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The addition of salt can induce the slow coalescence of hanobubblé¥)(nm) in an aqueous solution of
a-cyclodextrin ¢-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<¢>) of the nanobubbles is related to their average mad4x) and the coalescence time

(t) as<M> ~ <¢>%and <> ~ t” with two salt-concentration-dependent scaling exponehtsndy). For

a lower sodium chloride concentratioBnac = 40 mM),y = 0.13+ 0.01 andd; = 1.714+ 0.02. The increase

of Cnacito 80 mM results iny = 0.32+ 0.01 andds = 1.99+ 0.01. The whole process has two main stages:

the aggregation and the coalescence. At the Iddgg, the process essentially stops in the aggregation stage
with some limited coalescence. At high€iiac;, coalescence occurs after the aggregation and results in large
bubbles.

Introduction ability (ps) between two colloidal particles, the process can be
characterized as the diffusion-limited clustefuster aggregation
(DLCA, ps ~ 100%) and the reaction-limited clustecluster
aggregation (RLCAps < 100%)16.17 One distinctive feature
between DLCA and RLCA is their different scalings between
the mass 1) and size R) of the aggregates, that is, different
fractal dimensionsdg) in M ~ R%. The DLCA leads to large
aggregates with a more open and less uniform structuredyith
~ 1.7-1.9 in a three-dimensional space. The kinetics of DLCA
is described byR ~ t with y < 1, and typically,y = 1/d.

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 solutidrittard et
al1267have 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 . . o
ously existing bridging nanobubbles. In our recent studies, we ,;Itternatwely,df oAb the_ range of 2'.62'5 "?ded:%
found that small nanobubbles exist in different aqueous solu- » Wherebis a constant, depending on the dispersion natuire.

tions, including surfactant/water, alcohol/water, sugar/water, and The aggregation of hard collqldal particles and the coales-
other water-soluble organic molecule solutiénis.should be cence of soft nanobubbles are different because small nanobub-

noted that no stabilized “bare” nanobubbles was observed in bles can merge into one large bubble. Note that such coalescence
our experiment, implying that the existence of small water- should depend on the interfacial properties of the nanobubbles.

soluble organic molecules is essential to the existence of StableUnfortunater, the gas/water !nterface is less understd&l.
nanobubbles. Further study indicates that these nanobubbles-rhere.’fore’ a better understandlng OT the nanobubblg cogles.cence
have a negatively charged interf&cEhe electrostatic repulsion is an important theoretical and practical problem. Its implications

among different nanobubbles can be reduced by the additionmfsIUOIe _the preventilogs of deco_mpression _sickness and the
of low-molar-mass electrolytes, similar to the salt-out effect in microboiling process:~2* A combination of different modern

a typical aqueous colloidal dispersion. Therefore, the addition tshcattermgk])tebcbr;nlqueis has provided a bgz(;ter opportt;nltg to stt:dy
of salt can induce the nanobubble aggregation. The only € nanobubble coalescence over a wide range of observation

difference is that aggregated nanobubbles are expected to furthe¥engths and times.
undergo a slow coalescence process.

Numerous experimental and theoretical studies have been
devoted to the aggregation of colloidal particles in various  |n the current study, we selected-CD (GR) aqueous
dispersions in the pa$t.*> Depending on the sticking prob-  solutions because small nanobubbles (Radi®9 nm) can
. . . spontaneously form and be stabilized by water-solwbleD

* Corresponding author. E-mail: toctutedi@cuhk.edu.hk. The Hong Kong molecules in the absence of s&ftWe also estimate that the
address should be used for all correspondence. . ) o

T The Chinese University of Hong Kong. volume faction f) of the nanobubble phase is in the range pf
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negatively charged with &potential of c.a—40 mV. The most
important fact is that such formed nanobubbles are stable in 101 3
a-CD aqueous solutions over a long time. The addition of NaCl A i
can make the nanobubbles unstable, especially v@igs > o
~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—cp = 7.90 x 1073 g/mL) in g LF
the presence of different amounts of Nacl40—80 mM). @ 10°F b Coq =80mM
In dynamic LLS, we measured the coalescence time-depend-== 1 A0y
ent intensity-intensity time correlation functionr@®(z)). Our 10"k
results reveal that eadB®(r) from an aqueous solution with 3
nanobubbles has two relaxation modes, which can be well fitted 0
by a double exponential functidriThe fast mode is related to %83 E
individual a-CD molecules free in the solution, whereas the F ¢) C__=40mM
slow mode is attributed to small nanobubbles wi#hCD .
molecules adsorbed at the gas/water interface of each nanobub-
ble. Therefore, G@(z) — B]/B can be expressed & g 10°
~

[y
OO
) T

P
,,,,,

<I(20°)>

slow

{[GP(r) — BI/B} ' = Ag(6) € =" 4
Agonl0) € P75 (1)

d) C. =80mM

NaCl

where B is the measured baselinesD> is the average
translational diffusion coefficienf\(0) is the intensity contribu- )
tion of each relaxation modé,is the scattering angle, ands 100 o ©o©
the scattering vector that related the incident wave lenggh ( N
and the refractive indexnj of scattering media ag = 4wn/Ao 10
sin 6/2. Note thatAws(0) + Asiow(f) = 1. By using a double t /
exponential fit and the Stokeginstein equation, each measured coalescence
G(r) leads to two average dynamic correlation lengths, Figure 1. Time dependence of average scattering intensitiés gow
<C>prastand <C>psiow- The time-average scattering intensity at® = 0 and 20) and average static and dynamic correlation lengths
from each mode can be calculated from the total time-averaged(<&>ssiowand<{>p,siow) Of Nanobubbles in an-CD aqueous solution,

scattering intensity<1(6)>) measured in static LLS an&{(6) where lines represent fittings of different scaling equations and each
from dynamic LLS; that is,<I(0)> st = <I(6)>Ars(6) and slope leads to a scaling exponent.
<I(0)>slow = <I1(0)>Asion(0). The plot of 1KI(0)>tast OF
1/<1(0)> 0w Versusy? leads to a static correlation lengts fast
or ssiow and the time-averaged scattering intensityj at 0
(<1(0)>tast OF <1(0)>g0n) ON the basis &F
=)
<1(0)> v
<i(Q)> = 1+(—3€2 @ Y
acs é D) Guq =80 mM
In this study, we concentrate on the time dependence of A 10' r
<E>psiow <E>ssiow <1(0)> siowand<I(0)>sowas well asthe vV i
angular dependence ofl(g)>sow during the nanobubble 10 1
coalescence. The correlation-length dependencel @) > sjow i .
or <I(0)>gow reveals structural information of the nanobubbles 102 103
during the coalescence. <§>slow / nm

Figure 2. Correlation length €>s0n) dependence of average

scattering intensity €I>s0w) Of nanobubbles in am-CD aqueous
Figure 1 shows both the average correlation length and thesolution, where lines represents fittings of different scalings and each

average scattering intensity of the nanobubbles’ increase durings!ope leads to a scaling exponedt ¢r dy).

the coalescence in the presence of two different amounts of salt.

As expected, the coalescence becomes faster when more salts Figures 2 and 3 reveal some scalings between different time-

are added. Such kinetic behaviors are well described by averaged scattering intensities and different correlation lengths

<1(@)>slow ~ 17D, <I(0)>gow ~ VO, <E>pgow ~ t7o and or a dimensionless parametgr &> s siow IN the range&<&>s siow

<&>gslow™~ t7s. For Cyaci = 40 mM, y(q) = 0.284 0.01,y(0) > 1; namely,<I(0)> siow ~ <&>s siow¥, <I1(@)> siow ~ <&>D,slow'h,

= 0.334 0.01,yp = 0.13+ 0.01, andys = 0.21+ 0.01; for and <I(q)> ~ g% where di and dy are the fractal and

Cnaci = 80 mM, y(g) = 0.65+ 0.01,y(0) = 0.76+ 0.02,yp hydrodynamic dimensions, respectivélyF-or each given salt

= 0.324 0.01, andys = 0.37 4 0.01. The scaling exponents concentrationd; ~ d,, which is consistent with the DLCA

clearly vary with the salt concentration. Note th&(20°)> in theory!? The salt-concentration-dependent fractal dimension,

Figure 1b starts to decrease afteB000 min. This is because thatis,df = 1.7 & 0.1 for Cyaci = 40 mM anddf = 2.0+ 0.1

the nanobubbles are too large{500 nm) to be stable in the  for Cnaci = 80 mM, shows that the aggregation of small

solution. nanobubbles results in different structures. The smalledthe

Results and Discussion
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Figure 3. g<¢>ssiow dependence of normalized average scattering Figure 5. Centrifugation time dependence of normalized intensity
intensity (<1(g)> siow <1(0)>siow) Of Nanobubbles in an-CD aqueous intensity time correlation functiord®(z) — B]/B of ana-CD aqueous

solution, where lines represents fittings of different scalings in the range solution.

g<&>ssiow > 1 and each slope leads to a scaling exponeiit (

nanobubbles (the slow mode). Fogaci = 80 mM, the average

size of the nanobubbles 48600 nm after~100 h so that some

0 Ca = 80 mM larger bubbles ¥1 um) become visible even in an optical
microscope, as shown in the inset of Figure 4.

4.0

Conclusions

/<1>

In summary, the addition of salt, such as NaCl, induces slow
aggregation and coalescence of small nanobubbles in an aqueous
solution. We havefor the first time observed some scaling
laws between the average size and the coalescence time or the
0 average mass of large nanobubble aggregates. Such scalings

8] N1 are different from classical diffusion-limited clustecluster
()11 S —— @.e o D S a-- aggregation (DLCA); namely, the scaling exponent varies with
. —_— — the salt concentration and the measured fractal dimensipn (
0 100 200 300 400 is over the range (1:71.9) of a DLCA process limited. Our
/ min results indicate that in the presence of high amount of salt the
centrifugation aggregation of small nanobubbles leads to a denser structure,
Figure 4. Centrifugation time dependence of average scattering Présumably because of the coalescence of nanobubbles because
intensity (<1>go,) of Nanobubbles in an-CD aqueous solution, where  Salt affects the gas/water interface of each nanobubble.
O and O represent top and bottom layers of solution. Before the

slow

2.0

<I>
9]
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the looser the structure. Herd, = 1.7 indicates a classical
DLCA process. Such a lowek also implies no or rather limited
coalescence of small nanobubbles. In other words, small
nanobubbles only aggregate together. EQsci = 80 mM, d
= 2.0, reflecting a relatively denser structure. Presumably, the
higherd; indicates that small nanobubbles coalesce into a larger (1) TWE”' J. W-_G-|§ Attard, PPhys. Re. Lett 2h001 8% 176104-1.
bubble after they aggregate together. . éZ) Papker, J. L.; Claesson, P. M.; Attard JPPhys. Chenil994 98,
For Cnaci = 40 mM, both the averaged scattering intensity (3) Agrawal, A.; Park, J.; Ryu, D.; Hammond, Y. P. T.; Russell, T. P.;
and the average correlation length continuously increase evenMcKinley, G. H. Nano Lett.2005 5, 1751.

~ : (4) Zhang, X. H.; Zhang, X. D.; Lou, S. T.; Zhang, Z. X.; Sun, J. L.;
after ~100 h because of continuous coalescence. In a reaIHu’ 3 Langmuir 2004 20, 3813,
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