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Abstract 

We have studied foams stabilised by surfactant-decorated nanoparticles adsorbed at the 

bubble surfaces. We show that the controlled compression of a single bubble allows to 

understand the coarsening behavior of these foams. When bubbles are compressed, the 

particles become tightly packed in the surface layer. They lose their mobility, and the 

interface becomes solid-like when the jammed state is reached. Further compression leads 

to interfacial buckling characterised by crumpled surfaces. We find that the surface 

concentration of particles at which the jamming and the buckling transitions occur are 

independent of the surfactant concentration. This is a surprising feature. It suggests that the 

surfactants are mandatory to help the particles adsorb at the interface and that they change 

the equilibrium surface concentration of the decorated particles. But they do not affect the 

surface properties once the particles are adsorbed.  We measured the compression elastic 

modulus of the surface in the jammed state and found it to be compatible with the Gibbs 

condition for which the spontaneous dissolution of bubbles is arrested. Due to this effect, 

the coarsening process of a foam composed of many close-packed bubbles occurs in two 

steps. In the first step, coarsening is slow and coalescence of the bigger bubbles is 

observed. In the second step, a number of very small bubbles remains, which exhibit 

crumpled surfaces and are stable over long times. This suggests that foam coarsening is 

arrested once the smallest bubbles become fully covered after the initial shrinking step.   
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1. Introduction 

Liquid foams are dispersions of gas bubbles in a continuous liquid phase, and are 

metastable systems
1
. Their unstable nature is a critical issue in a variety of well-

established industrial applications – ranging from food and cosmetics to oil-recovery 

and phase-selective catalysis
2
. 

Most of the time, foams are stabilised using surface active agents such as surfactants 

adsorbed at the bubble surface
3
. In addition to the decrease in surface tension γ, the 

surface layer gives rise to a resistance to compression, characterised by a surface elastic 

compression modulus E. Recently, colloidal particles have been used to create bubbles
4-

6
 or foams which are stable for months or years

7-13
. This increasing bubble lifetime is 

due to the ability of the surface layers formed by suitably chosen particles to prevent 

(or, at least, slow down) both film rupture (coalescence) and gas diffusion between 

bubbles (coarsening or Ostwald ripening). The detailed mechanisms of the stabilisation 

of foams against coarsening by particles are still under debate. In a collection of 

bubbles, gas transfer from smaller to larger bubbles –due to differences in Laplace 

pressure– leads to a compression of the interfaces of the shrinking bubbles. If the 

particles do not desorb during compression, the elastic surface modulus E will 

eventually increase. When the particles are sufficiently highly packed, the bubble 

surface can become solid-like, and further compression may induce surface buckling as 

observed on single bubbles
14

. When this happens, numerical simulations have shown 

that Ostwald ripening of an ensemble of spherical bubbles can be arrested if E > γ/2 
15

. 

This was suggested earlier by Gibbs considering the behavior of a single bubble
16

 and 

was confirmed by experiments on foams stabilised by particles
8
 and  proteins

17
.  

Recent studies of the compression of oil droplets covered by particles (or polymers) 

evidenced the onset of a jamming transition beyond which the drop surface becomes 

Page 3 of 29 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

solid, followed by a buckling transition after which the drops become non-spherical
18-20

. 

Similar observations have been made at flat oil-water and
18

 air-water surfaces
20-23

. The 

key condition in order to observe such behaviour is to avoid particle desorption during 

compression
24

. The affinity of the colloidal particles for the gas/liquid interface is 

therefore crucial
25

. This affinity depends on the wetting behaviour of the particles which 

is given by the balance between the solid-liquid, liquid-gas, and gas-solid interfacial 

tensions, and which is quantified by the contact angle θ. As a result, when θ is around 

90° and when the particle is not too small, the energy of desorption largely exceeds the 

thermal energy kT (k being the Boltzmann constant, T the absolute temperature), and the 

adsorption becomes irreversible.  

Although particles with chemically modified surfaces can be used
7
, an easier and more 

versatile approach to modify the wettability of the particles is the in-situ adsorption of 

amphiphilic molecules onto the particle surface 
26-28

. The surface free energy for their 

attachment to a gas/liquid interface can be adjusted by changing the surfactant 

concentration, and surfactant-decorated nanoparticles can irreversibly adsorb at the air-

water surface
29, 30

. This prompted us to study the interfacial properties of these systems, 

in relation with foam properties.  

Dispersions of colloidal silica particles mixed with an oppositely charged surfactant, 

hexadecyl trimethyl ammonium bromide (CTAB) were extensively studied by Ravera et 

al 
29-31

. They have demonstrated that the electrostatic interaction between the negatively 

charged surface of the particles and the positively charged surfactants promotes the 

adsorption of the surfactant onto the particle surface which increases its hydrophobicity, 

and thus transfers the particles from the bulk to the interface.  

In the present work, we chose to focus on this system, since is very promising to 

stabilise foams because of the irreversible adsorption of the particles at the interface. In 
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particular we correlate the interfacial mechanical properties of the system with the 

ageing of the foams it stabilizes. We thus present an investigation of systems stabilised 

by such colloidal silica-CTAB dispersions. We determined the elastic response of the 

particle-laden gas/water interfaces on single interfaces and individual bubbles. In 

particular, we used a deflating bubble method to apply a mechanical solicitation similar 

to the one experienced by a bubble during coarsening and to measure the elastic 

modulus E in conditions similar to the ones occurring during coarsening 
18,

 
32

. The 

mechanical properties of the interfaces were studied for a range of surfactant 

concentrations, which results in different particle contact angles. In parallel we 

investigated the time evolution and stability of foams made with the same dispersions. 

Our main goal was to determine if the compression behaviour of the surface layers of 

individual bubbles can lead to the arrest of foam coarsening.  

 

2. Materials and Methods  

2.1. Chemicals 

We used a commercial aqueous colloidal dispersion containing 34 wt.% of spherical 

silica nanoparticles Ludox TMA (Sigma). The particles have a diameter of 15±2 nm, a 

specific surface area of 140 m
2
/g and a density ρ of 2.1 g/cm

3
. The dispersion has a pH 

close to 6-7 due to the negatively charged nanoparticles. The cationic surfactant, 

hexadecyltrimethylammonium bromide, CTAB (Mw = 346.46 g/mol), was also 

purchased from Sigma, with a purity ≥ 99%, and used without further purification. 

Water was double distilled and deionised by a MilliQ-RG system from Millipore, with a 

resistivity higher than 18 MΩ·cm
-1

. In line with previous experiments
33, 34

, salt was 

added (1mM NaBr) to the surfactant solutions, to promote adsorption.  The NaBr 

(Sigma-Aldrich) was roasted at 600ºC for 24 h before use in order to eliminate surface 
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active impurities. The absence of residual contamination was checked by measuring the 

surface tension of pure water containing 1 mM NaBr at 20ºC which gave γ = 72.5 ± 0.2 

mN/m. 

In order to avoid particle aggregation during the preparation of the dispersions, the 

original Ludox TMA dispersion was diluted to 1 wt.% by adding the surfactant solution 

drop-by-drop while applying a continuous stirring, following the procedure reported by 

Ravera et al
29

. At the highest concentrations of CTAB some bulk aggregation of the 

particles was visible, but the aggregate size remained small as no sediment was seen. 

2.2. Methods 

a) Studies of individual bubbles (Rising bubble technique) 

The adsorption of surfactant-decorated colloids from the aqueous dispersions to the 

air/water surface is monitored by measuring the surface tension γ. We use a commercial 

tensiometer Tracker instrument (Teclis, France) in the rising bubble configuration (a 

bubble immersed in water) and measure the surface tension as a function of time, 

keeping the volume constant. The surface tension –with a resolution ± 0.1 mN/m– is 

calculated by image analysis from the shape of the bubble. The shape depends on the 

balance between the surface tension and the density difference between the fluids and is 

described using the well-known Laplace equation
35

. We define γ0 as the equilibrium 

value of the surface tension at the end of the adsorption process. Once equilibrium is 

reached, the bubble is compressed at a rate of 0.5 mL/s. During the compression, the 

surface tension γ is measured as a function of the bubble radius R. This method allows 

the determination of the surface compression modulus E using 

  
dR

dR

dA

d
AE

γγ
2

== .     (1) 

Page 6 of 29Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



8 

 

We are also able to measure the pressure difference between the inside and the outside 

of the rising bubble as a function of time by a differential pressure sensor incorporated 

into the Tracker instrument.  

All the experiments carried out in this work have been conducted at room temperature 

(20±1ºC). 

b) Foaming and foam stability  

The foams were made by hand-shaking 3 ml of aqueous dispersions of the CTAB 

decorated particles contained in a glass bottle. Visual observations of foams by a digital 

camera (Ueye) were combined with microscopic observations of the bubbles using an 

Olympus microscope (40× and 60× magnification). The foams were studied during 

periods up to a few months.  
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3. Results and Discussion  

3.1 Surface tension measurements 

The time evolution of the surface tension γ for a fixed particle concentration (1wt.%) 

and different surfactant concentrations (always below the critical micellar concentration 

(CMC, 9.2×10
-4

M)) is shown in Figure 1A.  

Fig. 1: Interfacial tension measurements. (A) Time variation of the surface tension γ of 

silica nanoparticles dispersions for different CTAB concentrations. (B) Equilibrium 

surface tension as a function of CTAB concentration, with and without particles. We 

recall that 1mM NaBr was present in all the samples. 

 

After an initial rapid decrease, the surface tension continues to evolve slightly over long 

periods of time, possibly due to very slow rearrangements in the surface layers or slight 

contamination occurring during long measurement times
36

. It could also be continued 

slow adsorption. However, the amplitude of this long time decrease is smaller than the 

reproducibility of the measurements (±1mN/m) and does not affect the determination of 
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the surface tension at long times.  Figure 1B shows the surface tensions γ0 obtained after 

∼10
3 

s. We found that γ0 decreases significantly with increasing surfactant concentration. 

It is noteworthy that in all the samples containing particles, the values of γ0 are lower 

than in the solutions of the pure surfactant at the same concentration, due to synergistic 

effects –well documented in the literature.
9
  

In all the following experiments, we wait for one hour before starting the experiment to 

be sure that the surface tension has reached its stationary value γ0.  

 

3.2 Bubble compression  

During foam coarsening the smallest bubbles shrink and the largest expand. In order to 

better understand this behaviour in our systems, we have studied the response of 

individual bubbles to compression. For this purpose, a bubble of volume ranging from 4 

to 12 mL is created and left to equilibrate until the surface tension has reached its 

stationary value γ0. At this point the bubble is compressed at a volumetric rate of 0.5 

mL/s, resulting in an initial area compression rate of 450 cm
2
/min. A sequence of 

images taken during the different deflation states of these nanoparticle-covered bubbles 

is shown in Figure 2B (time increases from right to left). The surface tension is 

measured throughout the compression.  
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Fig. 2: Forced compression of an air bubble immersed in an aqueous dispersion of 

CTAB-decorated SiO2 nanoparticles (1wt.%). (A) Interfacial tension γ as a function of 

the bubble radius R at different CTAB concentrations. In the region coloured in grey the 

bubbles are no longer Laplacian and the interfacial tension values are unreliable. (B) 

Sequence of images corresponding to the air bubble in the tensiometer during the 

compression experiment (time increases from right to left). 

 

Figure 2A shows the dependence of the surface tension γ on the bubble radius R for 

CTAB-decorated silica nanoparticle layers covering the air bubble with different 

surfactant concentrations, ranging from 5×10
-5

 to 5×10
-4

 M.  In all the experiments 
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performed, the bubbles start shrinking from the same initial radius R0 (1.35mm), but 

have a different initial surface tension γ0, depending on the CTAB concentration studied 

(see Figure 1B).  

Figure 2A shows that in all cases γ decreases with decreasing R, starting from the initial 

values γ0 and R0, down to γc and Rc. Below γc ≈ 43±2 mΝ/m, a change in the slope is 

observed. We identify this point as a jamming transition by analogy with previously 

published works
25, 37

 and following our observations made in a Langmuir trough (see 

supplementary material). If the CTAB concentration is high enough so that the 

equilibrium surface tension is already close to or below the critical surface tension γc, 

the surface tension curve starts directly in the second regime with the increased slope. 

This means that jamming can be achieved through two different routes. Through the 

compression of a loosely covered interface (CTAB < 10
-4

 M), or directly through 

adsorption by making the particles more hydrophobic.  

Upon further compression, beyond a radius Rb the bubble surface buckles, and is 

characterised by a non-Laplacian shape (Figure 2B, image 4). This occurs at another 

characteristic value of the surface tension γb ≈ 25mN/m, which also seems independent 

of the CTAB concentration. The non-Laplacian shape of the bubble means that the 

surface tension is no longer correctly measured. The data are still shown so that the 

transition in the slope can be observed. This shows a change in the response of the 

interface. In all the figures the surface tension measurements with a non-Laplacian 

bubble shape are shaded in grey and have to be taken carefully.  

Compression studies were also performed on planar surfaces using a Langmuir trough.  

This allows us to confirm the values γc of the critical surface tension at the jamming 

transition and γb for the buckling transition (Figure S1A and S2) using the Wilhelmy 
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technique, rather than the drop shape analysis. Moreover, Brewster angle microscopy on 

the Langmuir layer provides information on the particle organisation (Figure S1B).  For 

reasons of clarity, we present the details of those studies in the supplementary materials. 

While the critical surface tensions and the overall shape of the isothermal curves 

obtained by the Langmuir technique were similar to those obtained by the rising bubble 

technique, the quantitative values for γ (A) differed significantly between both 

techniques (Figure S2). The compression rates are different, between 100 - 1000 

cm
2
/min (depending on the bubble size) with bubbles, compared with 5 cm

2
/min in the 

Langmuir trough. The differences might also be due to the different compression 

geometry: the uni-axial compression on a planar surface involves shear and 

compressional deformation, while the compression of the bubble surface is almost 

purely compressional. Indeed, the elastic moduli measured in the Langmuir trough are 

higher than those measured using the compressed bubble, as expected (the uniaxial 

compression modulus being the sum of the isotropic modulus E and of the shear 

modulus
38

).  

In conclusion, the measurements performed in Langmuir trough and in deflating 

bubbles are not quantitatively comparable. Nevertheless, the values of γc and γd are 

similar, which allows us to talk about “jamming” and “buckling” in the rising bubble 

experiment. 

 

(i) Effect of changing the initial bubble volume 

We have also investigated the effect of the initial bubble radius R0  by varying the initial 

volume V0. Changing the initial bubble volume while keeping the volume compression 

rate constant (at 0.5 mL/s in this case) leads to an increase of the surface compression 
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rate dA/dt with decreasing bubble radius R since dA/dt = (2/R)
 
dV/dt. The surface 

compression rate is plotted in the inset of Figure 3 (B), and can be seen to vary between 

around 100 - 1000 cm
2
/min. The smaller the radius, the larger the surface compression 

rate, as expected. This means that we probe different compression rates using the 

different bubbles sizes.  

We chose one CTAB concentration (2×10
-4 

M), sufficiently high to be in the jammed 

regime from the onset of the compression. As it can be seen in Figure 3A, the stationary 

surface tension γ0 corresponding to the adsorption of the surfactant-decorated particles 

at the air/liquid interface is independent of the initial bubble radius R0. Once the 

shrinking process starts, the trend is similar in all cases leading to the same value of γb 

(≈25mΝ/m) for the onset of the buckling transition.  

In Figure 3B, we have re-scaled the experimental results corresponding to Figure 3A by 

plotting γ −γ0 against R0
2
/R

2
. The latter corresponds to the inverse ratio of the surface 

area of the bubble to the initial surface area before compression; i.e. it corresponds to 

the change in surface concentration of the particles since they are assumed to be 

irreversibly adsorbed. The curves collapse reasonably, except for the smallest bubble, 

possibly due to larger measurement uncertainties in this case.  
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Fig. 3: (A) Sample with 2×10
-4

M CTAB with bubbles of different initial volumes V0. 

The region where the bubble is no longer Laplacian is shaded in grey. (B) Change of 

surface tension of a bubble coated by CTAB-decorated nanoparticles versus the ratio 

R0
2
/R

2
, where R0 corresponds to the initial radius of the bubble. Inset: Surface 

compression rates versus initial radius R. 
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Let us rationalise this scaling. From the definition of the surface compression modulus 

E = A dγ/dA, we obtain for spherical bubbles: E = R
2
 dγ/dR

2
. Assuming that E is 

relatively constant, this can be integrated into γ = γ0 – E ln (R0
2
/R

2
), which - for small 

R0
2
/R

2 
- leads to: 









−⋅≈−

2

2

0
0 1

R

R
Eγγ .     (2) 

This means that a linear variation of the surface tension with the quantity R0
2
/R

2 

corresponds to a constant value of elasticity E. In Figure 3B we can distinguish two 

separate zones. The three curves with V0 = 6, 10 and 12 µL have collapsed into one. In 

the early stages of compression they form a straight line with a common and constant 

elastic modulus of 70 mN/m. The collapse of the data means that the compression rate 

has almost no influence on the elasticity of the interface (in the range high surface 

compression rates explored here). Further compression of the surface gives rise to a 

distinct change of slope at the buckling transition, the slope becomes much smaller.  

(ii) Effect of the CTAB concentration on surface elasticity.  

Let us now go back to the situation where we fix the initial bubble size (i.e. the 

compression rate) while varying the CTAB concentrations. Figure 2 shows that the 

jamming and buckling transitions are reached after less compression if the surfactant 

concentration is larger. This is likely because the surface density at the beginning of the 

compression is larger as suggested by the lower γ0. It appears that the jamming 

transition occurs at a common value around 43±2 mN/m. In the case of 2·10
-4 

M and 

5·10
-4 

M CTAB, the entire bubble surface is already covered by particles before the start 

of compression since γ0 < γc.  
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Since γb is rather independent of the surfactant concentration, we have re-plotted the 

data for the different surfactant concentrations as a function of Rb
2
/R

2
 in figure 4. All 

the different curves then collapse onto a master curve. This is surprising. It suggests that 

the surface concentrations leading to jamming and buckling are independent of the 

surfactant concentration. 

This curve shows the three distinctive regimes discussed before, separated by a 

jamming transition at γ = γc and a buckling transition at γ = γb. The two first regimes for 

γ > γb are characterised by a linear dependence of γ with the ratio Rb
2
/R

2
, but with a 

different slope. As in equation 2, we can expand γ as a function of Rb
2
/R

2 
around γb:   









−+≈

2

2

1
R

R
E b

bγγ      (3) 

The linear dependence means that elasticity is constant for the different surfactant 

concentrations. It suggests that the mechanical properties of the interface do not depend 

on the surfactant concentration, which controls the particle hydrophobicity and the 

particle-particle interactions. This is unexpected and further suggests that what controls 

this is simply the particle surface coverage. For γ > γc, E =10 mN/m and is less than γc / 

2 (Gibbs criteria is not fulfilled). For γc < γ < γb, E=70mN/m and is larger than γc / 2 

(Gibbs criteria is fulfilled). Therefore one of the criteria for the arrest of coarsening of 

bubbles if fulfilled once the interfaces are jammed.  
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Fig. 4: Surface tension of a bubble coated by CTAB-decorated nanoparticles for 

different CTAB concentrations versus the ratio Rb
2
/R

2
, where Rb corresponds to the 

radius at which the particle layers start to buckle at the surface of the bubble. The value 

of γc and γb are very similar in all the cases considered. The grey region corresponds to 

the buckled state in which the bubbles have non-Laplacian shapes. R0= 1.35 mm. 

 

 

 (iii) Pressure analysis  

Let us now correlate the values obtained for the compression elastic modulus to the 

Gibbs stability condition
16, 17, 39

. Gibbs considered a unique isolated bubble which 

spontaneously dissolves due to the difference in Laplace pressure with the surrounding 

media (∆P = Pin−Pext = 2γ/R). Without the presence of compression elasticity, the 

change in bubble pressure due to a change in bubble radius d∆P/dR is always negative 

0
2

2
<

−
=

∆
RdR

Pd γ
,       (4) 
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leading to an unstable situation and an increasingly rapid dissolution of the bubble. This 

destabilisation may be counteracted by the presence of a compression modulus E (Eq. 

1) such that  

0
42

22
>+

−
=

∆
R

E

RdR

Pd γ
.      (5) 

If  E > γ /2, d∆P/dR > 0 and thus the bubble pressure decreases as its radius decreases, 

and the bubble dissolution slows down until it is stable against dissolution when ∆P  = 

0. Since ∆P  = 0 implies a zero-mean curvature of the bubble surface, the bubble 

necessarily has to accommodate opposite curvatures within its surface, which leads to a 

faceted or a buckled shape once this point is reached. 
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Fig. 5: (Top) Bubble pressure ∆P and (Bottom) surface tension γ versus the radius of a 

bubble coated by CTAB-decorated SiO2 nanoparticles (10
-4

M CTAB).  

 

We measured the bubble pressure during the shrinkage process of bubbles in 

particle/surfactant dispersions. Figure 5 shows the bubble pressure versus the bubble 

radius for 10
-4 

M CTAB. For γ > γc, d∆P/dR < 0, in agreement with the fact that E < γ/2. 

In turn, below γc, d∆P/dR > 0, in agreement with the fact that E > γ/2. This result 

suggests that foam coarsening could be stopped once the particles jam at the bubble 

surface once the bubbles have shrunk sufficiently. The criteria E > γ/2 is necessary to 

stop coarsening but certainly not sufficient. Indeed, in addition, the jammed surface 

Page 19 of 29 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



21 

 

must resist collapse. That is why most protein foams coarsen even if the surface elastic 

moduli are larger than γ/2. During bubble shrinkage, the surface concentration increases 

and these proteins start forming multilayers with almost no elastic resistance
15

. We will 

see in the next section that this is not the case in our experiments. 

 

 

3.3 Foam studies 

Up to now we discussed the response of single interfaces and isolated bubbles coated by 

CTAB-decorated colloids to compression. In this section, we will discuss how the 

particles can increase the resistance of foams against coarsening. Figure 6 shows the 

results of foam stability tests for all the dispersions investigated. The foams were 

generated by hand-shaking. 

 

Fig. 6: A sequence of images showing the long-term evolution of foams created by 

CTAB-covered silica nanoparticles as a function of the CTAB concentration. CTAB 
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concentration: 1: 5·10
-5

M; 2: 5·10
-5

M, 3: 8·10
-5

M; 4:10
-4

M; 5: 2·10
-4

M; and 6: 5·10
-4

M. 

The scale bar length is 10mm. 

 

In the top of Fig. 6 one can see that the foaming capacity increases with increasing 

surfactant concentration, but the long time stability is similar for all the foams. We 

observe two regimes. During the first month, the foam ages and both coarsening and 

coalescence are observed (Figure 6). One month after foam generation, a small quantity 

of bubbles remains at the bottom close to the bulk dispersion. These remaining bubbles 

are very stable (Figure 7A). Once they reach their final size, they keep their size and 

shape. Even the remaining millimetric bubbles observed in Figure 7A are unchanged 

during the following ten days. A sequence of pictures obtained at different 

magnifications shows that these bubbles are “crumpled”, i.e. they have buckled surfaces 

(Figure 7 B and C). The interfaces buckle, and do not collapse (as also confirmed by the 

BAM images (Figure S1). The interfacial resistance combined with the fulfillment of 

the Gibbs criteria arrests coarsening.  

From our observations on individual bubbles we therefore propose the following 

scenario for the foam coarsening: in the first stage, the surface concentration of particles 

is small so the surface tension value stays larger than γc. The surface elasticity is then 

smaller than γ/2, d∆P/dR < 0 and the bubbles coarsen, as expected. The foam ageing 

leads to an increase of the concentration of particles at the interface of the shrinking 

bubbles as the particles cannot desorb from the interface. The shrinkage proceeds until 

d∆P/dR > 0, which is the case when γ < γc. As γc is reached, the surface concentration of 

particles is sufficiently high so that they are in a jammed state. Coarsening slows down 

dramatically beyond this point and should stop when ∆P=0. In samples where the 
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concentration of CTAB is sufficiently, the interfaces are almost immediately jammed 

and the coarsening proceeds slowly until ∆P=0. 

The quantitative comparison of single bubble experiments with a foam should be made 

with caution, for several reasons. The scenario explained above allows understanding 

qualitatively the behaviour of the shrinking bubbles but what prevents the larger ones to 

grow is rather unclear. The interfacial compression is done at rates very different from 

that of coarsening bubbles, which can be cm
2
 in hours or days rather than minutes.  For 

a collection of bubbles –a foam– ∆P is the pressure difference between two 

neighbouring bubbles, and it cannot be related in a straightforward way to the pressure 

inside an isolated bubble. This is due to the fact that in foams ∆P depends on the bubble 

geometry
1
  and on the surface tensions of the bubbles (when working with irreversibly 

adsorbed systems, the surface tension of adjacent bubbles can be different). 
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Fig. 7: From macro- to microscale. (A) Set of two images showing the long-term 

evolution of a foam stabilised by surfactant-particle dispersions, after 30 days and 40 

days (SiO2: 1wt.% and CTAB: 2×10
-4 

M).  (B) Optical micrograph of a set of crumpled 

bubbles that remain stable during the ten days. (C) Optical micrograph showing in detail 

two crumpled bubbles due to the buckling of the particle laden interface.  

 

  

 

 

4. Conclusion 

We have used surfactant-decorated nanoparticles to investigate the shrinkage behaviour 

of isolated bubbles and of bubbles contained in foams. Our observations show that the 

compression of the irreversibly adsorbed particle layers at the surface of the bubbles 

leads to three distinct regimes which are independent of the initial bubble size and, more 

surprisingly, of the surfactant concentration: 

1. γ < γγ < γγ < γγ < γc: Below a critical surface tension γγγγc the surface tension decreases linearly 

with decreasing bubble surface, leading to a well-defined compression elasticity 

of E ≈≈≈≈    10 mN/m. Here E < γγγγ/2, hence the bubble pressure increases with 

decreasing bubble size. 

2. γγγγc < γ < γ < γ < γ < γ < γ < γ < γb : : : : Beyond a critical surface tension γγγγc and above γγγγb the particles seem 

to jam in the bubble surface, leading to a solid-like surface behaviour. The 

surface tension decreases more dramatically (yet still linearly) with decreasing 

bubble surface, leading to a well-defined compression elasticity of E ≈≈≈≈    70 

mN/m. Here E > γγγγ/2, hence the bubble pressure decreases with decreasing 

bubble size, leading to a slowing down of spontaneous bubble dissolution. 
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3. γ γ γ γ <<<< γ γ γ γb: Beyond a second critical surface tension γγγγb the bubble surface buckles, 

leading to indefinitely stable bubbles. The surface tension and surface elasticity 

of these bubbles could not be measured with our techniques.  

The observations are in line with experiments made in the Langmuir trough [SI] and 

with experiments with oil drops stabilised with particles only
18

.  In this study, the onset 

of buckling is associated to the moment where the internal pressure in the bubble 

vanishes, hence when the Gibbs criteria is reached. 

The microscopic interpretation of our results is not obvious. But we can infer that at the 

jamming transition the particles start to strongly interact with each other, leading to the 

increase in E. The packing increases until the buckling transition where they cannot 

compact any further, so the surface starts to buckle. 

What is noticeable is that the surface tensions at which we observe both transitions do 

not depend on the surfactant concentration although the initial surface tension does. The 

interface behaves as a simple surfactant system at thermodynamic equilibrium, so with a 

unique equation of state (link between surface tension and surface concentration of 

particles). A picture of this would be the following: the surfactant concentration has an 

influence on the initial coverage in decorated nanoparticles, leading to a different 

surface tension. But the behaviour under compression only depends on the particle 

coverage so a simple rescaling leads to a collapse of the data. This scenario is also 

backed up by the constant surface elasticity in the different regimes, independent of the 

surfactant concentration.  

Although the compression “isotherms” with CTAB coated particles are independent of 

surfactant concentration, they are surely different if the surfactant is changed. It is 

already known that the same particles functionalised using shorter chain length 
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surfactants ( e.g., amines
28

) do not arrest coarsening and that the foams they stabilise 

disappear. However, silica particles hydrophobised using double chained surfactants 

results in the arrest of coarsening at an even earlier stage
27

 . The differences arise due to 

the differences in the surfactant chain length, which when sufficiently long can promote 

attractive interactions between the particles –namely hydrophobic forces, which could 

also change the contact angle at the interface. 

While the coarsening behaviour of an individual bubble is reasonably straightforward to 

analyse, the collective coarsening process of bubbles within a foam is much more 

complex. Only some bubbles shrink, while others grow and the pressure difference 

which drives the coarsening depends on the shape and surface tension of both 

neighbouring bubbles. The surface of the growing bubbles is seemingly never 

sufficiently well covered and further expansion of these bubbles can never be arrested. 

They coalesce with other large bubbles and finally with the surrounding air, leading to 

their complete disappearance. This is why only small bubbles remain at the end of the 

aging process.  Those bubbles may be considered as isolated bubbles and are very stable 

because (i) the Gibbs criterion is fulfilled and (ii) the interface is strong enough to resist 

collapse. If this second condition is not fulfilled, the foam would continue to coarsen 

until completely disappeared
28

. This leads to a two-step scenario where (i) the foam 

coarsens with big bubbles growing continuously until rupture and (ii) the remaining 

small bubbles reach the Gibbs criteria and stop coarsening. 

The coarsening in a collection of polydisperse bubbles is thus a complex process. 

However, controlled experiments at the bubble scale allow for qualitative predictions to 

the arrest of the coarsening through interfacial jamming and buckling. This result could 

in principle be generalised to emulsions. It is generally claimed that particle stabilised 

emulsions are stable because the drop surfaces are covered by a solid layer of jammed 
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nanoparticles
40

. This is a criteria close to but not equivalent to the one we give in this 

article. Long term stability indeed involves the arrest of coarsening, which can hardly be 

achieved by a thin layer, even solid, if its compression modulus is not high enough. 

Indeed, an emulsion stabilised by solid interfacial layers will be stable against 

coarsening only when the radius of the drops is in the order of the thickness of the 

surface layer
15

. Indeed, Erni et al
20

 observed that coarsening can be arrested in 

emulsions stabilised with polymers, if the layer becomes solid like. In their paper, the 

Gibbs criteria was not discussed but it was fulfilled. The description that we propose for 

foams should then be valid for emulsions as well.   
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Interfacial jamming and buckling of particle-coated bubbles can result in the arrest of foam coarsening.  
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