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Formation of stable nanobubbles in aqueous solutions of water-soluble organic molecules is a spontaneous
process. Using a combination of laser light scattering (LLS) and zeta-potential measurements, we investigated
the effects of salt concentration and pH on their stability inR-cyclodextrin (R-CD) aqueous solutions. Our
results reveal that the nanobubbles are unstable in solution with a higher ionic strength, just like colloidal
particles in an aqueous dispersion, but become more stable in alkaline solutions. The zeta-potential measurement
shows that the nanobubbles are negatively charged with an electric double layer, presumably due to adsorption
of negative OH- ions at the gas/water interface. It is this double layer that plays a critical dual role in the
formation of stable nanobubbles in aqueous solutions of water-soluble organic molecules, namely, it not only
provides a repulsive force to prevent interbubble aggregation and coalescence but also reduces the surface
tension at the gas/water interface to decrease the internal pressure inside each bubble.

Introduction

Most previous experimental and theoretical studies of nanobub-
bles have focused on a flat macroscopic hydrophobic surface
immerged in water or aqueous solution.1-5 Our previous study
shows that the slow relaxation mode observed frequently in
aqueous solutions of water-soluble organic molecules is related
to formation of stable nanobubbles free in solution, not due to
some previously suggested large supramolecules made of water
and organic molecules.6 We developed an effective method to
characterize these small bubbles using a combination of laser
light-scattering (LLS) and isothermal compressibility measure-
ments. The study of these small bubbles free in solution enables
us to investigate the interactions among them, which is not
observable at the flat interface. The stabilization of these
nanobubbles was attributed to a preferential adsorption of small
amphiphilic organic molecules at the gas/water interface. We
estimated that the average internal pressure inside each nanobub-
ble is in the range of 2-19 atm because such an adsorbed
amphiphilic organic layer reduces the surface tension. However,
many questions about these nanobubbles remain unanswered,
such as how can they affect the mesoscopic fluid inhomoge-
neity?7 What is the stabilization mechanism?8 How strong is
the hydrophobic interaction?9 How high is the internal pres-
sure?10 In the current study, we focused on the effects of the
ionic strength and pH on the stability of these nanobubbles in
an aqueous solution ofR-cyclodextrin.

This study was initially inspired by previous investigations
of microbubbles on the macroscopic gas/water interface.11-16

For example, Marinova et al.11 found that a macroscopic gas/
water interface without any solutes is negatively charged because
the hydroxyl ions (OH-) from the dissociation-association of
water molecules prefers to stay at the gas/water interface. For

small bubbles stable free in aqueous solutions of water-soluble
organic molecules, the gas/water interface is mesoscopic. It is
natural to ask (1) whether the nanobubbles also have a negatively
charged gas/water interface and (2) if so how such negative
charges affect their stability. The first question was answered
by a combination of LLS and zeta-potential (úPotential) measure-
ments, while the second one was addressed by varying the salt
concentration and pH.

Experimental Section

Materials and Solution Preparation. R-Cyclodextrin (R-
CD, GR from Trade Mark) was purified by recrystallization
one time in 60% ethanol aqueous solution and then twice in
water. The purifiedR-CD was dried in a vacuum oven at
80 °C for ∼12 h.17 Sodium chloride (NaCl, GR from BDH)
was heated at∼200 °C for ∼2 days to remove organic
impurities. Sodium hydroxide (NaOH, GR from UNI-Chem)
and hydrochloric acid (HCl, 37% from Fisher) were used
without further purification. Water was purified with an inverse
osmosis filtration (Nano Pure, Barnstead) until its resistivity
reached 18.2 MΩ‚cm at 20°C and then filtered with a Millipore
PTFE 0.45-µm hydrophilic filter. An R-CD aqueous solution
(CR-CD ) 7.90 × 10-3 g/mL) was prepared at∼20 °C and
bubbled by air with a flow rate of∼15 mL/min for 2.5 h to
ensure that it was saturated with gas. Note that the nanobubbles
can spontaneously form in solution without the air purge. The
air purge ensures that each solution studied has the same starting
point. To avoid a possible change of the ionic strength or pH,
air was pumped through a saturated NaOH aqueous solution to
eliminate carbon dioxide (CO2) and a Millipore 0.22µm Nylon
filter to remove dust particles. The solution pH was adjusted
by addition of NaOH or HCl aqueous solution and monitored
by a pH meter (ORION 420A). For LLS experiments, each
solution was clarified with a Millipore 0.45-µm PTFE hydro-
philic filter to remove large dust particles.
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Laser Light Scattering. A commercial LLS instrument
(ALV5000) with a vertically polarized 22 mW He-Ne laser
head (632.8 nm, Uniphase) was used. The measurable angular
range is 15-155°. In our previous study we developed an
effective method to analyze both the fast and the slow relaxation
modes from each measured intensity-intensity time-correlation
function.6 Further, using a combination of static LLS and
statistical thermodynamics,18,19 we have shown that at a given
scattering vector (q) the average excess scattering intensities
related to the fast and slow modes (<∆I(q)>fast and<∆I(q)>slow)
are, respectively, from small organic molecules free in solution
and relatively large nanobubbles with some organic molecules
bound at the mesoscopic gas/water interface. Atq f 0, we have6

and

where NA, kB, T, Cf, and M are Avogadro’s number, the
Boltzmann constant, the absolute temperature, the concentration,
and molar mass of small organic molecules free in water,
respectively;FII , κT,I, f, <nb>, andRb are the water density, the
isothermal compressibility, the volume fraction, the average
number of small organic molecules at the gas/water interface,
and the average radius of the nanobubbles, respectively, and
K1 and K2 are two constants that can be experimentally
eliminated. A combination of static and dynamic LLS enables
us to determine two corresponding average dynamic correlation
lengths (<úD>fast and<úD>slow) from20,21

and

where<∆I(q)>total (≡ <I(q)>solution- <I(q)>water) is the total
time-average excess scattering intensity measured in static LLS,
g(1)(τ,q) is the normalized field-field time-correlation function
and can be calculated from the measured intensity-intensity
time-correlation functionG(2)(τ,q) sinceâ|g(1)(τ,q)|2 ) [G(2)-
(τ,q) - B]/B with â (e1) andB being the optical coherent factor
and measured baseline,<D> is the average diffusion coef-
ficient, andη is the solvent viscosity. Further, we can calculate
Rb andf from <úD>slow and<∆I(q)>slow. Note that the average
correlation length of the slow mode approximately equals the
average diameter of nanobubbles.6 The scattering angle in the
current study was fixed at 20°.

Electrophoresis/Zeta Potential.The average mobility (µE)
of stable nanobubbles under an electric field in an aqueous
solution was determined from the frequency shift in a laser
Doppler spectrum using a commercial zeta-potential spectrom-
eter (ZetaPlus, Brookhaven) with two platinum-coated electrodes
and one He-Ne laser as the light source. Each data point in
the mobility measurement was averaged over 40 times at 20
°C. The zeta potential (úpotential) can be calculated fromµE using22

where ε is the permittivity of water and 1/κ is the Debye
screening length.23 WhenκRb , 1 (the Hückel limit), f(κRb) ≈
1, and whenκRb . 1 (the Smoluchowski limits),f(κRb) ≈ 1.5.24

In the current study, the nanobubbles become unstable in
solutions with a higher ionic strength. Therefore, it is impossible
to keep the ionic strength in the zeta-potential measurements
over a wide pH range 2.0-12. Rather than using the Hu¨ckel or
Smoluchowski limit, we can analyze our data using the Ohshima
equation25

to calculateúpotential over the whole rang ofκRb, where 2e δ
e 3, a constant for a given system. The mobility unit used in
this study is mU, corresponding to 10-8 m2 s-1 V-1 in SI units.

Results and Discussion

Figure 1 shows typical measured intensity-intensity time-
correlation functions [G(2)(τ)] of R-CD aqueous solutions with
different amounts of NaCl (CNaCl ) 0-0.1 M) and their
corresponding dynamic correlation length distributionsf(úD).
Note that we have scaled thex axis ofG(2)(τ) by kBTq2/3πη so
that G(2)(τ) can be directly compared withf(úD). Eachf(úD) is
normalized by its corresponding total time-average excess
scattering intensity<∆I(q)>total. In this way, peak areas (Afast

and Aslow) of the fast and slow modes are directly related to
<∆I(q)>fast and <∆I(q)> slow, respectively. The average
dynamic correlation length (<úD>fast) of the fast mode is only
∼1.4 nm, attributing to individualR-CD molecules free in the
solution, while the slow mode with an average dynamic
correlation length (<úD>slow) of ∼160 nm is related to relatively
large nanobubbles. It is clear that asCNaCl increases,Afast nearly
remains constant butAslow decreases. WhenCNaCl g ∼0.02 M,
the slow mode completely vanishes, revealing that addition of
salt can destabilize the nanobubbles. Such a salt-out phenomena
is well known in colloidal science because addition of salt
increases the ionic strength and reduces the thickness (1/κ) of
the electric double layer so that there is no sufficient repulsive
force to stabilize colloidal particles.23 On the other hand, the
effect of salt onAfast is much lower, suggesting that most of
theR-CD molecules are free in solution and only a very small
amount are adsorbed at the gas/water interface.

Figure 2 shows no significant change in bothAslow and
<úD>slow in the range 4e pH e 7. When pHe 4, the peak
attributed to the slow mode becomes smaller as pH decreases
and completely vanishes at pH< 3. It clearly indicates that the
nanobubbles are unstable in acidic solutions. While in alkaline

<∆I(0)>fast ) K2Cf M (1)

<∆I(0)>slow ) K1kBTFII fκT,I +
4K2 f <nb>

2M2

3πRb
3NA

(2)

<∆I(q)>total|g(1)(τ,q)| ) <∆I(q)>fast e
-<D>fastq2τ +

<∆I(q)>slowe-<D>slowq2τ (3)

<úD>fast )
kBT

3πη<D>fast
and<úD>slow )

kBT
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3η
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Figure 1. Salt concentration dependence of intensity-intensity time
correlation functions ([G(2)(τ) - B]/B) of R-CD neutral aqueous
solutions and their corresponding dynamic correlation-length distribu-
tions (f(úD)).

f(κRb) ) 1 + 1

2[1 + δ/κRb]
3

(6)
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solutions,Aslow nearly remains constant in the range 7e pH e
10 as shown in Figure 3. Further increase of pH leads to a
decrease ofAslow but not to zero even at pH> 12. A combination
of Figures 2 and 3 shows that for a given ionic strength, the
nanobubbles are more stable under alkaline condition. It should
be stated that immediately after adjusting the pH to∼12, we
observed an additional ultra-slow relation mode with a correla-
tion length longer than∼100 µm, as shown in Figure 4. Note
that this ultra-slow mode disappears after∼1 h. Figure 4 also
shows thatAslow with its peak located at∼100 nm decreases
with increasing time and reaches its equilibrium after∼6 h.
Presumably, this additional ultra-slow mode is due to the
existence of some unstable microbubbles generated from the

nanobubble coalescence, which also explains the decrease of
Aslow because some nanobubbles are merged into large mi-
crobubbles that eventually float out of the solution.

It is helpful to note that addition of NaOH in the adjustment
of pH has two opposite effects on formation of stable nanobub-
bles. On one hand, adsorption of more OH- ions increases
negative charges at the gas/water interface and stabilizes the
nanobubbles. On the other hand, it increases the ionic strength
of the solution and reduces the effective interbubble repulsive
force so that the nanobubbles can undergo aggregation and
coalescence. Our results reveal that adsorption of more OH-

ions is dominant, so that for a given ionic strength, the
nanobubbles are much more stable under alkaline conditions.
Table 1 summarizes the salt concentration and pH dependence
of <úD>fast, <úD>slow, <∆I(q)>fast, and<∆I(q)>slow. It shows
that both the ionic strength and pH have nearly no effect on
<úD>fast and<∆I(q)>fast, which is expected becauseR-CD has
a constant size and most of them are free in the solution.
Moreover,<úD>slow is also nearly independent ofCNaCl and
pH, indicating that stable nanobubbles have a constant average
size.

Figure 5 summarizes<úD>slow and <∆I(q)>slow under
different conditions. In a neutral solution,<∆I(q)>slow decreases
as the ionic strength ([I]) increases and vanishes when [I] >
∼0.02 M, but<úD>slow nearly remains constant (∼160 nm) in
the range 10-7 e [I] e 10-2 M. In acidic solutions,<∆I(q)>slow

nearly remains constant in the range 10-7 e [I] e 10-4 M but
significantly decreases as [I] further increases and even ap-
proaches zero when [I] > ∼10-3 M. Note that for a similar
ionic strength (∼10-3 M), <∆I(q)>slow is still finite in neutral
or alkaline solutions. Therefore, formation of stable nanobubbles
in acidic solution is unfavorable. On the other hand,<úD>slow

remains∼160 nm in the range 10-7 e [I] e 10-4 M and only
slightly decreases to 140 nm when [I] increases to 3× 10-4

Figure 2. pH dependence of intensity-intensity time correlation
functions ([G(2)(τ) - B]/B) of R-CD aqueous solutions under acidic
conditions and their corresponding dynamic correlation-length distribu-
tions (f(úD)).

Figure 3. pH dependence of intensity-intensity time correlation
functions ([G(2)(τ) - B]/B) of R-CD aqueous solutions under alkaline
conditions and their corresponding dynamic correlation-length distribu-
tions (f(úD)).

Figure 4. Time dependence of intensity-intensity time correlation
functions ([G(2)(τ) - B]/B) of an R-CD solution at a higher pH and
their corresponding dynamic correlation-length distributions (f(úD)).

TABLE 1: Salt Concentration and pH Dependence of
Average Dynamic Lengths (<úD>fast and <úD>slow) of Fast
and Slow Relaxation Modes ofr-CD Aqueous Solutions and
Their Related Time-Average Excess Scattering Intensities
(<∆I (q)>fast and <∆I (q)>slow)

CNaCl (M),
where

pH ) 7.0 <úD>fast/nm <∆I(q)>fast <úD>slow/nm <∆I(q)>slow

0 1.4 0.13 162 0.92
1.2× 10-6 1.4 0.13 158 0.85
1.2× 10-5 1.4 0.13 160 0.71
3.1× 10-5 1.4 0.14 158 0.63
1.1× 10-4 1.4 0.14 154 0.34
1.0× 10-3 1.4 0.14 164 0.24
4.8× 10-3 1.4 0.14 170 0.11
9.9× 10-3 1.4 0.13 152 0.04
3.1× 10-2 1.4 0.14 no slow mode 0
1.0× 10-2 1.4 0.14 no slow mode 0
2.5× 10-2 1.4 0.14 no slow mode 0

pH, where
CNaCl ) 0 <úD>fast/nm <∆I(q)>fast <úD>slow/nm <∆I(q)>slow

2.0 1.4 0.13 no slow mode 0
3.1 1.4 0.13 no slow mode 0
3.6 1.4 0.13 142 0.41
4.0 1.4 0.14 164 0.76
5.0 1.4 0.14 170 0.77
6.0 1.4 0.14 172 0.82
7.0 1.4 0.13 162 0.92
8.0 1.4 0.13 160 0.83
8.9 1.4 0.13 162 0.81
10.0 1.4 0.13 158 0.83
11.0 1.4 0.14 174 0.32
12.1 after

∼48 h
1.4 0.13 150 0.12
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M. In alkaline solutions,<∆I(q)>slow also remains constant in
the range 10-7 e [I] e 10-4 M but significantly decreases as
[I] further increases. While in alkaline solutions,<∆I(q)> slow

remains finite even at [I] ≈ 10-2 M. The constant<úD>slow

over the entire range 10-7 e [I] e 10-2 M reveals that stable
nanobubbles have a properly controlled size.

Zhang et al.4 have not detected any significant difference in
the stability or morphology of nanobubbles on a surface upon
addition of electrolytes. Our results clearly indicate that addition
of electrolytes can affect the stability of the nanobubbles in
solutions. Such a difference could be attributed the surface
effect. Namely, in solution the nanobubbles are free and
randomly diffuse inside due to thermal agitation. Addition of
electrolytes reduces the repulsion force among the nanobubbles,
so that they can aggregate and merge together to form larger
bubbles. In contrast, on a surface the nanobubbles are fixed and
less mobile, so that their aggregation is suppressed.

Figure 6 shows the pH dependence of the average mobility
(µE) of the nanobubbles under an electric field in aqueous
solutions as well as their corresponding zeta potentials (úpotential)
calculated under different limiting conditions. Under the Ohs-
hima equation,úpotential is -40 mV in the range 5.5e pH e
10, revealing that the nanobubbles are negatively charged. The
decrease of pH from 5.0 to 3.0 leads to a change ofúpotential

from -40 mV to 0. It clearly shows that the increase of proton
concentration not only increases the ionic strength and reduces
the thickness of the electric double layer but also neutralizes
the negatively charged gas/water interface and destabilizes the
nanobubbles. Further, as pH decreases, the averaged size of the
nanobubbles slightly decreases from∼160 to ∼140 nm, but
the zeta potential changes from-40 to -10 mV. It implies
that the surface tension is mainly reduced by adsorption of
amphiphilicR-CD molecules at the gas/water interface and that

even the intrabubble electrostatic repulsive force generated by
the adsorbed negative OH- ions also reduces the surface tension.
Therefore, the pressure difference between the inside and outside
of each nanobubbles (∆P) can be estimated by a modified
Lapace-Young equation

wherePMaxwell is the additional Maxwell pressure generated from
the intrabubble electrostatic repulsion andγ is the surface
tension at the gas/water interface. Note that the average size of
the nanobubbles nearly remains a constant, implying that the
contribution ofPMaxwell to the reduction of surface tension is
relatively small. Previously, we estimated that the internal
pressure is in the range of 2-19 atm by only considering
adsorption of a layer of small amphiphilic water-soluble organic
molecules at the gas/water interface. Previously, Zhang et al.4

estimated that the surface tension (γ) of the nanobubbles
attached on a surface in a surfactant solution was reduced to
∼20-40 mN/m-1, so that the minimal internal pressure should
be ∼4 atm for a nanobubbles with a size of∼100 nm. Their
results suggest that the contribution ofPMaxwell can be ignored
for individual nanobubbles attached on a surface. Our current
results suggest that the internal pressure could be even lower
due to the existence of an additional Maxwell pressure generated
by negatively charged OH- ions at the interface.

Conclusion

Both salt and pH can influence formation of stable nanobub-
bles in aqueous solutions ofR-cyclodextrin (R-CD). A combina-
tion of laser light scattering (LLS) and zeta-potential measure-
ments reveals that the gas/water interface of each nanobubble
is negatively charged with an electric double layer. Just like
colloidal particles, the nanobubbles can also be salted out,
namely, an increase of the ionic strength (salt concentration)
reduces the double-layer thickness and destabilizes the nanobub-
bles. For a given ionic strength, the nanobubbles are more stable
in alkaline solution because the adsorption of more OH- ions
at the gas/water interface enhances the double layer. A structural
model is proposed for stable nanobubbles in which not only
small amphiphilic water-soluble organic molecules but also
negatively charged OH- ions are absorbed at the gas/water
interface, as shown in Figure 7. Both stabilize the nanobubbles
and prevent coalescence. The charged interface generates an

Figure 5. Ionic strength ([I]) dependence of slow-mode-related time-
average excess scattering intensity (<∆I(q)>slow) of R-CD aqueous
solutions under different pH conditions and the corresponding average
dynamic correlation lengths (<úD>slow).

Figure 6. pH dependence of average mobility (µE) and its corre-
sponding zeta potential (úpotential) calculated under different limiting
conditions: (3) Smoluchowski, (4) Hückel, and (O) Ohshima.

Figure 7. Schematic of stable nanobubbles in an aqueous solution of
small amphiphilic water-soluble organic molecules that are represented
by Y.

∆P + PMaxwell ) 2γ
Rb

(7)
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additional Maxwell pressure and further decreases the surface
tension, so that the pressure inside each nanobubble is further
reduced. This provides a better explanation of why the
nanobubbles with a huge surface area are still stable in aqueous
solutions of various water-soluble low molar mass organic
molecules.
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