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Gas bubbles are formed as cavities in liquids, their pressure,
shape, and deformability determined by the surface tension of
the liquid. They are vital components in foams, microflui-
dics,[1] sonochemical reactions,[2] generation of atmospheric
aerosol,[3] and in the scent and taste delivery of soft drinks,
beers, and champagne.[4] In all of these cases, their stability or
coalescence during inter-bubble collisions is a vital factor in
determining bubble behavior and lifetime. It has been noted
previously that, due to its high water-solubility and unusual
aqueous chemistry, carbon dioxide may be expected to
behave differently than inert gases,[5] suggesting that a
comparative study is needed. Here, we explore bubble
coalescence as a function of pH and gas type, demonstrating
that CO2 has a suprising and vital role, by comparing pure
CO2 bubbles with air (which has CO2 as a minor component),
argon, and nitrogen (pure, inert gases).

Recently, advances in the technique of atomic force
microscopy (AFM) have allowed direct measurements of the
force and coalescence behavior between pairs of bubbles and
drops with diameters around 100 mm to be made.[6–8] Here, for
the first time we use low velocities in order to understand the
equilibrium forces acting between bubbles as they approach
one another, and which ultimately determine their coales-
cence or stability.

Bubble interaction events were measured by using an
AFM cantilever to pick one bubble up in the size range 50–
200 mm from a glass substrate, and drive this bubble towards a
substrate-immobilized bubble at a fixed, low speed
(0.2 mms!1, chosen to eliminate the effects of hydrodynamic
drainage forces between the bubbles), until either coales-
cence occurred, or until a fixed deflection of the cantilever

was reached in the case of stable, repulsive interactions. The
experiment is shown schematically in Figure 1B, and full
details of experimental procedures used are included in the
Supporting Information.

During the axisymmetrical, close approach of two bubbles
(Figure 1), they will deform and flatten in the presence of a
repulsive interaction and a film of water will remain between
the two air–water interfaces.[7,8] The thickness of this film
depends on the disjoining pressure which includes contribu-
tions from van der Waals and electrical double-layer inter-
actions. By using a theoretical model[8–10] (included in the
Supporting Information) that couples a quantitative descrip-
tion of these forces to expressions that describe the interfacial
profiles of the bubbles during an AFM measurement,
information on both the surface forces and deformation can
be calculated.

The pH ranges investigated for each gas, and the regions
in which coalescence were observed are shown in Figure 2.
For the inert gases, argon and nitrogen, the window of
coalescence is almost identical, between pH 3 and 7. For air,
this region is smaller by half a pH unit at each extreme. In
contrast, CO2 bubbles do not coalesce below pH 6, showing
considerably enhanced stability.

Surface potentials derived from model fits to the data as a
function of pH for the gas bubbles are presented in Figure 3.
It is found that the surface potentials for air bubbles are in
general agreement with those obtained using microelectro-
phoresis,[11] including the location of the isoelectric point close
to pH 4. For argon and nitrogen bubbles, the surface

Figure 1. A) Force vs. relative separation curves for the slow
(0.2 mms!1) approach of two air bubbles in different pH conditions. At
pH 7 and 10.3, stable interactions are observed; for pH 4 and 5.5,
coalescence occurs. Colored points are the experimental data, and
solid black lines are the model prediction. Dseparation is defined as
the change in separation between the end of the cantilever and the
solid surface. B) Schematic of the AFM experiment, showing a bubble
attached to the cantilever approaching a surface-immobilized bubble.
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potentials are shifted down by approximately one pH unit to
be more acidic, with an isoelectric point at around pH 3, also
in agreement with literature values for inert gases.[12]

For argon, nitrogen, and air the primary mechanism for
stabilization of bubbles can be explained by electrical double-
layer repulsion, due to adsorbed charged groups. At low pH
(for air) it has been suggested that these species are
protons,[11] whereas at higher pH, adsorption of hydroxide
ions is the accepted mechanism.[13,14] Beattie et al. pointed out
that the surface of “neat” water is basic due to adsorption of
hydroxide ions,[12,14] which are recognized to stabilize both
bubbles and emulsion droplets.[15]

For pH values close to the isoelectric point, the effect of
electrostatics is too small to prevent bubbles from approach-
ing sufficiently closely to allow the short-range van der Waals
attraction to take over and induce coalescence (Figure 1). For
air bubbles, at pH 5.5, a weak repulsive maximum due to
electrostatic repulsion is evident before the short-range van
der Waals force induces coalescence. At pH 4, the apparent
isoelectric point (IEP), there is no evidence of surface charge,

and the only force is attributed to a van der Waals attraction.
For pH values outside of the window of coalescence, the
electrical double-layer repulsion is sufficient such that the
film never becomes thin enough to access a region where the
van der Waals attraction overcomes the double-layer repul-
sion, and hence coalescence does not occur.

When dissolved in water, CO2 establishes complex
chemical equilibria involving the solvated gas, carbonic acid
(H2CO3), dissociated protons, and bicarbonate (HCO3

!) ions,
and the speciation of CO2 as a function of pH is shown in
Figure 4C. It has been noted previously that CO2 and its

solution species adsorb at the air–water interface,[5,16] sup-
ported by the observation that the surface tension of CO2–
water is lower than that of air–water or inert gas–water.[16,17]

The high-force region of the force interaction data between
CO2 bubbles in this work agrees with this result, suggesting a
water–CO2 interfacial tension of 65 mNm!1. It is suggested
here that these adsorbed species may displace hydroxide ions
from the bubble surfaces, explaining the shift of the IEP when
comparing argon, air, and pure CO2 (Figure 4B). Addition-
ally, this adsorbed “foliage” may contribute steric repulsion at
close approach of CO2 bubbles, explaining their anomalous
stability. This is further supported by the narrower window of
coalescence for air when compared to argon and nitrogen. As
base is added to adjust the solution pH to higher values,
dissolved CO2 and carbonic acid decrease sharply in concen-
tration. This appears to eventually cause instability of CO2

bubbles, seen above pH 6. As the solubility of CO2 in water
increases so significantly with pH, after pH 6.5, it was no
longer possible to generate bubbles.

Although the surface charge of water has been a subject of
research for many decades,[13,18] there has been considerable
renewed interest in the topic recently: computer simulations
suggest that the air–water interface should bear a net positive
charge,[19] whereas experiments show the opposite behav-

Figure 2. The observed windows of bubble coalescence for four gases
over the pH ranges tested. CO2 bubbles could not be easily generated
above pH 6.5 due to the high gas solubility. The “natural” pH is the
unadjusted pH of the saturated gas in water. The error bars denote the
confidence in the boundaries of the coalescence region.

Figure 3. Surface potentials for the different gas bubbles as a function
of pH. For air, argon, and nitrogen these are derived from fits to the
approach force curves for two bubbles. For CO2, they are from fits of
the approach of a bubble towards an flat alumina plate (see Support-
ing Information). The error bars reflect the sensitivity of the measure-
ment, and lines have been drawn to guide the eye.

Figure 4. A) The suggested adsorption on an inert gas bubble (no CO2

present) at pH>4. B) The suggested adsorption of carbonic acid on a
CO2 bubble at pH 4–6. The dashed lines represent likely hydrogen.

3455Angew. Chem. Int. Ed. 2011, 50, 3454 –3456 ! 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


ior.[14] The present work is not only consistent with previous
experimental observations, but demonstrates that the charg-
ing behavior of the air–water interface is dependent on the
presence of CO2 and on the pH, which are clearly linked
through acidic speciation of CO2 in solution. The results may
offer some insight and give caution to comparisons between
experimental observations and computer simulations that do
not account for CO2 speciation.

As a whole, these results demonstrate that bubble
coalescence in water is highly dependent on gas type and
pH. The speciation equilibria from dissolved carbon dioxide
play an important role, whether CO2 is present as a pure gas,
or as a minority component (for the case of air), and suggest
that measurements of the surface of water should include the
possibility of CO2 species as a surface-active component.
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