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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 stabilitytiayclodextrin (-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 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-potentigpfienia) measure-

Most previous experimental and theoretical studies of nanobub-
bles have focused on a flat macroscopic hydrophobic surface
immerged in water or aqueous solutibr?.Our previous study
shows that the slow relaxation mode observed frequently in
aqueous _solutlons of water-soluble organic mole_cules is relatedments, while the second one was addressed by varying the salt
to formation of stable nanobubbles free in solution, not due to .

. concentration and pH.
some previously suggested large supramolecules made of water
and organic moleculésWe developed an effective method to ] )
characterize these small bubbles using a combination of laserExperimental Section
light-scattering (LLS) and isothermal compressibility measure- Materials and Solution Preparation. a-Cyclodextrin -
ments. The study of these small bubbles free in solution enables P e Y L

. . ; . C CD, GR from Trade Mark) was purified by recrystallization

us to investigate the interactions among them, which is not : . . S

- IR one time in 60% ethanol aqueous solution and then twice in
observable at the flat interface. The stabilization of these water. The ourifiedo-CD was dried in a vacuum oven at
nanobubbles was attributed to a preferential adsorption of small -’ P 17 . .

L . : 80 °C for ~12 h!’ Sodium chloride (NaCl, GR from BDH)
amphiphilic organic molecules at the gas/water interface. We as heated at~200 °C for ~2 davs to remove organic
estimated that the average internal pressure inside each nanobulLa> N . - Y 9
ble is in the range of 219 atm because such an adsorbed Impurities. Sodium hydroxide (NaOH, GR from UNI-Chem)

. ; 0 :
amphiphilic organic layer reduces the surface tension. However, ari]t(:]ot)t/(fil:(r)tﬂ:el?nﬁriﬁgﬁio(:C\:/:/,at?r C‘\)/afsanri:i::jhv?/ir'zh \gr?riﬁv:fse:
many questions about these nanobubbles remain unanswered’ P : P

: A dsmosis filtration (Nano Pure, Barnstead) until its resistivity
such as how can they affect the mesoscopic fluid inhomoge- R ’ . . .
neity? What is the stabilization mechanisfFow strong is reached 18.2 I®-cm at 20°C and then filtered with a Millipore

the hydrophobic interactiofHow high is the internal pres- PCTFE 0._4157ug10hyd1rgflshili/c fﬂter. Ana-CD a(;quec;%so?lutign
sure? In the current study, we focused on the effects of the (Co—cp = 7.90 x g/mL) was prepared at- an

ionic strength and pH on the stability of these nanobubbles in bubbled by .air with a flow rat'e of+15 mL/min for 2.5 h to
an aqueous solution af-cyclodextrin ensure that it was saturated with gas. Note that the nanobubbles

This study was initially inspired by previous investigations can spontaneously form in SO|Ut.'On W'th.OUt the air purge. The_
of microbubbles on the macroscopic gas/water interfade. air purge ensures that each solution studied has the same starting

For example, Marinova et &l.found that a macroscopic gas/ p_oint. To avoid a possible change of the ionic strength or_pH,
water interface without any solutes is negatively charged becauser Was pumped through a saturated NaOH aqueous solution to

: ; L hat eliminate carbon dioxide (C{and a Millipore 0.22:m Nylon
the hydroxyl ions (OH) from the dissociationassociation of filter to remove dust particles. The solution pH was adjusted

water molecules prefers to stay at the gas/water interface. For - . .
P y 9 by addition of NaOH or HCI aqueous solution and monitored
* To whom correspondence should be addressed. by a_pH meter (Q.RIOI\.I 420A)._For LLS experiments, each
t The Chinese University of Hong Kong. solution was clarified with a Millipore 0.4am PTFE hydro-
*The University of Science and Technology of China. 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 HeNe laser
head (632.8 nm, Uniphase) was used. The measurable angular
range is 15155. In our previous study we developed an
effective method to analyze both the fast and the slow relaxation
modes from each measured intensitytensity time-correlation
function® Further, using a combination of static LLS and
statistical thermodynamidg,'°we have shown that at a given
scattering vector() the average excess scattering intensities
related to the fast and slow modesAl(q)> astand <Al(Q)> siow)
are, respectively, from small organic molecules free in solution
and relatively large nanobubbles with some organic molecules

bound at the mesoscopic gas/water interface At0, we havé Figure 1. Salt concentration dependence of intensitytensity time
correlation functions (@(r) — BJ/B) of a-CD neutral aqueous
<AI(0)>,. .= K,CM (1) solutions and their corresponding dynamic correlation-length distribu-
et e tions (o).
and

where ¢ is the permittivity of water and &/is the Debye
2K f <n.>2M2 screening lengtf® WhenkR, < 1 (the Hickel limit), f(kRy) ~
27 T 7 ©) 1, and whenrR, > 1 (the Smoluchowski limits¥(«Ry) ~ 1.524
37R N, In the current study, the nanobubbles become unstable in

solutions with a higher ionic strength. Therefore, it is impossible

where Na, ks, T, C;, and M are Avogadro’s number, the to keep the ionic strength in the zeta-potential measurements
Boltzmann constant, the absolute temperature, the concentrationpver a wide pH range 2:012. Rather than using the ldkel or
and molar mass of small organic molecules free in water, Smoluchowski limit, we can analyze our data using the Ohshima
respectivelypy, «1,, f, <np,>, andR, are the water density, the  equatiod®
isothermal compressibility, the volume fraction, the average
number of small organic molecules at the gas/water interface, f(kR) = 1+ 1 (6)
and the average radius of the nanobubbles, respectively, and 2[1 + o/kR)?
Ki; and K, are two constants that can be experimentally
eliminated. A combination of static and dynamic LLS enables +tq calculateZpoeniaOver the whole rang ofR,, where 2< ¢

us to determine two corresponding average dynamic correlation< 3 5 constant for a given system. The mobility unit used in

<AN0)> 50w = KikgTpy fier) +

lengths (<Zp>fast and <{p>siow) from?24 this study is mU, corresponding to 10m? s~ V~1in S| units.
—<D> 2.
<ANO)> ol 9(T.0) = <AIQ)> e O + Results and Discussion
<AIQ)> o8 D78 (3) Figure 1 shows typical measured intensitytensity time-
correlation functions@@(zr)] of o-CD aqueous solutions with
and different amounts of NaClGnaci = 0—0.1 M) and their

corresponding dynamic correlation length distributid(is).

<> = —kBT d<é.>. = ke T 4 Note that we have scaled theaxis of G@(r) by ke Tg%/3m so
CD fast <D> an CD slow D> ( ) 2 . . .
3t <D> (g 3 <D> g, that G@)(r) can be directly compared witli¢p). Eachf(Ep) is
) normalized by its corresponding total time-average excess
where <Al(Q)> total (= <1(0)> solution — <1(0)>wate) is the total scattering intensity< Al(Q)> e In this way, peak aread\ast

time-average excess scattering intensity measured in static LLS.and Ay Of the fast and slow modes are directly related to
gW(z,q) is the normalized fieleHfield time-correlation function <Al(Q)>fst and <AI(Q)> sow respectively. The average
and can be calculated from the measured intensitiensity dynamic correlation length<(€p>1as) Of the fast mode is only
time-correlation functiorG)(z,q) since f1g®(z,0)> = [G- ~1.4 nm, attributing to individuak-CD molecules free in the
(r,0) — B/Bwith 8 (=1) andB being the optical coherent factor  solution, while the slow mode with an average dynamic
and measured baselineD> is the average diffusion coef-  correlation length €£p>siow) Of ~160 nm is related to relatively
ficient, andy is the solvent viscosity. Further, we can calculate |arge nanobubbles. It is clear that@gaci increaseshys nearly
Ry andf from <{p>siow and <Al(g)>siow Note that the average  remains constant bullgow decreases. WheByac = ~0.02 M,
correlation length of the slow mode approximately equals the the slow mode completely vanishes, revealing that addition of
average diameter of nanobubbfeghe scattering angle in the  salt can destabilize the nanobubbles. Such a salt-out phenomena
current study was fixed at 20 is well known in colloidal science because addition of salt
Electrophoresis/Zeta Potential. The average mobilityu() increases the ionic strength and reduces the thickneesd(fL/
of stable nanobubbles under an electric field in an aqueousthe electric double layer so that there is no sufficient repulsive
solution was determined from the frequency shift in a laser force to stabilize colloidal particle’.On the other hand, the
Doppler spectrum using a commercial zeta-potential spectrom-effect of salt onAws is much lower, suggesting that most of
eter (ZetaPlus, Brookhaven) with two platinum-coated electrodes the o-CD molecules are free in solution and only a very small
and one He-Ne laser as the light source. Each data point in gmount are adsorbed at the gas/water interface.
the mobility measurement was averaged over 40 times at 20 Figure 2 shows no significant change in boMy.w and
°C. The zeta potentialfoenia) can be calculated frome using? <&b>siow in the range 4< pH < 7. When pH=< 4, the peak
attributed to the slow mode becomes smaller as pH decreases
_ ZECpotentialf(KRb) (5) and completely vanishes at pH 3. It clearly indicates that the
E 3y nanobubbles are unstable in acidic solutions. While in alkaline
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Figure 2. pH dependence of intensityntensity time correlation
functions (G@(r) — BJ]/B) of a-CD aqueous solutions under acidic
conditions and their corresponding dynamic correlation-length distribu-
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Figure 3. pH dependence of intensityntensity time correlation
functions (G®(r) — B)/B) of a-CD aqueous solutions under alkaline
conditions and their corresponding dynamic correlation-length distribu-

tions (Zp))-
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Figure 4. Time dependence of intensityntensity time correlation
functions (G®(r) — B]/B) of an a-CD solution at a higher pH and
their corresponding dynamic correlation-length distributioh&of).

solutions Agow Nearly remains constant in the ranges pH <
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TABLE 1: Salt Concentration and pH Dependence of
Average Dynamic Lengths &{p>t.st and <{p>gow) Of Fast
and Slow Relaxation Modes ofa-CD Aqueous Solutions and
Their Related Time-Average Excess Scattering Intensities
(<AI(0)> fast and <Al(0)>siow)

Chaci (M),
where
PpH=7.0 <p>rasfnM <AN(O)>fast <Cp>slowNM  <AI(Q)> siow
0 1.4 0.13 162 0.92
1.2x 10°¢ 1.4 0.13 158 0.85
1.2x 1073 1.4 0.13 160 0.71
3.1x 1075 1.4 0.14 158 0.63
1.1x 1074 1.4 0.14 154 0.34
1.0x 1073 1.4 0.14 164 0.24
4.8x 1073 1.4 0.14 170 0.11
9.9x 1073 1.4 0.13 152 0.04
3.1x 102 1.4 0.14 no slow mode 0
1.0x 1072 1.4 0.14 no slow mode 0
2.5x 102 14 0.14 no slow mode 0
pH, where
Chnaci=0  <Cp>fasfiim  <Al(Q)>fast <Ep>sowNM  <Al(Q)>siow
2.0 1.4 0.13 no slow mode 0O
3.1 1.4 0.13 no slow mode O
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 1.4 0.13 150 0.12
~48 h

nanobubble coalescence, which also explains the decrease of
Asiow 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 Oklbns 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 <Cp>fast <Cp>stows <AI(0Q)>fast and <Al(0)> siow. It shows
that both the ionic strength and pH have nearly no effect on
<Cp>rastand <Al(Q)>rasy Which is expected becauseCD has
a constant size and most of them are free in the solution.
Moreover, <{p>gow IS also nearly independent @yaci and
pH, indicating that stable nanobubbles have a constant average
size.

Figure 5 summarizes<{p>gow and <Al(Q)>gow under

10 as shown in Figure 3. Further increase of pH leads to a different conditions. In a neutral solutiod Al(q)> siow decreases

decrease ofon but not to zero even at pH 12. A combination
of Figures 2 and 3 shows that for a given ionic strength, the

as the ionic strength I{) increases and vanishes whdh
~0.02 M, but<{p>sow Nearly remains constant-(L60 nm) in

nanobubbles are more stable under alkaline condition. It shouldthe range 107 < [I] < 1072 M. In acidic solutions<Al(q)> siow

be stated that immediately after adjusting the pHVI2, we
observed an additional ultra-slow relation mode with a correla-
tion length longer than-100 «m, as shown in Figure 4. Note
that this ultra-slow mode disappears aftet h. Figure 4 also
shows thatAgiow With its peak located at~100 nm decreases
with increasing time and reaches its equilibrium afte® h.
Presumably, this additional ultra-slow mode is due to the

nearly remains constant in the range 1& [I] < 1074 M but
significantly decreases a$] [further increases and even ap-
proaches zero wher][> ~10-3 M. Note that for a similar
ionic strength £1073 M), <AI(Q)> siow is still finite in neutral

or alkaline solutions. Therefore, formation of stable nanobubbles
in acidic solution is unfavorable. On the other har@p> gjow
remains~160 nm in the range 10 < [I] < 1074 M and only

existence of some unstable microbubbles generated from theslightly decreases to 140 nm whelj increases to 3x 107*
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Figure 5. lonic strength ([]) dependence of slow-mode-related time-
average excess scattering intensityA((Q)>si0w) Of a-CD aqueous
solutions under different pH conditions and the corresponding average
dynamic correlation lengths<Cp> siow)-
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Figure 6. pH dependence of average mobilityH) and its corre-

sponding zeta potentialenia) Calculated under different limiting
conditions: §) Smoluchowski, £) Hickel, and ©) Ohshima.

M. In alkaline solutions;<Al(q)> siow &lSO remains constant in
the range 107 < [I] < 10~* M but significantly decreases as
[1] further increases. While in alkaline solutionsAl(Q)> siow
remains finite even atl] ~ 1072 M. The constant<{p>sjow
over the entire range 10 < [I] < 1072 M reveals that stable
nanobubbles have a properly controlled size.

Zhang et aft 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 large
bubbles. In contrast, on a surface the nanobubbles are fixed an
less mobile, so that their aggregation is suppressed.

Figure 6 shows the pH dependence of the average mobility
(ug) of the nanobubbles under an electric field in aqueous
solutions as well as their corresponding zeta potentilgtia)
calculated under different limiting conditions. Under the Ohs-
hima equation{yotential iS —40 mV in the range 5.5 pH =<

Jin et al.

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

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

2y
Ry
wherePvaxwel is the additional Maxwell pressure generated from
the intrabubble electrostatic repulsion apdis the surface
tension at the gas/water interface. Note that the average size of
the nanobubbles nearly remains a constant, implying that the
contribution of Pyaxwell to the reduction of surface tension is
relatively small. Previously, we estimated that the internal
pressure is in the range of~29 atm by only considering
adsorption of a layer of small amphiphilic water-soluble organic
molecules at the gas/water interface. Previously, Zhang“t al.
estimated that the surface tensiop) (of the nanobubbles
attached on a surface in a surfactant solution was reduced to
~20—-40 mN/nT?, so that the minimal internal pressure should
be ~4 atm for a nanobubbles with a size €fL00 nm. Their
results suggest that the contributionRfaxwen 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

AP+P ©)

Maxwell —

rby negatively charged OHions at the interface.

%onclusion

Both salt and pH can influence formation of stable nanobub-
bles in aqueous solutions afcyclodextrin (-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

10, revealing that the nanobubbles are negatively charged. Thecolloidal particles, the nanobubbles can also be salted out,

decrease of pH from 5.0 to 3.0 leads to a changépetntial

namely, an increase of the ionic strength (salt concentration)

from —40 mV to 0. It clearly shows that the increase of proton reduces the double-layer thickness and destabilizes the nanobub-
concentration not only increases the ionic strength and reducesbles. For a given ionic strength, the nanobubbles are more stable
the thickness of the electric double layer but also neutralizes in alkaline solution because the adsorption of more Qdhs

the negatively charged gas/water interface and destabilizes theat the gas/water interface enhances the double layer. A structural
nanobubbles. Further, as pH decreases, the averaged size of th@odel is proposed for stable nanobubbles in which not only
nanobubbles slightly decreases froni60 to ~140 nm, but small amphiphilic water-soluble organic molecules but also
the zeta potential changes from40 to —10 mV. It implies negatively charged OHions are absorbed at the gas/water
that the surface tension is mainly reduced by adsorption of interface, as shown in Figure 7. Both stabilize the nanobubbles
amphiphilica-CD molecules at the gas/water interface and that and prevent coalescence. The charged interface generates an
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additional Maxwell pressure and further decreases the surface (9) Lum, K.; Chandler, D.; Weeks, J. D. Phys. Chem. B999 103
tension, so that the pressure inside each nanobubble is furthef7%0- _ _
reduced. This provides a better explanation of why the (19) Liunggren, S.; Reiksson, J. Colioids Surf. AL997 151, 129.

. . . (11) Marinova, K. G.; Alargova, R. G.; Denkov, N. D.; Velev, O. D.;
nanobubbles with a huge surface area are still stable in aquUeOUpesey, D. N.; Ivanov, I. B.; Borwankar, R. Bangmuir 1996 12, 2045.

solutions of various water-soluble low molar mass organic  (12) craig, V. S. J.; Ninham, B. W.; Pashley, R. M. Phys. Chem.
molecules. 1993 97, 10192,
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