
Observation of Kinetic and Structural Scalings during Slow Coalescence of Nanobubbles in
an Aqueous Solution

Fan Jin,*,† Xiaodong Ye,‡ and Chi Wu†,‡

Department of Chemistry, The Chinese UniVersity of Hong Kong, Shatin, N.T., Hong Kong, and
The Hefei National Laboratory of Physical Science at Microscale, Department of Chemical Physics,
The UniVersity of Science and Technology of China, Hefei, Anhui 230026, China

ReceiVed: September 6, 2007; In Final Form: October 8, 2007

The addition of salt can induce the slow coalescence of nanobubbles (∼100 nm) in an aqueous solution of
R-cyclodextrin (R-CD). A combination of static and dynamic laser light scattering was used to follow the
coalescence. Our results reveal that its kinetic and structural properties follow some scaling laws; namely,
the average size (<ú>) of the nanobubbles is related to their average mass (<M>) and the coalescence time
(t) as<M> ∼ <ú>df and<ú> ∼ tγ with two salt-concentration-dependent scaling exponents (df andγ). For
a lower sodium chloride concentration (CNaCl ) 40 mM),γ ) 0.13( 0.01 anddf ) 1.71( 0.02. The increase
of CNaCl to 80 mM results inγ ) 0.32( 0.01 anddf ) 1.99( 0.01. The whole process has two main stages:
the aggregation and the coalescence. At the lowerCNaCl, the process essentially stops in the aggregation stage
with some limited coalescence. At higherCNaCl, coalescence occurs after the aggregation and results in large
bubbles.

Introduction

Generally speaking, nanobubbles in water are puzzling,
capricious, and less understood. Most of previous experimental
and theoretical studies were focused on a flat hydrophobic
surface immersed in water or an aqueous solution.1-5 Attard et
al.1,2,6,7have made some significant contributions in this area.
They have obtained the first image of nanobubbles on a
hydrophobic surface by using tapping-mode AFM. They showed
that some long-range (∼100 nm) hydrophobic attraction exists
between the two hydrophobic surfaces because of some previ-
ously existing bridging nanobubbles. In our recent studies, we
found that small nanobubbles exist in different aqueous solu-
tions, including surfactant/water, alcohol/water, sugar/water, and
other water-soluble organic molecule solutions.8 It should be
noted that no stabilized “bare” nanobubbles was observed in
our experiment, implying that the existence of small water-
soluble organic molecules is essential to the existence of stable
nanobubbles. Further study indicates that these nanobubbles
have a negatively charged interface.9 The electrostatic repulsion
among different nanobubbles can be reduced by the addition
of low-molar-mass electrolytes, similar to the salt-out effect in
a typical aqueous colloidal dispersion. Therefore, the addition
of salt can induce the nanobubble aggregation. The only
difference is that aggregated nanobubbles are expected to further
undergo a slow coalescence process.

Numerous experimental and theoretical studies have been
devoted to the aggregation of colloidal particles in various
dispersions in the past.10-15 Depending on the sticking prob-

ability (ps) between two colloidal particles, the process can be
characterized as the diffusion-limited cluster-cluster aggregation
(DLCA, ps ∼ 100%) and the reaction-limited cluster-cluster
aggregation (RLCA,ps , 100%).16,17 One distinctive feature
between DLCA and RLCA is their different scalings between
the mass (M) and size (R) of the aggregates, that is, different
fractal dimensions (df) in M ∼ Rdf. The DLCA leads to large
aggregates with a more open and less uniform structure withdf

∼ 1.7-1.9 in a three-dimensional space. The kinetics of DLCA
is described byR ∼ tγ with γ < 1, and typically,γ ) 1/df.
Alternatively,df in RLCA is in the range of 2.0-2.5 andR ∼
ebt, whereb is a constant, depending on the dispersion nature.18

The aggregation of hard colloidal particles and the coales-
cence of soft nanobubbles are different because small nanobub-
bles can merge into one large bubble. Note that such coalescence
should depend on the interfacial properties of the nanobubbles.
Unfortunately, the gas/water interface is less understood.19,20

Therefore, a better understanding of the nanobubble coalescence
is an important theoretical and practical problem. Its implications
include the prevention of decompression sickness and the
microboiling process.21-23 A combination of different modern
scattering techniques has provided a better opportunity to study
the nanobubble coalescence over a wide range of observation
lengths and times.

Experiments

In the current study, we selectedR-CD (GR) aqueous
solutions because small nanobubbles (Radius∼80 nm) can
spontaneously form and be stabilized by water-solubleR-CD
molecules in the absence of salt.8,9 We also estimate that the
volume faction (f) of the nanobubble phase is in the range of
0.8 - 8 × 10-4 and know that the nanobubble interface is
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negatively charged with aú potential of c.a.-40 mV. The most
important fact is that such formed nanobubbles are stable in
R-CD aqueous solutions over a long time. The addition of NaCl
can make the nanobubbles unstable, especially whenCNaCl >
∼20 mM. A combination of static and dynamic laser light
scattering (LLS) enables us to follow the nanobubble coales-
cence in situ in the solution (CR-CD ) 7.90× 10-3 g/mL) in
the presence of different amounts of NaCl (∼40-80 mM).

In dynamic LLS, we measured the coalescence time-depend-
ent intensity-intensity time correlation function (G(2)(τ)). Our
results reveal that eachG(2)(τ) from an aqueous solution with
nanobubbles has two relaxation modes, which can be well fitted
by a double exponential function.8 The fast mode is related to
individual R-CD molecules free in the solution, whereas the
slow mode is attributed to small nanobubbles withR-CD
molecules adsorbed at the gas/water interface of each nanobub-
ble. Therefore, [G(2)(τ) - B]/B can be expressed as8,24

where B is the measured baseline,<D> is the average
translational diffusion coefficient,A(θ) is the intensity contribu-
tion of each relaxation mode,θ is the scattering angle, andq is
the scattering vector that related the incident wave length (λ0)
and the refractive index (n) of scattering media asq ) 4πn/λ0

sin θ/2. Note thatAfast(θ) + Aslow(θ) ) 1. By using a double
exponential fit and the Stokes-Einstein equation, each measured
G(2)(τ) leads to two average dynamic correlation lengths,
<ú>D,fast and<ú>D,slow. The time-average scattering intensity
from each mode can be calculated from the total time-averaged
scattering intensity (<I(θ)>) measured in static LLS andA(θ)
from dynamic LLS; that is,<I(θ)>fast ) <I(θ)>Afast(θ) and
<I(θ)>slow ) <I(θ)>Aslow(θ). The plot of 1/<I(θ)>fast or
1/<I(θ)>slow versusq2 leads to a static correlation length (úS,fast

or úS,slow) and the time-averaged scattering intensity atq f 0
(<I(0)>fast or <I(0)>slow) on the basis of25

In this study, we concentrate on the time dependence of
<ú>D,slow, <ú>S,slow, <I(q)>slow and<I(0)>slow as well as the
angular dependence of<I(q)>slow during the nanobubble
coalescence. The correlation-length dependence of<I(q)>slow

or <I(0)>slow reveals structural information of the nanobubbles
during the coalescence.

Results and Discussion

Figure 1 shows both the average correlation length and the
average scattering intensity of the nanobubbles’ increase during
the coalescence in the presence of two different amounts of salt.
As expected, the coalescence becomes faster when more salts
are added. Such kinetic behaviors are well described by
<I(q)>slow ∼ tγ(q), <I(0)>slow ∼ tγ(0), <ú>D,slow ∼ tγD and
<ú>S,slow∼ tγS. ForCNaCl ) 40 mM,γ(q) ) 0.28( 0.01,γ(0)
) 0.33( 0.01,γD ) 0.13( 0.01, andγS ) 0.21( 0.01; for
CNaCl ) 80 mM, γ(q) ) 0.65( 0.01,γ(0) ) 0.76( 0.02,γD

) 0.32( 0.01, andγS ) 0.37( 0.01. The scaling exponents
clearly vary with the salt concentration. Note that<I(20°)> in
Figure 1b starts to decrease after∼3000 min. This is because
the nanobubbles are too large (>∼500 nm) to be stable in the
solution.

Figures 2 and 3 reveal some scalings between different time-
averaged scattering intensities and different correlation lengths
or a dimensionless parameter,q<ú>S,slow, in the rangeq<ú>S,slow

> 1; namely,<I(0)>slow ∼ <ú>S,slow
df,<I(q)>slow ∼ <ú>D,slow

dh,
and <I(q)> ∼ q-df, where df and dh are the fractal and
hydrodynamic dimensions, respectively.11 For each given salt
concentration,df ≈ dh, which is consistent with the DLCA
theory.12 The salt-concentration-dependent fractal dimension,
that is,df ) 1.7 ( 0.1 for CNaCl ) 40 mM anddf ) 2.0 ( 0.1
for CNaCl ) 80 mM, shows that the aggregation of small
nanobubbles results in different structures. The smaller thedf,

{[G(2)(τ) - B]/B}1/2 ) Afast(θ) e-<Dfast>q2τ +

Aslow(θ) e-<Dslow>q2τ (1)

<I(q)> )
<I(0)>

1 + q2úS
2

(2)

Figure 1. Time dependence of average scattering intensities (<I>slow

at θ ) 0 and 20°) and average static and dynamic correlation lengths
(<ú>S,slowand<ú>D,slow) of nanobubbles in anR-CD aqueous solution,
where lines represent fittings of different scaling equations and each
slope leads to a scaling exponent.

Figure 2. Correlation length (<ú>slow) dependence of average
scattering intensity (<I>slow) of nanobubbles in anR-CD aqueous
solution, where lines represents fittings of different scalings and each
slope leads to a scaling exponent (df or dh).
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the looser the structure. Here,df ) 1.7 indicates a classical
DLCA process. Such a lowerdf also implies no or rather limited
coalescence of small nanobubbles. In other words, small
nanobubbles only aggregate together. ForCNaCl ) 80 mM, df

) 2.0, reflecting a relatively denser structure. Presumably, the
higherdf indicates that small nanobubbles coalesce into a larger
bubble after they aggregate together.

For CNaCl ) 40 mM, both the averaged scattering intensity
and the average correlation length continuously increase even
after ∼100 h because of continuous coalescence. In a real
experiment, large bubbles eventually float out of the solution.
Note that after a sufficiently long time no nanobubbles can be
observed in the presence of such a high amount of salt.9 To
confirm that the nanobubbles’ phase has a lower density, we
centrifuged the solution at 3000 rpm for a very short time to
force lighter bubbles to float up. We found that the solution
separated into two layers. The top layer scatters much more
light than the bottom one. Figure 4 shows that as the centrifuga-
tion time increases (>∼20 min) <I>slow decreases and the
difference between the two layers disappears. Finally, (>∼300
min) no nanobubbles can be detected in the solution (<I>slow

f 0). Figure 5 shows a better view of the disappearance of the

nanobubbles (the slow mode). ForCNaCl ) 80 mM, the average
size of the nanobubbles is∼600 nm after∼100 h so that some
larger bubbles (>1 µm) become visible even in an optical
microscope, as shown in the inset of Figure 4.

Conclusions

In summary, the addition of salt, such as NaCl, induces slow
aggregation and coalescence of small nanobubbles in an aqueous
solution. We have,for the first time, observed some scaling
laws between the average size and the coalescence time or the
average mass of large nanobubble aggregates. Such scalings
are different from classical diffusion-limited cluster-cluster
aggregation (DLCA); namely, the scaling exponent varies with
the salt concentration and the measured fractal dimension (df)
is over the range (1.7-1.9) of a DLCA process limited. Our
results indicate that in the presence of high amount of salt the
aggregation of small nanobubbles leads to a denser structure,
presumably because of the coalescence of nanobubbles because
salt affects the gas/water interface of each nanobubble.
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