providing both a thermodynamic
and a Ainetic benefit.

Further benefits, related to fluid dynamics and therefore
not captured in Figure 3b, were suggested by a recent
study that compared the trajectory, velocity, and shape
fluctuations of individual rising bubbles with and
without an oil coat, but of comparable overall size
(Figure 4) [74]. The presence of an oil coat was found to
suppress bubble deformations; coated bubbles thus

retain a more spherical shape than their ‘naked’ coun-
terparts. The coated bubbles also rise in a straighter, less
tortuous trajectory, which is not surprising, because it is
known from ordinary bubbles that the shape stability
and path stability of rising bubbles strongly correlate
[75,76]. Despite their shorter trajectory, the coated
bubbles were found to rise more slowly, primarily
because their oil component raised the overall bubble
density. Generally speaking, the differences observed
between oil-coated and uncoated bubbles are reminis-
cent of the differences reported between bubbles in
clean water and in contaminated water [77], (as may be
rationalized by noting that an oil coat resembles adsor-
bed contaminants in reducing mobility at the water
interface and thus increasing bubble drag). Similarly, the
higher sphericity, slower rise, and straighter trajectory of
oil-coated bubbles is also known from uncoated, but
smaller bubbles [78].

For froth flotation, the slower and less jiggly bubble
motion of oil-coated bubbles implies that particles in
close proximity to a bubble will spend more time there;
and so the oil coat helps meet the requirement 7; < 7,
both by reducing the induction time [71] @nd by raising
the contact time. Moreover, the suppression of bubble
shape fluctuations means a steadier interface of more
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Influence of an oily bubble coat on bubble dynamics, adapted from a study by Wang et al. [74] with permission from The Royal Society of Chemistry.
Rising bubbles with and without a coat of silicone oil (a), (average bubble diameters are 2.5, 4.0 and 5.0 mm); measured trajectories of a naked and

coated 4 mm bubble (b); average bubble aspect ratio (ratio of minor to major axis length) for coated and uncoated bubbles rising in water (¢) and in 40%
sugar solution with a viscosity of 5.8 cP (d); upward velocity of rising coated and uncoated bubbles in water (e) and in 40% sugar solution (f).

Current Opinion in Colloid & Interface Science 2020, 50:101384

www.sciencedirect.com


www.sciencedirect.com/science/journal/13590294

nearly constant area; thus the oil coat not only
strengthens the attachment of adsorbed particles, but
also dampens any interface perturbation that could lead
to the detachment of weakly bound particles [79].

The combined thermodynamic, kinetic and hydrody-
namic consequences of an oily bubble coat for particle—
bubble attachment could prove useful for separation
tasks not traditionally addressed by froth flotation,
including specialty separations and protein purification.

Capillary foams

Simultaneous dispersion of a solid, liquid, and gas
phase in water

Attempts to disperse both air and liquid oil in an
aqueous particle suspension can yield dramatically
different outcomes depending on the mixing ratios,
particle wettability and mixing intensity. If particles are
too hydrophilic to stabilize the oil droplets, or if elec-
trostatic repulsion from the interfaces prevent their
adsorption [60], mixtures tend to separate rapidly.
Similarly, particles hydrophobic enough to stabilize
bubbles in Pickering foams, often prove unable to do so
in the presence of oil because of the well known anti-
foaming properties of oils [80,81]. Some particles of
sufficient affinity for both air—water and oil—water in-
terfaces have been shown to stabilize mixtures of bub-
bles and emulsion droplets, referred to as emulsion
foams or foamulsions [82,83]. (Emulsion foams can also
be stabilized by surfactants instead of particles, but the
surfactant-stabilized systems tend to have shorter life-
times [84]). Good long-term stability of emulsion foams
appears to be correlated with the use of gel-forming
particles, and the temperature dependence of particle
gelation can render the foams’ stability thermores-
ponsive [83,85]. In a recent study, emulsion foams with
5—60% of oil were stabilized by fibrils of glycyrrhizic
acid and shown to collapse when the temperature was
raised above the gel—sol transition temperature of the
fibrils, either through external heating or, in systems
with incorporated carbon black particles, through irra-
diation by UV light [85].

An entirely different type of foam can be stabilized by
the synergistic action of particles and a very small
amount of oil. Oil volume fractions of as little as 0.1%
and no more than a few percent, added to an aqueous
suspension of particles with near-neutral wetting for the
oil-water interface, can lead, upon frothing, to the for-
mation of a stable capillary foam [86—89]. The charac-
teristic structure of this kind of foam, whose discovery
was first reported in 2014 [86], is shown in Figure 5a—e.
Bubbles tend to be coated by a film of oil, which is
spread and stabilized by particles adsorbed at the film
interface. The coated bubbles (Figure 5f) are further
incorporated in the gel network of a capillary suspension
(Figure 5g) formed by oil-bridged particles in the
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continuous aqueous bulk. More generally, a capillary
foam may be defined as a foam formed in a continuous
liquid and stabilized synergistically by solid particles and
a small amount of an immiscible secondary liquid that
mediates capillary interactions.

Cooperative behavior of particles and oil in capillary
foams

The formation of the particle gel is necessary to
immobilize the bubbles and was in fact found to precede
the bubble entrapment during foam formation [88]. Yet,
it is not a sufficient condition for foam stability: hydro-
phobized silica particles preferentially wetted by oil
with a large contact angle (6> 130°) at the oil—water
interface were found to interconnect via pendular oil
bridges, but this particle—oil combination did not sta-
bilize an aqueous foam [86]. Similarly, the effective oil
spreading coefficient, accounting for the interfacial
energy reduction by adsorbed particles, was estimated
to be positive for all investigated systems that produced
stable capillary foams, but the tendency to engulf bub-
bles in a composite coat of oil and particles does not by
itself guarantee that stable foams can form [86]. Clearly,
capillary foams are not just capillary suspensions with
simple gas inclusions, nor are they simply o/w-Pickering
emulsions with gas-filled emulsion droplets.

Despite the aforementioned caveats, many oil—particle
pairings are suitable for stabilizing capillary foams, and
the protocols for foam production are rather robust and
forgiving. Particles successfully employed in capillary
foams range in size from tens of nanometers to tens of
microns, and include inorganic particles such as modi-
fied silica or aluminum oxide (Figure 5h), particles from
synthetic polymers such as polyethylene (Figure 5f, g
and 1) or polyvinyl chloride (Figure 5j—l), cellulosic
particles, and protein particles (whey protein particles,
not yet published). Importantly, particles too hydro-
philic to stabilize the air—water interface of Pickering
foams can still be very suitable for stabilizing the oil—
water interface of coated bubbles and for making
capillary foams with a shelf life on the order of months or
years. Therefore, the simple addition of a small amount
of oil can be an economical and time-saving alternative
to the surface modification of particles for foam
stabilization.

The compatibilizing effect of the oil can be taken even
further. A recent study by Dunstan et al. [90] on
capillary suspensions showed that the particle-bridging
oil phase can also provide a way to modify particle
wettability in situ: in the reported case, hydrophilic
calcium carbonate particles dispersed in either water or
glycerol as the polar medium were shown to form strong
capillary suspension gels with oil bridges of peppermint
oil or isopropyl myristate — but only if the particles were
hydrophobized, either by pretreatment with oleic acid,
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Capillary foam schematic (a—e), adapted with permission from a study by Zhang et al. [88]. Copyright 2017 American Chemical Society; SEM images of a
solidified bubble coat (f) and particle network (g) reproduced from a study by Zhang et al. [86] with permission from John Wiley and Sons; confocal image
of a capillary foam prepared with 93 nm modified silica particles and heptane (h) adapted with permission from a study by Essenmacher [89]. Copyright
2018. The fluorescently labeled oil is seen as a diffuse yellow cloud in the network of oil-bridged particles and as a bright yellow ring in the oil film coating
the bubbles. Comparison of colored liquid foams (i), (left to right: surfactant-stabilized foam and Pickering foam with dyed aqueous phase, and a capillary
foam with dyed oil phase). Dry capillary foam pads with dyed, polymerized oil phase (j); mold-cast (k) and load-bearing (I) dry capillary foams.

Figure 5(i—I) adapted with permission from a study by Zhang et al. [87]. Copyright 2015 American Chemical Society.

or in situ through at least a small amount of oleic added
to the oil phase. This principle of in situ particle
modification through an oil-soluble wetting agent,
already familiar from the ‘reactive oily bubble flotation’
[69,91] described before, should be applicable in
capillary foams, too.

Solid capillary foams

The presence of an oil phase in these aqueous foams also
offers opportunities for the preparation of solid foams.
Many capillary foams with nonvolatile oil components
will survive gentle drying, but the resulting dry foams
tend to be mechanically unstable. More robust solid
foams can be obtained if the oil phase is solidified prior
to drying. Using the photopolymerizable trimethylol-
propane trimethacrylate as the oil phase and UV-curing

it before drying has been shown to yield very stable,
albeit somewhat brittle, lightweight porous solids with
large pores defined by the original bubbles, and smaller
pores corresponding to the mesh size of the bubble-
embedding particle gel (Figure 5k—I1) [87]. These
capillary foams can be mold cast and support loads
far above their own weight; the wuse of
polydimethylsiloxane or other elastomers as the oil
phase or an oil phase component further allows us to
make rubbery (nonbrittle) solid foams. Preliminary re-
sults of ongoing research suggest that oils like coconut
oil or shea butter, that are solid at room temperature but
liquid at slightly elevated processing temperatures, can
be used for capillary foam mousses with promise for low
fat foods or skin care products depending on the type of
particles used. Common strategies to grow solid polymer
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layers at oil—water interfaces, such as interfacial pre-
cipitation or interfacial polymerization (of oil-soluble
and water-soluble reactants, as in the case of poly-
urethane or polyurea) have not yet been applied to
capillary foams but likely provide further options for
tuning chemical and mechanical properties of the solid
foams. Potential uses of solid capillary foams for light-
weight packaging, thermal or acoustic insulation, shock
absorption or filtration are easily conceivable. More so-
phisticated applications such as foam-based tissue
scaffolding [92,93] or foam solutions to heat transport
and thermal energy storage [94,95] may also benefit
from the unique structure and multiscale porosity of
solid capillary foams but would require more specialized
oil and particle components and/or functionalizations.
While the work still needed to tune foam properties for
any particular application should not be under-
estimated, requirements of biocompatibility or biode-
gradability certainly present no principal roadblock for
capillary foams. Finally, it has been shown that dyes
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added to the oil phase allow for both solid and liquid
capillary foams with an intense and uniform coloration
throughout the material (Figure 51 and j) [87], which is
notoriously difficult to achieve in traditional water-
based foams [96]. It also suggests that capillary foams
may be useful for formulating other oil-soluble active
ingredients, especially when low concentrations and
precise dosing are desired.

Rheology of capillary foams

A recent rheological study investigated the viscoelastic
behavior of wet capillary foams [97]. Result of oscillatory
shear experiments are shown in Figure 6 and compared
to literature results on related systems. The strain
sweep (for an angular frequency of W = 1 rad/s;
Figure 6a) shows a linear regime in which the storage
modulus G’ exceeds the loss modulus G”, indicating
that the capillary foam behaves like an elastic solid at
low strains. Larger strains disrupt the foam’s network
structure, and at a strain vy =0.5 a transition from solid-
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Capillary foam rheology, adapted from a study by Okesanjo et al. [97] with permission from The Royal Society of Chemistry. Storage and loss modulus of
capillary foams in a strain sweep (a), and a frequency sweep (b), for comparison with frequency sweep for a capillary suspension (c), (adapted with
permission from a study by Bossler et al. [42]), for a colloidal gel foam (d), (adapted with permission from a study by Muth and Lewis [99]. Copyright 2017
American Chemical Society), and for a surfactant-stabilized foam (e), (adapted from a study by Gopal and Durian [102] with permission) (f) Viscosity
versus strain rate. Blue inverted triangles and violet crosses (repeats) are obtained from controlled stress experiments on a parallel plate (PP) setup;
green triangles (PP), black circles (repeats on PP), and orange diamonds (Couette cell) are obtained from controlled strain rate experiments; open red

squares are obtained from creep experiment on a PP setup.
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like to liquid-like behavior is observed. A frequency
sweep (at v = 0.001, within in the linear regime)
shows a rather pronounced frequency dependence of
both moduli (Figure 6b). This is remarkable because
gelled systems typically display only a very weak fre-
quency dependence of the storage modulus; and capil-
lary suspensions are no exception [40,98], as seen in the
example of Figure 6¢ from a study by Bossler et al. [42].
Clearly, the presence of the bubbles has an important
effect on the foam rheology. One might expect that the
viscoelastic response of capillary foams should more
closely resemble that of other gelled systems containing
particle-stabilized bubbles. Some colloidal gel foams
prepared from aqueous suspensions of hydrophobized
alumina particles would seem to be an especially close
relative of capillary foams because they, too, contain a
gelled network of attractively interacting particles that
immobilizes particle-covered bubbles, at similar bubble
volume fractions as found in capillary foams (20—60%),
albeit without involving an oil phase [99]. Such gel
foams have proven useful for direct foam writing of
architected porous ceramics [100,101], and their rheo-
logical properties have been studied, too [99]. As shown
in Figure 6d [99], however, the presence of bubbles in
these gels does nor lead to the frequency dependence
observed in capillary foams (Figure 6b).

Instead, a much closer qualitative resemblance to the
frequency-dependent elastic and viscous response of
capillary foams can be found in classical aqueous foams,
s.e. concentrated dispersions of bubbles in a particle-free
surfactant solution, as shown in Figure 6e [102]. It
should be noted that the elasticity in those systems is
associated with an increase in the air—water interfacial
area due to the distortion of jammed bubbles and
therefore can be observed only for bubble volume frac-
tions above the random close packing (rcp) limit of
~ 64%, whereas the elastic response shown in Figure 6a
and b reflects the behavior of capillary foams with
bubble volume fractions roughly half of the rcp
threshold.

A recent study by Mikhailovskaya et al. [103] on sur-
factant stabilized foams with high gas volume fraction
and a slowly gelling particle dispersion in the continuous
phase finds that the storage modulus of the gel foam can
be expressed as a simple superposition of contributions
from the nongelled foam and the elastic gel matrix when
the elastocapillary number Gz = Gy /(v /R) exceeds
unity (where Gy is the shear modulus of the continuous
phase, v the surface tension, and R the bubble radius).
Counterintuitively, a larger relative contribution of the
gel matrix (~1/Ca) is found for smaller values of Ca.
Given the high bubble volume fraction of these foams
and the confinement of particles to a small amount of
liquid in the interstices (Plateau borders) between
facetted bubbles, insights into the rheology of these
systems may be of limited value to understanding

capillary foams, whose spheroidal bubbles are mechan-
ically coupled, not by direct bubble—bubble contact,
but through the particle network in a surrounding liquid
bulk that takes up much of the foam volume.

For now, it remains unclear how exactly the viscoelastic
effects of the gel network and of the bubble coatings in
capillary foams conspire to yield the observed foam
rheology. The qualitative resemblance of Figure 6b for a
capillary foam and Figure 6e for a classical foam may
suggest that bubble deformations (mediated and
coupled by the particle gel) play a bigger role to capillary
foam rheology than the viscoelastic properties of the
particle gel itself. Moreover, the observed scaling of G,
G” at high frequencies with G” «” and v < 1/2 may
point to a prominent influence of bubble rigidity. High
interfacial rigidity has previously been linked to similar
anomalous scaling in surfactant stabilized foams with
cosurfactants of low water solubility [104]. In capillary
foams, the coat of oil and particles covering the bubbles
likely accounts for very rigid bubble surfaces that are
firmly incorporated into the external gel network, thus
guaranteeing a strong coupling of bulk and interfacial
rheology.

Figure 6f shows the shear thinning behavior of capillary
foams, inferred from a variety of different experiments.
Notably, the viscosity far exceeds the viscosity of water
over the entire (12 orders of magnitude) range of strain
rates probed. If this behavior, observed for capillary
foams with large particles, extends to capillary foams
with particles in the nanometer size range, then such
foams could be very useful as displacing fluids in oil
recovery. Foam flooding has long been explored as a way
to mitigate conformance problems, ize. inefficiencies
resulting from nonuniformity of the flood front, such as
viscous fingering, gravity override due to vertical gradi-
ents in the density and mobility of the displacing fluid,
and channeling through high permeability zones and
paths in heterogeneous or fractured reservoirs
[105,106]. For improved performance, the goal is to
reduce the mobility 4,./n of the displacing fluid relative
to that of the oil, where £, is the relative permeability
and 7 the viscosity of the respective fluid [107].
Aqueous foams in general offer the advantage of having a
higher viscosity than either its water or gas phase alone,
and for capillary foams the difference is particularly
large. Moreover, particle-stabilized foams are known to
be more stable than surfactant stabilized foams at the
temperature and pressure conditions encountered in oil
recovery [108], but poor foam stability upon contact
with oils often remains a challenge [109]. Capillary
foams, on the other hand, show high stability in contact
with oil, which is not surprising, given the stabilizing
role that oil plays as an ingredient in these foams. Similar
arguments can be made for the possible benefits of
capillary foams in hydraulic fracturing or in soil reme-
diation, but judging the potential for any of these
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applications will first require careful studies of foam flow
in model porous media. For surfactant stabilized foams,
such studies have revealed a continual loss of foam
bubbles due to either bubble coalescence (promoted by
film drainage, capillary suction, and mechanical stresses)
or diffusion coarsening, and shown that such foam
degradation can be offset by the in situ generation of
new lamella through a variety of mechanisms (referred
to, suggestively, as ‘snap-off’, ‘lamella division’, ‘leave
behind’, and bubble ‘pinch-off’) [110]. It remains to be
seen how the oil-coated bubbles and oil-bridged parti-
cles in capillary foams respond to flow in extreme
confinement and what options for the flow-induced
regeneration of the foam structure may exist.

Conclusions and outlook

In this article, I have tried to substantiate the claim that
colloidal multiphase systems containing at least one
particulate species and different types of fluid interfaces
present great opportunities, both for fundamental
research, and for materials and process innovation. In
doing so, I have focused deliberately on the case of oil-
coated droplets interacting with ‘simple particles’ in
particle-assisted droplet reconfiguration, oily bubble
flotation, or within capillary foams. These scenarios
involving quaternary air/oil/particles/water systems are
still relatively simple and not hard to manipulate, but, as
discussed throughout the paper, they already have a
widespread and largely unexplored application potential
in areas such as medicine, water management, paper
recycling, food processing, oil recovery, and many more.
Possible expansions of the presented considerations
include the concept of a ‘capillary emulsion’, obtained in
a thought experiment by replacing the dispersed gas
phase in a capillary foam with a third immiscible liquid,
such as a halogenated oil. While no such system has been
reported yet, it should in principle be possible to
realize and could have very useful properties: a dried
capillary emulsion with dispersed droplets of a phase-
change material, enclosed in a coat and particle
network formed by a heat conducting solidified bridging
phase, would for instance seem like a good candidate for
thermal management applications. Obviously, one can
go further and increase the system complexity, e.g. by
including multiple particle species, by adding a fourth
fluid phase, or by replacing the ‘simple’ particles with
stimulus-responsive particles for controlled foam
breaking, or with a particle species that drives structure
formation all by itself, such as patchy or active particles,
whose inherent tendency to self-assembly would now
compete with the kind of structure formation observed
in simple capillary foams ... The possibilities seem
endless.
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