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ABSTRACT 

Dissolution of CO2 bubbles in a suspension of colloidal particles chemically 
leads to the assembly of particles on the surface of shrunken bubbles, and thus yields 
rapid continuous formation of a colloidal armour. 
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INTRODUCTION 

Bubbles encapsulated with a close-packed monolayer of solid particles have ex-
tremely high stability to coalescence, the ability to acquire anisotropic shapes, and 
the capability to arrest the dissolution of the entrapped gas [1-4]. These properties 
make particle-coated bubbles applicable to the fabrication of new materials with 
high structural stability. 

 
THEORY 

Bubbles are intrinsically unstable due to their dissolution and coalescence. The 
former is casued by the Laplace pressure difference while the latter is by the rupture 
of the thin liquid film between bubbles. Recently, it has become possible to prevent 
both of them by applying the concept of “Pickering emulsions” (liquid/liquid inter-
faces) to bubbles (gas/liquid interfaces) [1-4]. Colloidal particles with appropriate 
wettability strongly adsorb to the gas-liquid interfaces. They are irreversibly ad-
sorbed since the size of the particles makes the desorption energies orders of magni-
tude greater than thermal enery [5].  

 
EXPERIMENTAL 

Photolithographic masters were prepared using SU-8 50 photoresist (Micro-
Chem) in bas relief on silicon wafers. The microfluidic devices were fabricated in 
PDMS by using a standard soft lithography procedure [6].  

 
RESULTS AND DISCUSSION 

We used a microfluidic T-junction device to produce CO2 bubbles in an aqueous 
dispersion of anionic polymer particles, poly (styrene-co-acrylic acid), PS-co-PAA. 
The CO2 thread periodically broke up to release monodisperse CO2 plugs, which un-

Thirteenth International Conference on Miniaturized Systems for Chemistry and Life Sciences
November 1 - 5, 2009, Jeju, Korea

978-0-9798064-2-1/µTAS2009/$20ⓒ2009CBMS

Thirteenth International Conference on Miniaturized Systems for Chemistry and Life Sciences
November 1 - 5, 2009, Jeju, Korea

978-0-9798064-2-1/µTAS2009/$20ⓒ2009CBMS



derwent a dramatic decrease in volume and acquired a spherical shape (Figure 1A). 
A uniform dissolution in the microchannels yielded armored bubbles with a narrow 
size distribution (Figure 1B). The particles formed a close-packed two-dimensional 
crystalline shell on the bubble surface (Figure 1C). The cross-section image of the 
bubble confirmed that the particles formed a monolayer-thick shell (Figure 1D). We 
explain the formation of armored bubbles as follows. The dissolution of CO2 was 
combined with the reaction CO -
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2+OH↔HCO3
- at pH ≥10 [7]. Consequently, this re-

action led to a local decrease in the pH of the liquid adjacent to the bubble surface, 
which reduced the wettability of water on the polymer surface. The generality of the 
strategy was demonstrated by controlling the size of the encapsulated bubbles (Fig-
ure 2) and by coating the bubbles with a variety of colloidal particles (Figure 3).  

 

 
Figure 1. Microfluidic generation of armoured bubble by dissolving CO2. A) Op-

tical microscopy images of the CO2 plugs generated at pH=14, PCO2=5 psi, 
QL=10.5 mL hr-1, Cp=1.5 wt%. (top); progression of the plugs to spherical ar-
moured bubbles (bottom). B,C) Optical microscopy images of armoured bubbles 
generated as in (A) and collected at the outlet of the microfluidic device. Scale bars: 
200 μm (A, B) and 25 μm (C). D) SEM image (side view) of the shell of the armored 
bubble infiltrated with poly(ethylene glycol) diacrylate.  Scale bar: 10 μm. 

 

 
Figure 2. Effect of experimental variables on the final diameter Df of armoured 

bubbles (□) and on the fractional change in volume of the CO2 plugs (○). A) Effect 
of initial pH value, B) Effect of the particle concentration, Cp. C) Effect of the flow 
rate QL of the continuous phase.  

 
 
 
 
 

A) B) C) D)A) B) C) D)

Thirteenth International Conference on Miniaturized Systems for Chemistry and Life Sciences
November 1 - 5, 2009, Jeju, Korea

978-0-9798064-2-1/µTAS2009/$20ⓒ2009CBMS



Figure 3. Generation of bubbles with various types of colloidal armour. A) Fluo-
rescence microscopy image of bubbles coated with HY-labelled PS-co-PAA particles  
and 3.5 μm diameter PS-co-PAA particles. Scale bar:50 μm. B) Optical microscopy 
image of bubbles coated with carboxylated silica particles. Scale bar:100 μm. The 
inset shows a fluorescence microscopy image of the surface of an armored bubble 
coated with carboxylated silica particles and HY-labelled PS-co-PAA polymer par-
ticles. Scale bar:25 μm. C) Confocal microscopy image of bubbles encapsulated 
with carboxylated silica nanoparticles loaded with CdSe/ZnS. Scale bar:100 μm. d) 
Fluorescence microscopy image of armoured bubbles engulfed with the FITC–BSA 
shell. Scale bar:100 μm. 

 
CONCLUSIONS 
The described approach can provide a new route to the fabrication of materials with 
advanced properties such as optical resonators and 3D foams with ordered structures. 
Further, the deposition of cationic particles can be achieved by dissolving, for ex-
ample, NH3 and increasing the pH in the region adjacent to the surface of the bub-
bles. Controllable transfer of one of the components of the gaseous mixture to the 
continuous phase would provide the ability to control the composition of the bubbles 
and the surrounding medium, and activate a particular reaction on demand. 
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