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Abstract

Emulsions and foams that remain stable under varying environmental conditions
are central in the food, personal care, and other formulated products industries. Foams
stabilized by solid particles can provide longer-term stability than surfactant-stabilized
foams. This stability is partly ascribed to the observation that solid particles can
arrest bubble dissolution, which is driven by the Laplace pressure across the curved
gas-liquid interface. We studied experimentally the effect of changes in temperature
on the lifetime of particle-coated air microbubbles in water. We found that a decrease
in temperature destabilizes particle-coated microbubbles beyond dissolution arrest. A
quasi-steady model describing the effect of the change in temperature on mass transfer
suggests that the dominant mechanism of destabilization is the increased solubility
of the gas in the liquid, leading to a condition of undersaturation. Experiments at
constant temperature confirmed that undersaturation alone can drive destabilization
of particle-coated bubbles, even for vanishing Laplace pressure. We also found that

dissolution of a particle-coated bubble can lead either to buckling of the coating, or

*To whom correspondence should be addressed
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to gradual expulsion of particles, depending on the particle-to-bubble size ratio, with

potential implications for controlled release.

Introduction

Foams stabilized by solid particles instead of molecular surfactants are exploited in food
products and biomedical applications® and in advanced materials.®? The stability imparted
by solid particles has been shown to be much more effective than for the case for surfactants.
Soluble surfactants only have a weak influence on the dissolution of gas bubbles, whereas
insoluble surfactants such as proteins can considerably reduce the dissolution rate.*® Whey
protein isolate can prolong the lifetime of bubbles to just under an hour.® Class II hy-
drophobins can provide stability for at least few hours.” Monolayers of solid particles have
been reported to stabilize bubbles for several days.® Solid particles adsorbed at the gas-liquid
interface stabilize bubbles by preventing coalescence, disproportionation and dissolution.? 3
A striking example of such stability is the dissolution arrest of particle-coated bubbles.!®
Three main contributing factors have been identified for the stabilization of bubbles by
surfactants or particles. Firstly, a decrease in surface tension = helps prevent dissolution
since the Laplace pressure, AP = 2v/R, decreases.'®1® Secondly, an increased resistance

416 and is par-

to gas permeation is also invoked as a contribution to bubbles’ stability,
ticularly effective for high-molecular weight gases, such as perfluorocarbon.!” Finally, the
rheological properties of the interface contribute to the long term stability of coated bub-
bles. Theoretical calculations show that purely elastic interfaces can completely halt bubble
dissolution, whereas interfacial viscosity alone is not sufficient to prevent dissolution.!® For
foams stabilized by solid particles, the elasticity of the interface has been reported to stop
the dissolution, even if the surface tension is non-zero, provided that the elastic modulus €

satisfies € > 7/2.19:20

An additional argument, specific to particle-stabilized bubbles, has been put forward
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to explain the observed dissolution arrest. The Laplace pressure can also decrease if the
mean curvature of the interface decreases. In a certain range of particle-to-bubble size
ratio, bubbles have been observed to become faceted, at which point dissolution stops. The
dissolution arrest has been ascribed to the flattening of the interface located between particles
in the monolayer, resulting in zero mean curvature. %2123

The effect of variations in temperature on the lifetime and durability of particle-stabilized
drops and bubbles has not been investigated so far despite its importance for storage con-
ditions of food and personal care products. Understanding the effect of cooling on stability
could provide guidance for engineering stable particle-coated bubbles that are temperature
resistant for prolonged shelf life and more versatile in applications.

In this paper, we report that particle-coated bubbles can be destabilized beyond dis-
solution arrest by a decrease in temperature. To understand this behavior, we also study
the dissolution of uncoated bubbles with a time-dependent temperature, both in experiment
and theory. We develop a simple model for uncoated bubble dissolution with time-dependent
temperature, to isolate the effect of the different temperature-dependent parameters. The
model reveals that the main mechanism that accelerates dissolution is the undersaturation of
the external fluid caused by the increased gas solubility. The monolayer of particles can ar-
rest dissolution due to the Laplace pressure, however it appears not to prevent dissolution in
an undersaturated external phase. We also report different morphological transitions of the
monolayer, including buckling and particle expulsion, depending on the particle-to-bubble

size ratio.

Theory

Bubble dissolution at constant temperature

We first review the theory of bubble dissolution at constant temperature?* including the effect

of surface tension.? Mass transport across a gas-liquid interface occurs if the concentration
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of gas in the liquid, ¢, is not the saturation concentration. The saturation concentration, c;,
is related to the partial pressure of gas acting on the liquid interface, P,;, through Henry’s
law:

Cg — k?HMPg, (1)

where kg is the Henry’s constant, which depends on the solubility of the gas in the liquid
and is a function of temperature, and M the gas molar mass. Gas will diffuse into or out of
the liquid, depending on whether ¢ < ¢4 or ¢ > ¢,, until equilibrium (saturation) is reached.

The pressure of the gas inside a bubble is given by

2y
Pg:PO"’E (2)

where Py is the ambient pressure at  — oo and AP = 2v/R the Laplace pressure caused
by the curvature of the interface of a spherical bubble with radius R. We denote as ¢, the
saturation concentration for a planar interface, ¢;0 = kg M P,. As a consequence of Eq. (2),
the saturation concentration in the liquid surrounding a bubble depends on the radius of the
bubble, and bubbles can dissolve even if ¢ > ¢;. The driving force for dissolution due to the
Laplace pressure is only pronounced for sufficiently small bubbles. For air bubbles in water
at atmospheric pressure, Py, = 10? kPa, with radius R = 100 um, the Laplace pressure is
AP =~ 1 kPa, and the effect becomes negligible for larger bubbles.
The rate of change of radius of a bubble in a liquid can be obtained from a mass balance
and the diffusion equation.?* The rate of change of mass writes:
Z—T = % (p%ﬂRg) = 47 R? <p0 + %) R = —47wR?J, (3)
where J is the outward mass flux of gas through the bubble’s interface, and the overdot

denotes derivative with respect to time. In Eq. (3) we have used the ideal gas law, P, =
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pR,T /M, with R, the gas constant, to express the gas density inside the bubble as:

M 2
R) = — 4
o) =M+ g (1
where pg = % is the density for a planar interface.

The mass flux, J, can now be related to the gas concentration gradient across the interface
using Fick’s second law. Assuming spherical symmetry, the gas concentration in the liquid

at time ¢ and at a distance r from the center of the bubble, ¢(r,t), obeys:

80_

—_DAc:D< (5)

2 % Ooc
ot ’

ror or?
where D is the diffusion coefficient of the gas in the liquid. Inertial effects due to the motion
of the bubble interface are neglected in Equation (5) because the interface motion due to
gas diffusion is typically very slow.?* Based on these simplifications, Epstein and Plesset??

derived a solution that satisfies the following conditions:

crit=0)=g¢;, r>R, (6)
lim ¢(r,t) = ¢;, t >0, (7)
r—00

c¢(R,t) =cs, t >0, (8)

where ¢; denotes the initial concentration of gas in the solution. Equation (7) is verified
when the volume of liquid is sufficiently large that the diffusion of gas from the bubble
does not appreciably affect the concentration, ¢, except in the vicinity of the bubble. The

concentration gradient across the bubble’s interface is then:

@
or

e (2 ) ®
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The concentration gradient is related to the mass flux through Fick’s first law:

Oc

J=-D%
or

(10)

)
r=R

so that

J = —Dlci — ) (% + ﬁ) | (11)

Equations (3) and (11) are combined to express the rate of change in bubble radius:

. Dlcs—g¢ oM 2y\ ' /1 1
o Dl C)<1+ 1) <—+ ) (12)
00 3poR,T R R /nDt
Using Henry’s law and assuming ideal gas behavior to express the saturation concentration
in terms of Henry’s constant, ¢, = pkgR,T, Equation (12) can be recast as:

: oM 2y oM 27>‘1(1 1 )
R=-DkyR,T(1—-f+—="2)(1+—== —+——. (3
ot (15 ) (1 samr) (5t vam) 0

We have separated out the dependence from f = ¢; /¢, the ratio between the initial concen-
tration of dissolved gas and the saturation concentration for a planar interface. In practice,
this is a parameter that can be independently controlled in experiment when preparing a
solution with given dissolved gas concentration. Equation (13) shows how, even for f = 1,
which corresponds to the equilibrium condition for a planar interface, the Laplace pressure

AP = 2v/R drives gas diffusion for a curved interface.

Bubble dissolution with time-dependent temperature

A time-dependent temperature, T'(t), affects the rate of bubble dissolution through the
temperature dependence of several parameters. Firstly, the gas density inside the bubble
depends on temperature through the ideal gas law, Equation (4). A decrease in temperature

causes an increase in density, resulting in an increase in the saturation concentration following
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Henry’s law, and therefore an increase in rate of dissolution. Secondly, the surface tension
increases with decreasing temperature,?% typically as v o« — T, resulting in an increase in
the Laplace pressure, which also causes faster dissolution. On the other hand, the diffusion
coefficient decreases with temperature?”® as D oc T, therefore slowing down dissolution.
Finally, the solubility of the gas increases with decreasing temperature. This effect is reflected
in the temperature dependence of the Henry’s constant?®® as ky oc exp [C’ (% — T%))] , where
C is a constant that depends on the gas, and T} is a reference temperature. The increase in
solubility also causes faster dissolution. The interplay of these competing effects governs the
rate of bubble dissolution with time-dependent temperature.

In the quasi-steady limit, Equation (9) can be assumed to be valid, and Equation (3) can

be modified to account for a time-dependent temperature:

dm d {(POM N 2M7> éwR?’}

dt dt \\ BT ' BTR)3 14
AM~ . PoMR+2M~  2M dv\ -
—4r R? Sl - 3 ST
mh Kp " 3R R9T> R ( 3R,72 3BTdr)" |’

Equation 13 is then modified with a term proportional to the cooling rate 7"

: 2M~ 4 M~ )1<1 1 )
R=—DkgR,T(1-f+—F=) (1+—2= —+
1t ( / RpoRgT>< 3poRR,T R aDi

BT d (15)
o (TWR+27+2TC[—;> |

3T (Bl 4 )

We implement the temperature dependence of the diffusion coefficient D,?"?® the surface

tension ~,% and the Henry’s constant kz,%? according to the following relations:

20— constant,
! (16)
E —bF,

Rg(T - 99 - CP())

with n = ngexp |aPy +

the temperature dependence of water viscosity, where R, = 8.314 J K~! mol~! is the ideal
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gas constant, and ny = 2.4055 x 107> Pa s, E = 4.753 kJ /mol, 0, = 139.7 K, a = 44.2 Pa™!,
b=19.565x 1072 kJ mol™! Pa™! ¢=1.24 x 1077 K/Pa;

o o)

where T, = 647.15 K is the critical temperature of water, and the parameters in the corre-

lation are B = 235.8 mN/m, d = —0.625, u = 1.256;

by — b (Th) exp [0 (1 - i)} (18)

T Ty

with kg (Ty) = 6.4 x 1075 mol m™> Pa~! the value of the Henry’s constant for nitrogen at
the reference temperature 7, = 298.15 K, and the constant C' = 1500 K for nitrogen. The
general solution of the temperature-dependent problem, including unsteady effects, requires
solving Equation (5) with a time-dependent diffusion coefficient, and treating the boundary
condition in Equation (8) as time-dependent. The quasi-steady approximation is satisfactory
for the system considered, since the timescale for the change in temperature (t; ~ 102 s)
is slower than the characteristic timescale for bubble dissolution, 7p &~ R*/D ~ 10 s. This
simplified model is used to provide a qualitative understanding of the role of the different

temperature-dependent parameters on bubble dissolution.

Effect of decrease in temperature on bubble dissolution

To investigate the effect of a decrease in temperature on bubble dissolution, we solve Equa-
tion (15) numerically, with the initial condition R(t = 0) = Ry. The temperature 7T is
a time-dependent coefficient, and the other time-dependent coefficients, D, v, and ky, are
given by Equations (16-18). The temperature decreases linearly from 7y = 298 K at t = 0,
to a final temperature Ty at ¢ = t;. The initial values of the temperature-dependent param-
eters are D(Ty) =1 x 1072 m? s7! and f(Ty) = 1. The other constants are the atmospheric

pressure Py = 10° Pa, the density of water py = 1000 kg m~3, and the molar mass of nitrogen
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M = 28.96 x 1072 kg mol~!.

We investigate the effects of the change in temperature, AT = T} — Tj, and of the

rate of change of temperature, T = Tft;fTO Figure 1a shows the temporal evolution of the
a b
30 . . 450 : : : :
-0 K/min
- — = -1 K/min |

-5 K/min

0 100 200 300 400 0 5 10 15 20 25
t(s) -AT (K)

Figure 1: Influence of cooling rate 7" and change in temperature AT on the dissolution rate
of uncoated bubbles. (a) Time evolution of the radius for different cooling rates and the
same change in temperature (see inset). (b) Dependence of the time to dissolution ¢4 on the
cooling rate. (c¢) Time evolution of the radius for different changes in temperature at the
same cooling rate (see inset). (d) The dependence of the time to dissolution ¢, on the change
in temperature.

radius of a dissolving bubble with initial radius Ry = 30 pm. For constant temperature,
the characteristic behavior is observed, with the rate of change of radius rapidly increasing
with decreasing bubble size. The time to dissolution is t; ~ 410 s. When the system is
cooled down to Ty = 273 K, the time to dissolution decreases with increasing cooling rate,
tq = 270 s for T = —1 K/min, and t4 ~ 170 s for T = —5 K/min. Figure 1b reports the
nonlinear dependence of the time to dissolution in the range of cooling rates accessible in

experiment. The time to dissolution for a fixed cooling rate T = —5 K/min and different
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change in temperature (AT = 0 K, —5 K, —25 K) is shown in Figure lc. The dependence
of the time to dissolution, t4, on the change in temperature is strongly nonlinear, with a
dramatic decrease for AT = —5 K, and only a small difference between AT = —5 K and
AT = —25 K, as shown also in Figure 1d.

To identify the main driving force for the increased rate of dissolution, we isolate the
effect of each of the temperature-dependent parameters. Figure 2 shows that the increase in

30

25F

20F

0 100 200 300 400 500 600 700
t(s)

Figure 2: Effect of the individual temperature-dependent parameters on the dissolution
dynamics of a bubble. The time dependence of the temperature is also shown.

surface tension increases the rate of dissolution only slightly. On the other hand, the decrease
in diffusion coefficient significantly decreases the rate of dissolution. Lastly, the increase in
Henry’s constant causes a significant increase in the dissolution rate. The dissolution curve
obtained by taking into account the temperature dependence of all three parameters sug-
gests that the increase in gas solubility upon cooling is the main contribution to the increase
in dissolution rate. The increase in ky causes an increase in the saturation concentration,
cso = pokuR,T, and therefore a decrease in the saturation f. For an initially saturated
solution, f =1 at Ty = 298 K, a change in temperature AT = —25 K results in an under-
saturation f =~ 0.6. Undersaturation of the external phase drives the dissolution of drops
and bubbles even if the Laplace pressure vanishes, as shown by Equation (13). Undersatura-
tion is typically achieved by diluting the external phase.3! Here the external phase becomes

unsaturated solely because of the increase in gas solubility upon cooling.
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Experimental Methods

Particle-stabilized bubbles

Charge-stabilized, hydrophilic polystyrene beads (Life Technologies, Invitrogen) were sus-
pended in a solution of 500 mM NaCl (BioXtra, Sigma-Aldrich) in ultrapure water with
resistivity 18.2 MQ cm (Milli-Q filtration system, Millipore). The particle diameters used
are 2a = 0.5 pm, 2a = 3.1 um, and 2a = 5 pm. Particle-coated bubbles were formed by
mechanical agitation using a vortex mixer. Particle-stabilized bubbles were resuspended in
NaCl solution and placed in an observation chamber made of a microscope glass slide and a
coverslip separated by a spacer. All NaCl solutions were equilibrated at room temperature

and atmospheric pressure to obtain a saturation f = 1, unless otherwise stated.

Cooling experiments

The observation chamber was placed in a temperature controlled stage (THMS600, Linkam).
The rate of cooling and the final cooling temperature were set using the provided software
Linksys32. Images were recorded every 15 seconds with a camera mounted on a upright

reflection microscope (Olympus) with 10x magnification.

Undersaturation experiments

The setup consists in a closed container of volume 2.2 mL, with an inlet for introducing
degassed liquid and an outlet, placed on the microscope stage. The inlet is connected to a
syringe pump (Harvard Apparatus). The degassed solution is prepared by placing a beaker of
the NaCl solution in a vacuum chamber held at —1 bar for at least 24 hours. The container
is initially filled with saturated solution, in which particle-coated bubbles remain stable.
The concentration of dissolved gas in the external phase is then reduced by injecting 2.025
mL of degassed solution at a constant flow rate of 5 ul/min, so as to replace the external

phase. The flow rate is sufficiently small that the bubble remains in the field of view of the
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microscope.

Experimental Results

We compared the dissolution behavior of uncoated and particle-stabilized bubbles. Figures
3(a-b) show the dramatic increase in dissolution rate of uncoated bubbles upon cooling, in
keeping with the predictions of the model. In all cases the solution is initially saturated
with gas, ie., ¢ & ¢y, or f ~ 1. In Figure 3a, a bubble with initial radius Ry ~ 10 pm
dissolves at constant temperature over a time t; ~ 850 s. A larger bubble, with initial
radius Ry ~ 30 um, that is cooled by AT = —17 K at a rate T=-5 K/min dissolves over
the same time scale, i.e., at a faster rate. The time over which the temperature decreases
is t; = 300 s. In contrast to the behavior of an uncoated bubble dissolving at constant
temperature, a particle-stabilized bubble remains stable. Figure 3c shows no change in
radius of a bubble with initial radius Ry ~ 15 pm over a timescale of more than 10° s.
Since the Laplace pressure, AP = 2v/R, is the only driving force for dissolution in a
saturated solution (f = 1), the stability of the particle-coated bubble is due either to the
elasticity of the monolayer, which can prevent dissolution provided that the elastic modulus

27 19,20

satisfies € > ~/ or to the flattening of the interface that makes the Laplace pressure

vanish.1%21"2% The surface elastic modulus of the colloid monolayer (3-ym particles) is € ~

.32 The effective surface

20 mN /m, as measured in a Langmuir trough compression experiment
tension of the particle-laden gas/water interface would need to be v < 40 mN/m for the
above stability criterion to be satisfied. This surface tension corresponds to a fractional area
coverage ¢ ~ 0.6, as obtained from optical microscopy on the Langmuir trough.3? These
values seem reasonable since they are well below the threshold for collapse and buckling,
which on the Langmuir trough occurs at v &~ 20 mN/m for ¢ ~ 0.7. In stark contrast with

the stability observed at constant temperature, a particle-coated bubble dissolves completely

upon cooling (Figure 3d). The bubble changes morphology during dissolution: it becomes
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Figure 3: Effect of a decrease in temperature on the dissolution of uncoated and particle-
stabilized bubbles. (a) Uncoated bubble dissolving at constant temperature. (b) Uncoated
bubble dissolution is enhanced by a decrease in temperature AT = —17 K. (c) Bubble coated
by 3-um particles remains stable at constant temperature. (d) Particle-coated bubble is
destabilized by a decrease in temperature and completely dissolves. The timescales in the
temperature profiles are not to scale.
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non-spherical (¢ = 360 s), its interface buckles (¢ = 720 s), and it eventually breaks up into
multiple non-spherical bubbles (¢ = 1080 s). During this process, particles detach from the
coating, and they sediment to the bottom of the observation chamber (t = 1260 s).

Figure 4 compares the time evolution of the radii of uncoated bubbles for the two cases
of constant temperature and T'= —5 K /min. The behaviour observed experimentally agrees
qualitatively with that of the model: cooling bubbles results in a strong increase in their

dissolution rate. The results of the model for bubble dissolution are not directly comparable

40 T T
oooooo O K/mi
™ 290
000000 -5 K/min 2
1285 ¢
=]
©
________________ 1280 &
------------------- £
----------- [}
------- 275"
O 1 105 1 1 1 Il
0 500 1000 1500 2000 2500

t(s)

Figure 4: Time evolution of the radius of two uncoated bubbles obtained from experiments
at constant temperature (squares) and with cooling (circles). The temperature profile for
the cooling experiment is also shown.

with the experimental results. Firstly, the model is derived in the steady-state limit. In
addition, the assumption was made of an unbounded fluid. However, in experiment the
bubbles come into contact with a solid boundary because of buoyancy, and therefore their
dissolution behavior is affected by confinement, which considerably slows down the process.3?
Particle-stabilized bubbles become non-spherical and break up upon dissolution, so it was
not possible to track their radius (see Figure 3d).

We performed an experiment in which we decreased the dissolved gas concentration at
constant temperature, and confirmed that the main driving force for the enhanced dissolution
of cooled bubbles is the undersaturation of the external phase (Figure 5). We slowly added

undersaturated solution in the chamber containing particle-coated bubbles suspended in

an initially saturated external phase. The bubbles are stable in the saturated liquid, as
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already shown in Figure 3c. Upon addition of undersaturated solution, the coated bubble
is noticeably smaller when the concentration of air in the external phase has reached an
undersaturation f ~ 0.7 (¢ = 135 s). The subsequent dissolution of the particle-coated
bubble is shown until (¢ = 360 s). This result is analogous to the behavior of nanoparticle-
coated droplets of partially miscible liquid made in an initially saturated external phase,
which dissolve and crumple upon dilution of the external phase with unsaturated liquid.3!
We also verified that particle-coated bubbles initially made at low temperature are stable
at constant temperature (data not shown). It was possible to make particle-coated bubbles
with a saturated solution at 277 K. Note that the saturation concentration at 277 K is
higher than at room temperature. The solution was left to equilibrate at 277 K to achieve
saturation concentration before the bubbles were made. This observation confirms that
the enhanced dissolution of particle-coated bubble does not spontaneously occur at low
temperature. Rather, the decrease in temperature, and resulting increase in gas solubility,

destabilizes bubbles that were initially stable in a saturated solution.

- 950000066 ¢ ¢

135s 180s 225s 270s 315s 360s

~

Figure 5: Destabilization and dissolution of particle-coated bubble driven by undersaturation
(f < 1) of the external phase.

We observed different morphological transitions in the particle monolayer during bub-
ble dissolution, depending on the ratio between particle radius and bubble radius, a/R,
as shown in Figure 6. The rate of cooling is T = —5 K/min and the change in tem-
perature AT = 17 K for all the experiments shown. By changing both the particle size
(a = 0.25,1.55,2.5 pum) and the bubble size (R ~ 50 — 200 pm), we explored the range
of particle-to-bubble size ratio a/R ~ 1072 — 107!, Figure 6a shows the dissolution of a

particle-coated bubble with a/R ~ 1.2 x 1073. The interface first exhibits one large in-
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ward buckling of the scale of R (tf = 1350 s), while the bubble takes an elongated shape,
also observed during the dissolution of lipid-coated microbubbles!# and nanoparticle-coated
droplets.3! After further dissolution, the interface shows secondary wrinkles of smaller length
scale (t = 5400 s). Finally, when the bubble has completely dissolved, the monolayer collapses
forming a skin of particles, again similar to the behavior reported for nanoparticle-coated
droplets,3! and deflating microparticle-coated drops.3* For larger particle-to-bubble size ra-
tio, a/R ~ 1.5 x 1072, shown in Figure 6b, the bubble also takes an elongated shape upon
initial dissolution (¢ = 315 s), with a buckling of the scale of R. The bubble then breaks up
into smaller bubbles (¢t = 735 s), which completely dissolve. In contrast with the previous
example, at the end of the process all the particles have been released from the monolayer,

and have sedimented at the bottom of the observation chamber (¢t = 945 s). As the particle-

&.'l".? >

1350s 2700 s 4050s 5400 s 6750s 8100 9450 S 10800 s 12150s
-
105s 210s 315s 420s 525s 630s 735s 840s
. . . : .. .‘ !
75 um . . ' 5

0s 105s 210s 315s 420s 525s 630s 735s 8405

Figure 6: Dissolution of particle-stabilized bubbles induced by a decrease in temperature for
different particle-to-bubble size ratios. (a) The particle monolayer forms a skin for a/R ~
1.2 x 1073, (b) The monolayer buckles and expels particles for a/R ~ 1.5 x 1072. (c) The
bubble becomes faceted and particles are expelled from the monolayer for a/R ~ 3 x 1072

to-bubble size ratio is further increased, a/R ~ 3 x 1072 (Figure 6¢), a different behavior
is observed. The bubble exhibits buckling on the scale of a fraction of R (¢ = 210 s), and
looks faceted when the particle-to-bubble size ratio has decreased to a/R ~ 107" (t = 525 s).

Particles desorb continuously from the air-water interface and sediment at the bottom of the
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observation chamber (¢ = 840 s). Buckling followed by expulsion of the coating material was
suggested to occur during the dissolution of bubbles stabilized by fluorinated surfactants,?>
although expulsion could not be directly visualized.

The effect of particle-to-bubble size ratio on the morphology of deflating armored drops
has recently been investigated in conjunction with measurements of collapse pressure.3¢ The
morphology changes from wrinkled or buckled, to faceted, with increasing value of a/R.
In contrast with the results of Ref. | 36|, in our experiments we also observe shedding of
particles for the larger particle-to-bubble size ratios (a/R > 1072). This difference can be
ascribed to the different wettability of the particles used, since we used hydrophilic particles,
while hydrophobic particles were used in Ref. | 36]. For flat monolayers compressed on a
Langmuir trough, the collapse scenario has been shown to depend on wettability because
of the different microstructures formed at the interface.?” More hydrophilic particles form a
liquid-like monolayer and, upon area compression, they are expelled in the aqueous subphase.
For more hydrophobic particles, a cohesive monolayer is formed, which buckles like a solid
film upon compression. Since in our system the particles are hydrophilic, and the curvature
of the interface facilitates outward expulsion of particles, redispersion of particles in the

external phase is favorable, unlike in Ref. | 36].

Conclusions

We studied the effect of a decrease in temperature on the stability of particle-coated bubbles.
Particle-coated bubbles exhibit outstanding stability because the elasticity of the monolayer
can counter the effect of the Laplace pressure, or owing to a vanishing Laplace pressure
for the particular case of faceted bubbles. Strikingly, we found that particle-stabilized air
bubbles dissolve completely in water upon cooling. Experiments on uncoated bubbles show
that the decrease in temperature accelerates bubble dissolution as compared to constant

temperature. To explain why this enhanced dissolution is also observed for particle-stabilized
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bubbles, we developed a quasi-steady model of uncoated bubble dissolution and evaluated
the effect of the different temperature-dependent parameters. The model suggests that
the dominant contribution to enhanced dissolution is the increase in gas solubility with
decreasing temperature, which results in the undersaturation of the external phase. This
mechanism was confirmed in an experiment at constant temperature, in which the saturated
external phase was diluted with unsaturated solution, causing initially stable particle-coated
bubbles to dissolve. The destabilization of particle-coated bubbles is therefore caused by
the undersaturation of the external phase. While the monolayer of particles can counter
the driving force for dissolution due to the Laplace pressure, it cannot prevent dissolution
in an undersaturated external phase. The morphological transitions observed for dissolving
particle-coated bubbles range from wrinkled or buckled to faceted, depending on the particle-
to-bubble size ratio. After complete bubble dissolution, the particle monolayer is found to
form a crumpled skin for particle-to-bubble size ratio smaller than ~ 1072, whereas particles
are slowly released from dissolving bubbles having a larger particle-to-bubble size ratio . The
observation of destabilization of particle-coated bubbles by cooling has implications for the
design of formulated products that remain stable under varying environmental conditions.
Temperature-triggered expulsion of particles from dissolving bubbles or drops can also be

exploited in controlled release applications.
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