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In this study we have investigated mixtures of oil droplets and gas bubbles and show that the oil can

have two very different roles, either suppressing foaming or stabilising the foam. We have foamed

emulsions made from two different oils (rapeseed and dodecane). For both oils the requirement for the

creation of foamulsions is the presence of surfactant above a certain critical threshold, independent of

the concentration of oil present. Although the foamability is comparable, the stability of the foamed

emulsions is very different for the two oils studied. Varying a few simple parameters gives access to

a wide range of behaviours, indeed three different stability regimes are observed: a regime with rapid

collapse (within a few minutes), a regime where the oil has no impact, and a regime of high stability.

This last regime occurs at high oil fraction in the emulsion, and the strong slowing down of ageing

processes is due to the confinement of packed oil droplets between bubbles. We thus show that a simple

system consisting of surfactant, water, oil and gas is very versatile and can be controlled by choosing the

appropriate physical chemical parameters.
1. Introduction

Aqueous foams and (oil in water) emulsions are both dispersions

of water insoluble fluids (respectively, gas and oil) in water and

are inherently unstable in time.1,2 Their widespread presence in

our everyday lives has resulted in significant research activity

investigating the reasons behind their limited stability. In order

to create stable foams or emulsions, a first requirement is that

stabilizing agents—such as surfactants—have to adsorb at the

water–air and the water–oil interfaces, stabilising the dispersed

bubbles or droplets against coalescence (fusion of two bubbles/

drops). However, the surfactants cannot generally fully prevent

ageing of foams and emulsions with time through gravitational

foam drainage or emulsion creaming, as well as through coars-

ening (or Ostwald ripening), i.e. gas or oil transfer between

bubbles/drops due to capillary pressure differences. These two

processes, together with coalescence, lead to a time-dependent

destabilisation of the dispersions.

One of the current challenges is the creation of very stable

foams, which means studies on the physics of the different

mechanisms of ageing.3–5 Other research activities deal with the

optimisation of the chemical formulation of foams, in order to

reduce ageing as much as possible. A first approach consists of

replacing surfactants by other stabilizers,6,7 such as proteins, or

short polymers, with which ageing is slower than with surfactant

foams or emulsions. A more drastic option is to replace surfac-

tants by partially hydrophobic solid particles, which can create
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an incompressible armour around the bubbles,8–10 as in ‘‘Pick-

ering emulsions’’.11,12 Though adsorbed solid particles can

prevent coarsening and coalescence,9 drainage effects are still

present in such foams. Efficient control of drainage has been

achieved by doping the continuous phase with colloidal particles,

self-assembled supramolecular structures, or polymers to create

gelled and/or jammed structures within the network of liquid

channels (‘‘Plateau borders’’) containing the foam fluid.13–17

Nevertheless, in most cases, ageing is slowed down, but never

fully suppressed.

The research, not only to increase and control stability, but

also to add advanced functionalities to the systems has led to

studies of more complex systems, such as multiple emulsions18,19

or mixtures of droplets and bubbles.20 In particular, mixtures of

bubbles and droplets are encountered in many cosmetic and food

products (such as whipped cream) or in oil recovery processes.

Depending on the applications, foaming can be either a desired

(to improve the emulsion texture or sensory aspects, for instance)

or an unwanted side effect. Mixtures of droplets and bubbles

inside an aqueous matrix could be either considered as

a foamed—or ‘‘aerated’’—emulsion, or as an aqueous foam

whose interstitial fluid is doped with oil droplets. In the most

stable systems, the oil droplets are generally crystallised (at least

partially),21 and act as solid particles. Although many studies on

food grade foamed emulsions have been performed,22,23 fewer

studies exist on simpler systems. In a pioneering work, Koczo

et al. showed that bubbles and fluid oil droplets can coexist

without destabilization of the foam.24 However, this study only

dealt with relatively low concentrations of oil droplets in the

foaming fluid (dilute emulsions). More recently, the presence of

emulsion droplets has been shown to offer the control of the
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foamability using UV-light in the presence of light sensitive

polymers.25

Introducing fluid oil drops inside a foam is the classical

approach to suppress the foaming of a solution and to destabilize

existing foams.26,27 Oil globules could act either as fast antifoams

(emulsion droplets enter the air/water interface in the films and

subsequently break them) or as slow antifoams (due to capillary

suction, the emulsion droplets are chased out of the films into the

Plateau borders where they enter the air–water interface once the

borders have shrunk due to drainage, after which the foam

collapses).26

However, all oils are not necessarily antifoaming systems.

Whether an oil globule acts as antifoam or not depends in

particular on the interfacial tensions between the three phases

(gas, water, oil); one generally introduces various coefficients

(spreading S, entering E and bridging B) to describe the antifoam

potential of an oil. The situation is complex and not yet fully

understood, these coefficients have to be used along with an entry

barrier coefficient, which appears the best measure of antifoam

activity i.e. how easily the droplets can enter the air/water

interface.26

In this article, we have investigated how large volumes of

controlled dual oil–gas dispersions (called foamulsions, in the

following) can be produced and what are the key parameters

controlling their creation and their ageing. Our strategy is to foam

a preformed model emulsion, made from two different oils (with

different affinities toward water, in order to possibly control the

antifoam action), varying the oil content and the concentration of

surfactant. In particular, we have looked for possible experi-

mental conditions leading to the most stable systems, where the

droplets and bubbles synergistically stabilise the structure. The

results show that oil droplets can be used for both foam destabi-

lisation or to reach outstandingly long foam lifetimes.
Table 1 The interfacial tension values for both rapeseed oil and
dodecane between gas, oil and an aqueous SDS solution with a concen-
tration of 8 g L�1

8 g L�1 SDS ggw/mN m�1 gow/mN m�1 ggo/mN m�1

Rapeseed 37 � 1 4 � 1 36 � 1
Dodecane 37 � 1 7 � 1 25 � 1
2. Experimental section

2.1 Materials: surfactant, oil, gas

A single surfactant is used, sodium dodecylsulfate (SDS), from

Sigma Aldrich. Two different oils are used: n-dodecane (ACROS

Organics, Geel, Belgium) and a commercial rapeseed oil (from

Leaderprice, France) which is a mixture of triglycerides, with the

presence of mono- and di-glycerides. MilliQ water is used in the

preparation of all the samples. Due to the slow hydrolysis of

SDS, the SDS aqueous solutions were prepared at most one day

before use.

The two oils are chosen for their different interfacial tensions,

which in turn translate to different entry, bridging and spreading

coefficients. Although the antifoam activity is only indirectly

linked to these coefficients,26 they are indicative of the antifoam

potential of the oils. The entry coefficient E is linked to the ability

of the oil dispersed in water to penetrate into the air–water

interface, it should be positive for the emulsion to act as an

antifoam at all. While the bridging coefficient B is linked to the

ability of the oil globules to bridge the foam films, positive values

indicate that the oil is potentially a fast antifoam. They are

defined as follows:

E ¼ ggw + gow � ggo, B ¼ g2
gw + g2

ow � g2
go (1)
Soft Matter
where the subscripts refer to the interfacial tension between gas

(g), water (w) or oil (o) phases.

The interfacial tension measurements are either taken from

literature28,29 or measured using a drop (bubble) tensiometer

(Tracker, Teclis, France). The interfacial tension between air and

pure water is high, equal to 72 mN m�1 and without any

surfactant; E and B are both positive for the two oils in our study.

All the interfacial tension values are summarised in Table 1 for

both the rapeseed oil and the dodecane, all values refer to an 8 g

L�1 SDS as the aqueous phase. In systems with dodecane, both E

and B are still positive: Edod/SDS¼ 18� 3 mNm�1 and Bdod/SDS¼
740� 150 mN2 m�2, and the oil is still an antifoam. However, for

rapeseed oil, E becomes very small Ers/SDS ¼ 3 � 3 mN m�1, and

B is negative Brs/SDS ¼ �57 � 150 mN2 m�2, so this oil might not

be an antifoam.

Two different gases have been used for the foams—N2 and

C2F6—with different solubilities and diffusivities, in order to tune

the ageing timescales of the system. It is known that foams made

with C2F6 havemuch slower coarsening rates than those fromN2,

and the slower coarsening will also have an impact of slowing

down the drainage due to the coupling of these ageing processes.4
2.2 Emulsion preparation

Emulsions with varying volume fractions of oil are prepared

(foil ¼ 10, 30, 50 and 70%) by mixing the aqueous phase in which

the SDS has been dissolved (0.5–16 g L�1) with oil using an

ultraturrax (IKAT18 basic) at 20 000 rpm for 30 seconds. The size

and polydispersity of the emulsion droplets is measured using

a Malvern Mastersizer, Malvern Instruments, France. The prep-

aration process results in rather polydisperse emulsions, with

apolydispersity of around50%.The average emulsiondrop radius

also varies slightly with the concentration of emulsion decreasing

from 5 to 2.5 mm as the oil volume fraction increases to 70%.
2.3 Foamulsion generation

The foamulsions are always prepared from the previously

prepared emulsions, using the high pressure turbulent mixing

method,30 where the gas and the emulsion are injected at high

pressure into a T-junction module. This device has been devel-

oped for producing large volumes of foams of controlled and

homogeneous liquid fractions 3 (typical production rate 6 L

min�1, with a liquid fraction 3 tuneable between 2 and 50%).

In this study, the liquid pressure was kept constant at 5 bars for

all experiments and the gas pressure was varied between 1.5 and

3 bars. For solutions that foam well, increasing the gas pressure

leads to drier foams: in our case for solutions with good foam-

ability, the foams have 3z 5% with a gas pressure of 3 bars and 3

z 10% with 1.5 bars. The full sets of data have been done with
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Optical microscopy photograph of a rapeseed foamulsion with

foil ¼ 70% immediately after preparation (a) where the scale bar is 50 mm

and (b) a photograph 6 hours after preparation the scale bar is 5 mm.

D
ow

nl
oa

de
d 

by
 B

ib
lio

th
eq

ue
 d

e 
L

’U
ni

ve
rs

ite
 d

e 
R

en
ne

s 
I 

on
 1

0 
N

ov
em

be
r 

20
11

Pu
bl

is
he

d 
on

 0
4 

N
ov

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1S

M
06

53
7H

View Online
a gas pressure of 2 bars for the dodecane foamulsions and 3 bars

for the rapeseed ones. The resulting mean bubble diameter

(determined by optical microscopy) is always of 90 � 20 mm with

low polydispersity. Note that changing the gas has no impact on

the foaming process. A photograph of a foamulsion is shown in

Fig. 1(a) under the microscope straight after preparation and (b)

in a photograph 6 hours after preparation, where the white

Plateau borders filled with emulsion drops can be seen.
2.4 A criterion for foamability

Not all liquid solutions can produce foam of high quality,

meaning a full incorporation, without loss, of the gas injected

inside the fluid. For instance, concentrated surfactant solutions

have generally high or maximal foamability, while pure liquids

have low foamability. There is no absolute measure of the

foamability of a solution, although many different methods exist

for testing how much foam can be created from a given solution,

such as the Ross-Miles test and bubbling methods.26 Indeed, it is

very important to note that the foamability of the solution

strongly depends on the foam generation process.

Here, we introduce a comparative foamability criterion, where

the foamability is compared to that of a solution which is known

to foam well. In Fig. 2 the initial liquid fraction, 3, of different
Fig. 2 Initial liquid fraction in SDS foams as a function of the N2 gas

pressure in the turbulent mixing, the liquid pressure being kept constant

at 5 bars. Three different concentrations of SDS are studied, 0.5 g L�1

(squares), 1 g L�1 (circles) and 8 g L�1 (triangles). The lines are guides for

the eye.

This journal is ª The Royal Society of Chemistry 2011
foams is shown as a function of gas pressure (liquid pressure was

kept constant at 5 bars). With 8 g L�1 SDS, 3 decreases with

increasing gas pressure, therefore the amount of air in the foa-

mulsion increases. Solutions with 8 g L�1 are known to foamwell,

therefore these samples are taken as the reference. For our

comparative scale, we choose to link the foamability of the

solution to the initial liquid fraction of the produced foam: the

higher the liquid fraction 3 obtained, the lower the foamability of

the solution (less air trapped). This definition is meaningful only

because here the bubble size remains roughly constant. In order

to fully validate our reference, several different gas pressures and

SDS concentrations are used for foamability tests. For low gas

pressures, wet foams (3 ¼ 20%) are obtained even for the highest

SDS concentrations. However, as the gas pressure is increased

the liquid fractions begin to depend on the SDS concentration.

With 0.5 g L�1 SDS, 3 is always larger than 20%, and the

foamability even seems to decrease at higher pressures. Note that

when the gas pressure tends to 0, only liquid must be obtained

(3 / 100%), so all the curves have to reach asymptotically the

value 3 ¼ 100%. This implies that at least with 0.5 g L�1 SDS

there is a minimum in the liquid fraction.

Doubling the SDS concentration to 1 g L�1 changes the

behaviour considerably. With higher gas pressures 3 does

decrease; however it reaches a minimum limit of around 12%,

whereas with higher concentrations of SDS (8 g L�1) 3 decreases

down to around 5%. From these data, we see that the foamability

differences are better evidenced at the pressure of 2 bars and

above, when the minimum value of 3 is reached for the concen-

trated surfactant solutions. We therefore defined 3*¼ 20% as the

limit between good and bad foamability for the two gas pressures

used (2 and 3 bars).

2.5 Monitoring foamulsion ageing

The stability of the produced foamulsion is measured by imaging

a foam column of initial height h and by following the change in

h. The time t1/2 taken for h to decrease by a factor 2 is a measure

of the onset of coalescence and foam collapse, rather than ageing

by drainage or coarsening (that produces small h variations).31

The ageing—before collapse—of some of the most stable

foamulsions was followed by measuring the evolution of 3 by

conductivity, with pairs of electrodes incrusted in the cell walls,

and using the calibration curves provided in.32 In the measure-

ments, the conductivity of the emulsion is considered constant

and is used as reference. We will come back to this point when

analysing these data.

3 Results and discussion

3.1 Conditions for the production of the foamulsion:

foamability of the emulsion

We have compared the effects of changing the SDS concentra-

tion, cSDS and the volume fraction of oil in the emulsion, foil. The

variation of the initial liquid fraction in the samples as a function

of SDS concentration is shown in Fig. 3 for the SDS—dodecane

foamulsion made using a gas pressure of 2 bars. At high cSDS, the

initial water content of the foam is around 9 � 2%, with or

without oil, and as cSDS decreases 3 increases in a continuous

manner. The criterion for good foamability, 3 < 3*¼ 20%, allows
Soft Matter
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Fig. 3 Initial liquid fraction 3 in the foam as a function of SDS

concentration for three different dodecane volume fractions in the

emulsion foil (0, 10 and 30%) for a gas pressure of 2 bars. The dashed line

indicates the limit of good foamability, 3* ¼ 20%.

Fig. 4 Liquid fraction, 3, as a function of SDS concentration, csds, and

oil volume fraction, foil, within the emulsion for the dodecane system and

a gas pressure of 2 bars. The filled circles indicate samples that do not

foamwell, the empty black squares those that foamed well, and the empty

triangles samples that had a large initial 3, but were very stable in time.

The solid line is the best fit using eqn (4).

Fig. 5 Same foamability diagram as in Fig. 4; the rapeseed oil system

with a gas pressure of 3 bars. The solid line is the best fit using eqn (4).
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us to classify all the samples into good and poor foamers and to

build up a ‘‘phase diagram’’ of foamability as a function of cSDS

and foil. Choosing a value slightly different for 3* does not

induce strong changes in the phase diagram.

Such phase diagrams for rapeseed oil and dodecane are shown

in Fig. 4 and 5, respectively. The two diagrams are qualitatively

identical, with two regimes separated by a critical concentration

of SDS, c*SDS. This critical concentration increases with

increasing oil content in the samples (starting from around 1 g

L�1 when no oil is added).

A third region, above c*SDS, and at high foil is found, where the

liquid fraction in the foams is above 20% after preparation

(triangles Fig. 3), but the foams are very stable. The photo of the

foam 6 hours after preparation is shown in Fig. 1b. Here the

emulsion is very concentrated and viscoelastic, as we are above

the random close packing of spheres. The poor foamability could

be due to the high viscosity of the continuous phase, and

experiments with concentrated solutions of glycerol confirmed

such an effect.

Let us attempt to rationalise the variation of c*SDS vs. foil.

Addition of oil can have two effects: a dilution effect, the

concentration of SDS in the emulsion being actually smaller than

in water by a factor (1 � foil), and adsorption of SDS at the

interfaces of the oil droplets, which also lowers the effective SDS

concentration. As the area covered by one SDS molecule G is

50 �A2 and the molecular weight of SDS isMw 288.36 g mol�1, we

can calculate the concentration of SDS at the surface of the

emulsion droplets as:

cdrop¼ 3

Rdrop

foil

Mw

NAG
¼ 3afoil (2)

where Rdrop is the radius of emulsion drops, varying from 2.5 to

5 mm. Combining this with the effect of dilution results in an

effective concentration of free SDS, ceff, in the emulsion:

ceff ¼ ð1� foilÞcSDS � 3foilMw

RdropGNA

(3)

From eqn (3), one finds that the adsorption effect becomes

significant only after foil ¼ 40% for the Rdrop used in this study.
Soft Matter
At foil¼ 0, the criterion for good foamability can be expressed in

terms of a critical free SDS concentration in the solution; cSDS ¼
ceff > c0. As eqn (3) gives the effective free SDS concentration in

the emulsion to be foamed, a possible criterion of good foam-

ability could be that the concentration of free SDS must be

higher than a constant critical concentration, c0, independent of

the fluid (and then of foil). Assuming such a relation, it follows

that:

c*SDS ¼
c0 þ 3afoil

1� foil

(4)

The best fit to the data with eqn (4) is shown in Fig. 4 for the

dodecane system using c0 ¼ 1.1 g L�1. One sees that a good

agreement is found: the line in Fig. 4 follows well the frontier

between the two regimes. This proves that the criterion of good

foamability is simply a critical effective concentration of SDS,

whatever the amount of oil in the emulsion. This agreement also

implies that the SDS molecules captured at the droplets’
This journal is ª The Royal Society of Chemistry 2011
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interfaces do not help to foam. This is especially clear in the range

foil > 40%, where the adsorption effect is no longer negligible and

a proper calculation of the stability limit require taking it into

account. Therefore, the surfactant initially on the emulsion

droplets remains there, and even the vigorous turbulent mixing

during the generation of the foam is unable to change the

surfactant partitioning between the oil drops and the air bubbles.

This means that the reason why the oil suppresses foaming at low

SDS concentrations is that it both dilutes the initial solution and

captures surfactant at the oil drop surfaces.

The model also works well for the foamulsion made with

rapeseed oil, and the stability limit is well described (Fig. 5). We

find a slightly different c0, 1.7 g L�1, when with dodecane it was

1.1 g L�1; this means that the foamability limit (even with foil ¼
0) is different for the two sets of data. In fact this difference seems

due to the fact that the dodecane foamulsions were prepared

using a gas pressure of 2 bars, whereas the rapeseed foamulsions

were prepared using a higher gas pressure, 3 bars. This is further

corroborated by a third phase diagram (not shown) prepared

with rapeseed oil using a gas pressure of 1.5 bars, where c0 is even

lower at 0.9 g L�1. Therefore, the differences in c0, although

difficult to rationalise, seem less due to the type of oil than to the

preparation of the foam.
3.2 Foamulsion evolution in time

Let us now focus on the systems of high foamability, corre-

sponding to the top regions of the phase diagrams of Fig. 4 and 5.

From simple visual observations, just after the production, the

foamulsions are homogeneously white samples with uniform

bubble sizes. With time, these foams age, and eventually collapse.

The variation of foam height with time for the different samples

changes considerably with foil, as illustrated in Fig. 6 for the

solutions containing 8 g L�1 SDS and dodecane. The sample with

foil ¼ 10% starts to collapse after 20 minutes, while those with

foil ¼ 30 or 50% start to collapse almost immediately. It is only

with foil ¼ 70% that the foamulsion becomes more stable again.

The foamulsion lifetime t1/2 (time to reach half of the initial

height) is plotted as a function of cSDS and foil for the two oils in
Fig. 6 Foamulsion height as a function of time for an 8 g L�1 SDS

solution with different volume fractions of dodecane (10–70%).

This journal is ª The Royal Society of Chemistry 2011
Fig. 7. Note that the foam column top boundary is easy to

determine with the foamulsions, as the liquid is itself milky; so

the largest error bars are found for foil¼ 0. Significantly different

results are found depending on the oil used.

For rapeseed oil (with foil < 70%), the foams have lifetimes

that are very much comparable with those of the samples

prepared with SDS only and the addition of oil has very little

influence on the foam stability (Fig. 7a). The only effect is seen at

high foil, where the lifetime of the foamulsion drastically

increases, reaching lifetimes at least ten times higher than for

foil ¼ 0.

In contrast, the presence of dodecane in the emulsion decreases

the lifetime strongly (Fig. 7b). Up to foil ¼ 50% the foam

collapses within minutes of preparation. Even large amounts of

SDS are not sufficient to recover oil-free foam lifetimes and only
Fig. 7 Foamulsion lifetime as a function of oil content in the emulsion,

for SDS concentrations in g L�1: 2 (squares), 4 (circles), 8 (triangles down)

for (a) rapeseed oil and (b) dodecane. The curves with 8 g L�1 SDS for

both oils are repeated in (c) to facilitate comparison and the much longer

foam lifetimes of rapeseed oil foamulsions are clearly observed.

Soft Matter
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Fig. 8 Microscopy images of foamulsions straight after preparation: (a)

from dodecane with foil ¼ 70%, (b) rapeseed oil with foil ¼ 30%, (c) and

(d) rapeseed oil with foil ¼ 70% (different magnifications). In all the cases

the emulsion droplets have a size of around 10 mm, and in (a) and (b) the

bubble size has slightly increased (from the initial 100 mm) due to coa-

lescence as the foamulsions are placed under the cover slips: the droplets

have been chased out into the Plateau borders from the thin films.
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at high foil (70%) does the foamulsion life time return to the

levels found without added dodecane (provided cSDS > c0). In

Fig. 7c the lifetimes for foamulsions prepared with 8 g L�1 SDS

for both rapeseed oil and dodecane are shown, where the

difference in the stabilities is consistently almost an order of

magnitude in favour of the rapeseed oil foamulsions.

Let us first discuss the difference in the intermediate regime,

10% < foil < 60%. For the rapeseed oil, the foamulsions drain

and coarsen as classical aqueous foams made with SDS. Once the

bubbles are large (mm in diameter) and the Plateau borders are

highly shrunk, the films between bubbles break and the structure

collapses. This suggests that the oil droplets are only transported

through the water, and they do not interfere with the gas–liquid

interfaces, which is consistent with the very small value of entry

coefficient E.

In contrast for dodecane, for which both E and B are negative,

the foamulsions are much less stable. The differences between the

two oils seem in this case rather well discriminated by the values

of E and B. Not only the dodecane systems have a lower lifetime

than oil-free foams, but collapse occurs before drainage is

complete. Thus, the choice of oil appears to have a much stronger

impact on foam stability, than on the foamability. This is linked

to the different timescales of the processes: in the stability

experiments, the foam ages and oil droplets have time to act,

whereas the foaming process is too fast for this to occur. This of

course implies that dodecane acts as slow antifoam; the oil

droplets do not enter the films, but break the foam only after

being squeezed inside the Plateau borders.

Indeed the destabilising influence of dodecane is clear as the

samples are studied under the microscope. For intermediate

dodecane concentrations (30% < foil 50%) it was not possible to

image the foamulsion at all due to its limited stability (simply

placing the foam between microscope slides breaks it immedi-

ately). However at foil ¼ 70% the foamulsion becomes sufficiently

stable to be observed under the microscope as shown in Fig. 8a,

where densely packed droplets are seen around the bubbles.

The foamulsions prepared from rapeseed oil can be more

easily manipulated as pictured straight after preparation in

Fig. 8b (foil ¼ 30%), where it can be seen to resemble closely

a foam doped with particles. Some of the Plateau borders have

thinned into the junctions, where the droplets are highly packed.

Indeed observing such foams we can see that there are thin films

formed between the bubbles.

With foil ¼ 70%, very different features are observed, in

particular an outstandingly long lifetime with rapeseed oil. A first

important point for understanding this new regime is that as foil

> 63% (random close packing of spheres), the emulsion droplets

are highly packed,33 and the emulsion becomes viscoelastic, with

finite shear modulus and yield stress. Microscope images of such

a foamulsion (foil ¼ 70%) are shown in Fig. 8c and d (rapeseed

oil). One can see that droplets are actually confined and crowded

between bubbles, which stay anomalously far from each other.

The presence of such a dense assembly of droplets trapped and

jammed in between the bubbles has several effects. The local

viscosity increases, and both film thinning and Plateau borders

shrinking are slowed down (slower drainage). In addition, for

initial bubble diameters of order 100 mm, hydrodynamic stresses

in the Plateau borders become comparable to the yield stress of

the emulsion (of the order of a few Pa34,35). Drainage can
Soft Matter
therefore not only be slowed down, but it can even be arrested if

the yield stress of the emulsion becomes higher than the local

hydrodynamic stresses.13 Moreover, in the pictures, one can also

see that the droplets assemble at the interfaces, packing like solid

particles. As for solid-stabilized bubbles, this armour of droplets

at the interface might result in a slowing down of the coarsening.9

In any case, the coarsening rate is surely reduced by the large

thickness of the films. Therefore, in these systems both drainage

and coarsening are strongly slowed down. As these two effects

are coupled in such a synergetic way that they enhance each

other,4 slowing down both of them a little leads to a much slower

global ageing, and thus much longer lifetimes. Therefore, the use

of concentrated emulsions for foaming leads to very good

stability through the combination of bulk viscoelastic effects,

drastically decreasing the drainage velocity, and the presence of

thick layers of droplets covering the bubbles, strongly decreasing

gas exchange and coarsening rates. Nevertheless, as often

encountered for foams, the drawback of using such concentrated

emulsions is that—even though the resulting foamulsions have

excellent stability—their foamability becomes poor.

3.3 Further optimisation: gas effect

In order to modify the relative timescales of the ageing processes,

we performed additional measurements with a different gas,

replacing N2 by C2F6. The lifetime of a foam made of C2F6,

compared to N2, is much longer because both drainage and

coarsening timescales are increased due to the coupling of the two.4

Fig. 9 shows typical drainage curves (i.e. local fluid fraction as

a function of time at a given vertical position) of a C2F6 foa-

mulsion with an initial foil ¼ 30% of rapeseed oil. One can see

that, for typical ageing times of 200 minutes, already corre-

sponding to the full lifetime with N2 (Fig. 7a), the local fluid

fraction has roughly halved, but no collapse has occurred. So, the

stability of a 30% oil foamulsion is strongly increased with C2F6,
This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 Time evolution of the local fluid fraction in a foamulsion,

prepared with C2F6, and made of an emulsion containing 30% of rape-

seed oil. The measurements are made at 3 vertical positions. The

anomalous decrease of 3, with peaks, indicates a stopping and restarting

flow, which results in propagating fluid pulses.
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and becomes comparable to what is found at higher foil with N2.

In comparison foams with SDS at 8 g L�1 made with C2F6 still

drain rather rapidly (although more slowly than with N2), where

the liquid fraction is below 0.01 in 10s of minutes.

The effect can be further understood by studying the shape of

the draining curves in Fig. 9. Once the liquid fraction starts to

decrease, the rate is not monotonous and peaks in conductivity

are observed at different heights. These peaks correspond to local

excesses of liquid, which propagate downward, like pulses or

avalanches (at typically 3 mms�1). Such features have been

observed previously only with confined viscoelastic fluids in the

Plateau borders,13 and they are the signature of a stop–start of

drainage, with jamming–unjamming of the flow. This is the result

of the competition between gravity-induced shrinking of the

Plateau border sections (leading to slowed down or arrested

drainage) and coarsening-induced deconfinement (re-opening

the Plateau borders to restart the flow). In this case, despite an

initial oil fraction of the emulsion foil ¼ 30% (i.e. fluid-like

emulsion), the continuous phase flowing through the foamulsion

has become viscoelastic: the emulsion has actually aged by

creaming within the Plateau borders. The ageing of the foam

structure has been reduced so much by the use of C2F6 that the

fastest ageing process is the creaming of the emulsion inside the

Plateau borders (with foil ¼ 30% and Rdrop ¼ 5 mm, creaming

takes only minutes). In these conditions, since the fluid in the

Plateau borders has changed, the conductivity measurements

have to be taken with caution: the reference is actually changing

with time. Therefore, a full quantitative analysis is not possible,

but the qualitative features discussed above remain valid.

Two different routes have been identified for the production of

very stable foamulsion: either foaming an already concentrated

emulsion or a dilute emulsion, which ages towards a concen-

trated emulsion faster than the foam Plateau border network

evolution, in which it is confined.
4. Summary and conclusions

We were able to produce large volumes of well-controlled dual

oil/gas in water dispersions, through a foaming process of
This journal is ª The Royal Society of Chemistry 2011
emulsions (introducing the name foamulsion). It turns out that

such foamulsions show a large variety of behaviours. Playing

with the different ingredients and their proportions—oil,

surfactant, gas—we have identified several regimes: a regime

where no foam is obtained, a regime where foam is produced but

has a very low stability and rapidly collapses, a regime where the

foam lifetime is identical to the oil-free foams and a regime of

enhanced stability (lifetime is strongly increased by the presence

of the oil droplets).

Regarding the critical conditions required for producing these

foamulsion, we have been able to explain the existence of a crit-

ical surfactant concentration by two uncoupled effects: surfac-

tant dilution by the oil and surfactant adsorption on the oil

droplets. These results show that once the surfactant is adsorbed

onto the oil droplets it is captured and does not leave these

interfaces to stabilize newly created gas–liquid interfaces: only

the remaining free surfactants are available to stabilize the foam.

In that respect, the ability to disperse gas into the emulsion is

found to be independent of the type of oil. However, the stability

of the foamulsions is very different, and dodecane although

inactive during foaming (provided it is fast enough), afterwards

breaks the foams within minutes.

We have clearly identified a very stable regime, obtained when

large oil fractions are used. Microscopic pictures and emulsion

properties at high oil fraction help to understand the origin of

this enhanced stability. It arises from an original combination of

bulk viscoelasticity (jamming of the droplets) and yielding on one

side and of thick layers of droplets around the bubbles on the

other side. Note that if the oil fraction is too high, the stability

may rise only if there is enough free surfactant present in water to

compensate for adsorption and dilution effects.

The results also show that macroscopic features are widely

controlled by the competition between various timescales, all

being controlled by the type and amount of oil, sizes of the

droplets and bubbles, type of gas, and type and amount of

surfactant. Here, we have identified the ones associated to: the

production device, the antifoaming activity of oil droplets, the

drainage of the emulsion through the Plateau borders network,

the gas transfer between bubbles, and the ageing of the emulsion.

The tests done with C2F6 illustrate well the interplay between

foam and emulsion aging, emulsion creaming in this case being

faster than foam drainage.

Let us finally stress that simply by mixing water, oil, gas and

surfactant, one obtains foamulsions with lifetimes ranging from

one to thousands of minutes. In these systems, the stabilisation

regimes are all very different, and their understanding is impor-

tant for practical and industrial applications.
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