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Abstract: The effect that surface-active solutes, such as aliphatic alcohols and sodium dodecyl sulfate
(SDS), have on the extent of bubble coalescence in liquids under different sonication conditions has been
investigated by measuring the volume change of the solution following a period of sonication. In general,
the adsorption of surface-active solutes onto the bubble surface retards bubble coalescence. Within the
limitations of the measurement method and the systems studied, bubble coalescence does not appear to
be dependent on the applied acoustic power. Also, varying the applied acoustic frequency has a minimal
effect on the extent of bubble coalescence in systems where long-range electrostatic repulsion between
bubbles, imparted by the adsorbed surface-active solutes, dominates. However, when short-range steric
repulsion (or other short-range repulsive forces) is the primary factor in inhibiting bubble coalescence, the
dependence on the applied acoustic frequency becomes apparent, with less coalescence inhibition at higher
frequencies. It is also concluded that SDS does not reach an equilibrium adsorption level at the bubble/
solution interface under the sonication conditions used. On the basis of this conclusion, a method is proposed
for estimating nonequilibrium surface excess values for solutes that do not fully equilibrate with the bubble/
solution interface during sonication. For the case of SDS in the presence of excess NaCl, the method was
further employed to estimate the maximum lifetime of bubbles in a multibubble field. It was concluded that
an acoustic bubble in a multibubble field has a finite lifetime, and that this lifetime decreases with increasing
applied frequency, ranging from up to 0.35 + 0.05 ms for 213 kHz to 0.10 + 0.05 ms for 1062 kHz. These
estimated lifetimes equate to a bubble in a multibubble field undergoing an upper limit of 50—200 oscillations

over its lifetime for applied ultrasound frequencies between 200 kHz and 1 MHz.

Introduction

Ultrasound has a wide range of applications, ranging from

the degradation of pollutants? polymerization reactions® and
formation of protein microspheré%and nanoparticlés?? to
food scienc&*and biomedical applicatior8:16 The overall
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efficiency of these applications depends on the bubble popula-
tion and sizes, which in turn depend upon various parameters,
such as the ultrasonic power and frequency, etc. Our previous
study?” in which the influence of acoustic power was investi-
gated using sonoluminescence (SL) as a probe, found that the
“active” bubble population (i.e., bubbles producing SL) is mainly
governed by the degree of bubble clustering leading to “imped-
ance shielding®81°and bubble coalescence.

It is well-known that the extent of bubble coalescence in
solution is very much affected by the presence of surface-active
solutes!’20-22 The adsorption of these solutes on the bubble/
solution interface will generally retard the process of bubble
coalescence. In addition, the work of Sostaric and R&#dz
concludes that, unlike the case for “static” bubbles in a liquid,
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Figure 2. Average change in total bubble volume relative to pure water

as a function of SDS concentration in aqueous solutions sonicated at 358 . 7 . .
kHz, 0.9 W/cnd. Sunartio et al” showed that the applied acoustic power can

have a marked effect on sonoluminescence intensity. It was

equilibrium adsorption of some surfactants onto the surface of argued that this arises from the effect on the bubble population,
bubbles exposed to ultrasound is not achieved. Considering thatvhich is largely controlled by the degree of bubble clustering
surface-active solutes appear in many sonochemical processedeading to impedance shielding, and bubble coalescence. To
it is imperative that a sound understanding of the behavior of further probe this latter aspect, experiments were conducted at
these solutes in the solution, especially how they influence the various acoustic powers, and the results are presented in Figures
bubble population and eventually the efficiency of the ultrasonic 3—5. AbsoluteAVr values are greater for higher applied acoustic
processes, is acquired. For this reason, the aim of the presenpowers (Figures 3a5a). However, it is clearly shown in Figures
study was to further explore the extent of bubble coalescence3b—5b that once these values are normalized toANg for
in solutions containing surface-active solutes under different water, they lie on the same curve (within the experimental error
sonication conditions by following the method adopted by Lee Of this technique), indicating that there is no significant power
et al.2! while at the same time probing the dynamics of dependence on the processes responsible\tar values. In
surfactants adsorption onto the acoustic bubble/solution inter- addition, the experiments were also conducted at a few different
face. ultrasonic frequencies (213, 358, 647, and 1062 kHz) using an
identical cell design. Minimal frequency dependence was
observed for ethanol and lower concentrations of SBSfM)

Figures 1 and 2 show the typical volume changes observed(Figures 3b and 4b). However, dependence on the applied
following sonication of aqueous solutions containing a range acoustic frequency is apparent for higher SDS concentrations
of alcohols and SDS, respectively. To see the effect of addedand SDS in the presence of 0.1 M NaCl (Figures 4b and 5b).
surface-active solutes, th&Vy values are normalized with The work of Lee et at! also showed that the addition of an
respect to theAVy for pure water under identical conditions, electrolyte may partly counteract the effect of surface-active
and the concentrations are plotted on a log scale to show thesolutes on bubble coalescence (as will be discussed further
features of the data points more clearly. Th& values in the next section). Figure 6 shows the changeA¥r
described in these experiments are considered to be directlywhen increasing amounts of NaCl were added to the ethanol
related to the amount of bubble coalescence in the ligual: and SDS solutions. It can be readily observed thatANg
smaller normalizedAVs indicates a lower level of bubble increases and then levels off as the NaCl concentration increases,
coalescence. Consistent with the findings from previous and that the limiting plateau values are different for each SDS
studies’® 22 it is evident that the extent of bubble coalescence solution.
is affected by the presence of the surface-active solutes, aSDiscussion
suggested by the significant decrease inAhg. Furthermore,
Figure 1 also shows that the longer is the alkyl chain length of  To guide us through the discussion, it is useful to keep in
the alcohol, the lower is the concentration needed to achievemind Scheme 1, which depicts the fate of individual bubbles in
the same amount of decreaseAN’. liquids under ultrasonic irradiation. While the full discussion

Results
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the power comparison for 358 kH®, 0.8 W/cn? andO 1.1 W/cn?. All of tion the dominant pathway after bubble collapse
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concentration of the surface-active solute increast¥y

of this scheme has bgen given in detail elsewﬁétlge salient decreases until it reaches a minimum and then slightly increases
features are summarized as follows. As ultrasonic waves pass
through a liquid medium, bubble nuclei present in the liquid (25) Ashokkumar, M.; Lee, J.; Kentish, S.; Grieser,trason. Sonochem.

: : e PR 2007, 14, 470-475.
can grow at the antinodes via rectified diffusion or coalesce (26) Leighton, T. G.. Walton, A. J.; Pickworth, M. J. VEur. J. Phys1990

with one another to form a larger bubble. Upon coalescence, if 11, 47-50.
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Adsorption of surface-active solutes on the bubble/solution as a function of Gibbs surface excess of aliphatic alcohols in agueous
interface can inhibit coalescence via two different means: steric Solutions sonicated at 358 kHz, 0.9 WAm
repulsion (or other short-range repulsive forces), and also
electrostatic repulsion if the surface-active solutes are charged.
Steric repulsion (or other short-range repulsive forces) only takes
place when the adsorbed solutes are in very close vicinity of
each other, whereas both long-range and short-range electrostatic
repulsions can occur, depending on the nature of the solutes
present. All of these repulsion forces act to keep the bubbles
sufficiently far apart such that the liquid film between them
does not get thin enough for rupture to take place, thus
preventing them from coalescing.

For SDS, which is an anionic surfactant, both of these
repulsion forces contribute to the results observed in Figure 2,
whereas for alcohols (Figure 1) only the steric effect (or other Figure 8. Dependence of surface excess on surface tension for SDS
short-range repulsive effects) is important. The slight increase SO'Utions in the presence of excess NaCl (ref 33).

in AVt at higher solute concentrations has been attributed to phserved in our previous MBSL study in the presence of small
the increasing level of dissolved air for alcohdsyhereas for amounts of SDS+1—2 mM) that the normalized MBSL signal
SDS, it has been proposed that the excess surfactant moleculefeturns to that of pure water at higher power levels (+151
act as an electrolyte, reducing the strength of the electrostatic\y/cn?), once the electrostatic repulsion between bubbles is
repulsion and hence also the inhibition of bubble coalesc¥nce. eliminated by the addition of excess electrolyte. However, the
Figures 3a-5a show that absolut&Vr values are greater for  normalized bubble coalescence in SDS solutions in the presence
the higher applied acoustic powers. This is most probably due of 0.1 M NaCl does not revert back completely to the level
to a greater number of bubbles being created at the higherobserved in pure water, irrespective of the acoustic power used
powers!” However, there is no significant difference between (Figure 5b). This observation supports the hypothesis that the
the AVr values for the various powers once they are normalized changes to the bubble clustering caused by the adsorption of
to theAVy for water. Based on Scheme 1, it should be possible charged surfactants onto the bubble/solution interface are
to qualitatively correlateAVr to the SL intensity. For SDS  primarily responsible for the SL enhancement reported in our
solutions in the presence of 0.1 M NaCl, while th&+ data earlier work (Figure 5 in ref 17).
(Figure 5b in this report) show no power dependence, the The data obtained in this work also offer valuable information
corresponding multibubble sonoluminescence (MBSL) data on the dynamics of surfactant adsorption on cavitation bubbles.
(Figure 8 in ref 17) suggest some dependence on the appliedAs mentioned earlier, the addition of 0.1 M NaCl into SDS
acoustic power. It has been speculated in our previous MBSL solutions is known to screen any electrostatic interactions
studied”1827that the adsorption of charged surfactants onto the between bubble$2°As can be seen from Figure 6, the addition
bubble/solution interface leads to the “declustering” of the of up to 0.4 M NaCl to 100 mM ethanol solution has no
cavitation bubbles, which is responsible for the enhanced MBSL significant effect on the\Vr. This is expected because ethanol
(under the conditions where surfactant decomposition does notmolecules, although polar, have no formal charge. In contrast,
play a significant role in quenching the SL intensity). In a recent for SDS solutionsAV+ increases with increasing NaCl concen-
acoustic emission spectral stutiwe have demonstrated that tration until it reaches a plateau value. This increasaVf is
the presence of SDS in the solution affects not only the bubble consistent with the proposition that the addition of salt reduces
coalescence, but also the structure of the bubble clustersthe strength of the electrostatic repulsion between the charged
produced. Our coalescence results also provide further evidencesurfactant headgroups on the bubbles, leading to a lessening of
for the hypothesis that the effect of charged surfactants on coalescence inhibition. It should also be noted that at all SDS
MBSL is primarily related to bubble clustering. It has been concentrations used, the limitingVr plateau values still fall
below that of water (i.e. AVt = 1.0). This confirms that even

(27) Lee, J. The Behaviour of Ultrasound Generated Bubbles in the Presence _ i i i
of Surface Active Solutes. Ph.D. Thesis, The University of Melbourne, when the long-range electrostatic repulsion between bubbles is
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turned off, there is still some residual coalescence inhibition betweenl'eq 0f @ homologous series of alcohols and a number
due to steric repulsion and probably also a very short-range of sonochemical processes (such as the dissolution of MnO
electrostatic repulsion. (For example, the Debye length in particle$® and the reduction of gold chlori#&®4) and the
solutions with an electrolyte concentration of 0.1 M is calculated quenching of sonoluminescenteThis strongly suggests that
to be around 1 nm (Shaw, D. [htroduction to Colloid and equilibrium adsorption is achieved for these aliphatic alcohols
Surface Chemistry2nd ed.; Butterworths: London, 1970). This, under the sonication conditions used. On the basis of these
in addition to the steric effects, can possibly inhibit the very studies, we are able to propose a method utilizingkle data
last stage of coalescence between two bubbles.) obtained to estimate the nonequilibrium surface excess values
The strength of the steric repulsion (or other short-range for some systems. When th&Vr data for aliphatic alcohol
repulsive forces) between bubbles can be expected to dependolutions are plotted as a function of the Gibbs surface excess,
on the number of surfactant molecules on the surface, which they all lie on a “master curve”, as shown in Figure 7. This
can be directly related to the surface excess of the surfactant.curve directly relates the amount of surface-active solutes
The higher is the surface excess, the greater is the strength ofdsorbed on the bubble/solution interface to the extent of
the steric repulsion (or other short-range repulsive forces) coalescence inhibition they impart due to steric repulsion (or
between bubbles and hence the greater is the extent of inhibitionother short-range repulsive forces). This direct relationship,
of bubble coalescence. This statement brings us to an interestingiowever, is not valid in systems where long-range electrostatic
observation. Consider the data points for 2 mM Sb$.1 M repulsions come into play (such as in SDS solutions without
NaCl and 100 mM ethanol solutions (see boxed points in the addition of excess electrolyte). Hence, provided steric
Figure 6). (Those two points were chosen because the long-repulsion (or other short-range repulsive forces) is the dominant
range electrostatic repulsion does not play a significant role in factor controlling the extent of coalescence inhibition, one can
these cases, hence allowing the steric effect to be compared.experimentally obtain thAVr value for any given system and
Steric repulsion (or other short-range repulsive forces) is the subsequently use this to estimate the surface excess value from
principal factor contributing to coalescence inhibition in these the master curve (Figure 7). Consider the 2 mM SB8.1 M
two cases. The equilibrium surface excdsg)(for 2 mM SDS NaCl solution, where the electrolyte is present in excess, thereby
+ 0.1 M NaCP0 is 2.6 x 10 molecules/crfy while T'eq for eliminating any long-range electrostatic interactions. The nor-
100 mM ethandP is 0.55 x 10 molecules/cra It is evident malizedAVr value for this system was found to be around 0.36
that even though'eq for 100 mM ethanol is only about one-  for 358 kHz (see Figure 5b or Figure 6). Relating this value to
fifth of that for 2 mM SDS+ 0.1 M NacCl, it has a loweAVr, the master curve in Figure 7 gives a nonequilibrium surface
which means it inhibits bubble coalescence to a greater extent!excess value of-0.5 x 10 molecules/crh (as compared to
This strongly suggests that, within the lifetime of the bubble, 2.6 x 10 molecules/cr®y if true equilibrium had been
there are more ethanol molecules adsorbed onto the bubble&achieved?).

solution interface than SDS, or in other words, the thermody-  Once this surface excess value is estimated, it can be used
namic equilibrium surface excess in the SDS system is not further to gain some insight into the lifetime of acoustic bubbles
reached. This interpretation supports the work of Sostaric andin the antinodes in a multibubble field. It has been prop&sed
Reiszz32*who came to the same conclusion based on a seriesthat at relatively high frequencies such as the ones used in this
of EPR and spin-trapping studies on some sonicated surfactaniyork, bubbles exposed to ultrasonic irradiation undergo a large
solutions. number of oscillations during their active life span. However,
Figure 5b indicates that not only is the equilibrium surface the actual number of oscillations is unknown. Tajima’s work
excess not reached in systems containing SDS, but just howon SDS solutions in the presence of excess NaCl provides data
far the system is from equilibrium very much depends on the on both surface tension and surface excess as a function of
applied acoustic frequency. It is evident that as the applied SDS concentratio?? These two sets of data were combined,
acoustic frequency is increased, the bubble coalescence isand the result is shown in Figure 8. These data can then be
inhibited to a lesser extent. This indicates that a lower number used to convert the dynamic surface tension data for 2 mM
of SDS molecules adsorb onto the bubble/solution interface at SDS + 0.1 M NaCl obtained by Fainerman and Ly#&knto
higher frequencies. the surface excess of SDS as a function of time (Figure 9). It
The nonequilibrium surface excess is generally difficult to follows then that the time required for a given surface excess
quantify due to the dynamic nature of the adsorption process.value to be achieved in a particular system can be estimated
The work by Eastoe and Daltéfconcluded that surface-active  from Figure 9.
solutes need a finite time to equilibrate with the interface. |t has to be pointed out here that there are limitations
Solutes of low surface-activity were found to equilibrate associated with adopting this approach. First, the data in the
extremely rapidly. In contrast, surfactants that have a relatively jiterature are for unstirred systems, whereas constant stirring
higherI'eq at a particular bulk concentration and reduce the exists in our systems due to the acoustic microstreaming brought
surface tension more significantly than short alkyl chain alcohols gpgut by cavitatiod? This will largely affect the transport rate

require longer times to equilibrate with the interf@e.
Previous studig818:3334yith surface-active solutes in soni-

cated systems found that a quantitative relationship exists

(30) Tajima, K.Bull. Chem. Soc. JprL97Q 43, 3063-3066.

(31) Eastoe, J.; Dalton, J. 8dv. Colloid Interface Sci200Q 85, 103-144.

(32) Ferri, J. K.; Stebe, K. Adv. Colloid Interface Sci200Q 85, 61—97.

(33) Sostaric, J. Z.; Mulvaney, P.; Grieser,F.Chem. Soc., Faraday Trans.
1995 91, 2843-2846.

of surfactant molecules toward the bubble/solution interface.
Previous studie83” found that SDS adsorption at the air/

(34) Barbour, K.; Ashokkumar, M.; Caruso, R. A.; Grieser JFPhys. Chem.
B 1999 103 9231-9236.

(35) Fainerman, V. B.; Lylyk, S. VZh. Prikl. Khim.1983 56, 2218-2222.

(36) Fainerman, V. BColloids Surf.1991, 57, 249-266.

(37) Wu, N.; Dai, J.; Micale, F. 1. Colloid Interface Sci1999 215 258-
269.
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N’E‘ Table 1. Summary of the Estimated Maximum Bubble Lifetimes

3 a4 T T T T for the Various Applied Frequencies Investigated

@ . - Y ® -

% d applied frequency period estimated max estimated max

é 20 o ] (kHz) (us) bubble lifetime (ms) number of oscillations

I l6fe . . E 213 4.7 0.35t 0.05 70+ 10

< Ler Pl 358 2.8 0.30+ 0.05 110+ 20

g 120 12f R I 647 16 0.15t 0.05 100+ 30

S ost 08 e 1 4 1062 0.9 0.1Gt 0.05 110+ 50

B o4r 7’

b4 L E . . L .

& 04 o or oz 12 summarized in Table 1. From the table, it is evident that the
5 00 ! : ! ’ . maximum lifetime of the bubbles decreases with increasing
7] 0 5 10 15 20 25 30

. applied frequency. Furthermore, for the range of frequencies
Time (ms) investigated, these lifetimes equate to the bubbles undergoing
Figure 9. Surface excess as a function of time for 2 mM SDS in the an upper limit of 56-200 oscillations in their active lifetime.
presence of 0.1 M NaCl (ref 34). The inset shows the region of very short g resylt is highly significant, in that it indicates that active
times, which is assumed to be linear. L e e - .
S . . e bubbles exposed to an acoustic field have a finite lifetime in a
aqueous solution interface is mainly diffusion controlled at low - L . .
. . S - multibubble system, which is not necessarily the case for a single
bulk concentrations, but the governing mechanism is shifted to 29 40 . :
. . L . . bubble®*4% We had previously estimated that bubbles at a
mixed diffusion-kinetic controlled at higher bulk concentrations. - _
- R ) frequency of 515 kHz have an upper limit of 5000 oscillatibhs.
Therefore, it is expected that using literature data for a higher . .
. However, the present method provides a much better estimate
bulk SDS concentration would be more accurate for our . . . . .
of the persistence time of an acoustic bubble in a multibubble

est|mat|on_s. Be_zcal_Jse the maximum SDS. molecule (mono_mer)ﬁeld_ It also demonstrates the dependence of the bubble lifetime
concentration is fixed by the critical micelle concentration .
on the applied frequency.

(CMC) (the CMC for SDS in the presence of excess NaCl is
around 1.62 mM (ref 30)), the estimations of the bubble lifetime Conclusions

ahre ba;sed OE the data.for Zdn;M SE_SO'léVI Nal((jjl.bUsmg Adsorption of surface-active solutes onto bubble/solution
f. ese atrz?, tbe Sgl]e el.?t'maé; Arom Ilglqred woul_ € anhgpperinterface in liquids under sonication is a dynamic and complex
Ollr_mt to_t € hu e liretim I.I fs hexzatl)réﬁ gar 'ﬁr n t ISd process. It affects the phenomenon of bubble coalescence, which
IScUssion, however, not a O.t e bubbles in the antinodes ., i, tyrn influence the efficiency of the whole sonochemical
.W‘?“".’ be active if bubble clgsterlng takes place. In other vyords, process. Within the limitations of the measurement method and
'.t |s.I|ker that the bubbles in the gntlnodes, Whose maximum e systems studied, bubble coalescence does not seem to depend
lifetimes are estimated here, consist of both active and inactive on the applied acoustic power. Dependence on the applied
buk_)bles_. Therefqre, even thOUQh ;trictly speaking what WE areé 5 coustic frequency, however, is apparent in some systems. The
estl_ma;mg _here ItS) thefmaéllmhum tt_]l_me_ a b_ubtl)le Cﬁn live |n|_th(_a method used also provides important insight into the dynamics
aPt't?o es, It Ct?nbb(la n errel t atthis time Is also the upper imit ¢ ¢\, t2 06 active solutes adsorption onto bubble/solution inter-
of the a.Ct'\./e ubble population. . . face and can be used to estimate the nonequilibrium surface
.The limited amount of data points available to construct excess values of some surfactants in liquids exposed to
F'gufe 9 does npt cover the range_of_surface excess values W&ltrasound. An acoustic bubble in a multibubble field has a finite
are interested in. Nevertheless, it is reasonable to assUMQitatime. as a consequence of bubbleubble coalescence
Iinearit_y of the surface excess as a f.unction O.f time for very processes and rectified growth, which is shorter for higher
shorF t'r:;?s bgglveigl? antlj 2 TS /(s%e Ifnéﬁ)t)s Thlsdglvebs the tlmeapplied acoustic frequency. It is estimated that these bubbles
required for U.ox moleculesicmo to adsorb onto undergo no more than 500 oscillations in their lifetime for

the_ int_erface a3v0.30_ ms, which equates to ar_ound 110 applied frequencies in the range of 200 kHz to 1 MHz.
oscillations for the applied frequency of 358 kHz. (It is assumed
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Referring back to Figure 5b, a similar approach can be
followed for all of the other frequencies, and the results are JA068980W
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