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Abstract: The effect of adding surface-active solutes to water being insonated at 515 kHz has been
investigated by monitoring the acoustic emission from the solutions. At low concentrations (<3 mM), sodium
dodecyl sulfate causes marked changes to the acoustic emission spectrum which can be interpreted in
terms of preventing bubble coalescence and declustering of bubbles within a cavitating bubble cloud. By
conducting experiments in the presence of background electrolytes and also using non-ionic surfactants,
the importance of electrostatic effects has been revealed. The results provide further mechanistic evidence
for the interpretation of the effect of surface-active solutes on acoustic cavitation and hence on the
mechanism of sonochemistry. The work will be valuable to many researchers in allowing them to optimize
reaction and process conditions in sonochemical systems.

Introduction of surface-active solutes on cavitatibri2 Both sonochemistfy
and sonoluminescenthave been used as tools for monitoring

the resulting acoustic cavitation has been used to stimulate a the effects of different experimental parameters, such as
number of chemical reactions, such as metal ion reduction, frequency and acoustic power, on cavitation activity.
oxidation of organic compounds, pyrolysis of volatile solutes, ~ The presence of surface-active solutes has been shown to
etc12 One of the challenges that faces scientists working in decrease the amount of primary radicals that are available in
this research area is to precisely control the cavitation events,solution for reaction. Hengleth reported that the presence of
which requires an understanding of how various experimental hydrophobic solutes led to a decrease in the amount of hydrogen
parameters affect cavitation. peroxide detected in solution and argued that surface-active
It is well recognized that acoustic cavitation in liquids, solutes adsorbed at the bubble interface trap some of the primary
especially water, generates reactive intermediates such agadicals that otherwise would have produced hydrogen peroxide.
radicals through breakdown of the solvent as well as producing Grieser and co-worke¥shave shown that the reaction of the
light emission, known as sonoluminescence (51).For primary radicals with adsorbed solutes leads to the formation
example, the concentration of hydroxyl radicals or the amount of secondary reducing radicals that can beneficially be used for
of hydrogen peroxide produced can be used for monitoring the metal ion reduction. They have also shown a strong correlation
extent of cavitation activity in agueous solutidi®yver the past between the surface activity of the solutes and the concentration
several years, our research groups have been studying the effeaif metal ions reduced. It has been suggested that the extent of
metal ion reduction is independent of the chain length of the
solutes and is controlled by the number of surface-active

The passage of high-intensity ultrasound through liquids and
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generated radicals has also been demonstrated by Sostaric andwitterionic surfactant with a quaternary ammonium alkanesulfonic acid
Riesz using electron paramagnetic resondhée. inner salt which retains its dual charge over a very wide pH range in

It has also been demonstrated that the extent of SL quenchingaqueous solutions. The solutions were made using Milli-Q water with
. a resistance> 10 MQ at 20°C.
caused by solutes when using 515 kHz ultrasound can be .
. . . . The ultrasound generator/transducer system (Undatim ULO3/1 reac-
correlated with their surface excess concentratiand it has

A tor) used for the measurements was similar to the one used in our SL
been shown that solutes must be volatile and capable of gygiesio Acoustic emission was measured using a cavitation sensor

evaporating into the bubble for SL quenching to océusnder developed at the National Physical Laborat®¥§,consisting of a 110
some circumstances, involatile solutes may decompose to formum thick polyvinylene difluoride membrane sandwiched in polyure-
volatile products which may enter bubbles and quench SL. thane rubber which is acoustically matched to water. The sensor has a
Another parameter affecting the extent of SL quenching by flat, usable response up to 10 MHz. Emission signals were measured
surface-active solutes is the frequency of the ultrasound used.from 130 cni of aqueous solutions containing different concentrations
On the basis of SL quenching and reaction product analysis, it of the solutes mentioned above on Agilent 4395A and HP3589 spectrum

has been suggested that cavitation is predominantly of theanalyzers. The ultrasound intensities used were measured calori-
“stable” type (i.e., bubbles undergoing many hundreds or metrically’ and are given below as appropriate. Sonication was carried

A . . . out for short times+30 s) to minimize temperature changes; all results
thousands of oscillations) at high frequencies but mainly 1309) P g

. . > - were recorded at 2326 °C.
“transient” (i.e., bubbles undergoing only a few oscillations
before inertial collapse) under the conditions pertaining to a 20 Results
kHz horn sonicatot? It has also been shown that nonvolatile,

ionic surfactants such as sodium dodecyl sulfate do not quenchof water at 515 kHz as a function of different acoustic (input)

but rather enhance the SL at high frequenéfe3his SL intensities are shown in Figure 1. At low intensities, a signal at

grtlhanc;_emerg[ thas bier;blllnked o effects from (faltictroitatlc%ﬂe fundamental frequencfs, = 515 kHz, can be seen, and as
intéractions between bubbles as a consequence of the chargef, . intensity increases, peaks at several harmonic frequencies

surfactant molecules adsorbed at the bubble/solution mterface.(2f0 = 1.1 MHz, 3, = 1.6 MHz, etc) appear in the spectra. At

Thus, both sonochemical reactions and SL measurements caftensities above 0.54 W cr?, the appearance of the spectrum
provide detailed information on how different experimental changes markedly. Our previous regbehowed that this was
parameters can affect acoustic cavitation. Segebarth 8t al. the |evel above which significant sonochemistry and SL
demonstrated that the acoustic emission generated by theemission occurred. At the higher powers, the acoustic emission
cavitation bubbles can also be used to study the effect of solutesspectra show a larger number of harmonic peaks across the
on cavitation. They reported that both sonoluminescence andyhole frequency range. A number of ultraharmonic peaks
sonochemistry can be correlated with the full width at half- (1 5, = 765 kHz, 2.%, = 1.3 MHz, etc.) begin to grow in, and
maximum of the second harmonic of acoustic emission observedthe amplitude of the harmonics is higher. A subharmonic peak
at 515 kHz ultrasound frequency. Price et@have extended (0.5, = ~258 kHz) is also evident. The increasing featureless,
this technique to compare the types of cavitation generated atproadband emission onto which the harmonics are superimposed
20 and 515 kHz in water. It has been shown, under the js significant in terms of detecting the type of cavitation
experimental conditions used in this study, that the acoustic occurring. Frohly et a2 observed similar development of
emission characteristics of cavitation bubbles generated at 20features in the emission spectrum from water sonicated at a
kHz are significantly different from those at 515 kHz. Lauter-  frequency of 1.075 MHz, as did Lauterborn and Cra#hesing
born et ak! and Frohly et af? have suggested explanations for g cylindrical transducer at low frequencies.
the range of features displayed in the acoustic emission spectra |n an ultrasound field, each bubble acts as a secondary emitter,
of cavitating systems. and the measured spectrum from the cylindrical sensor is the

For this report, we have extended our investigation to study average over a large number of emissions from individual
the effect of a number of surface-active solutes on acoustic bubbles. At low acoustic driving amplitudes, bubbles oscillate
emission characteristics at 515 kHz. The acoustic emission datainearly, so only the fundamental frequency is seen in the
are also compared with those from previously reported SL emission spectrum. As the intensity increases, a degree of

The acoustic emission spectra observed during the sonication

studies under similar experimental conditions. nonlinear motion is introduced due to forced oscillations, and
_ _ so harmonics can be observed. Higher driving amplitudes lead
Experimental Details to higher levels of nonlinearity, deviations from spherical

motion, and a range of other bubble motions and nonlinear

were purchased from Ajax Chemicals and BDH, respectively. Dodecyl oscnlatlons leading to emISSIQn at sub- an‘(‘i u_Itraha_rm?nlc
trimethylammonium chloride (DTAC) was purchased from Kodak frequencies. The broadband signal, termed “white-noise” by

Chemicals, and-decylN,N-dimenthyl-3-ammonio-1-propanesulfonate  Neppirasi® arises from several sources, including chaotic, highly
(zwittergent, 99%) was purchased from Calbiochem. Zwittergent is a Nonspherical oscillation of bubbles and shock waves generated
on bubble collaps#.222728The presence of the broadband signal

Sodium dodecyl sulfate (SDS, 99.0%) and alcohol solute9¢o)
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Figure 1. Acoustic emission spectra observed from water at different applied acoustic intensities: 0, AL cx0.05 W cnr?; 2, 0.05 W cn?; 3, 0.08
W cm 2 4, 0.54 W cm? 5, 0.7 W cm'?;, 6, 2.2 W cm?; 7, 6.8 W cnT2,

is generally taken to be indicative of transient or “inerti@l”  that from a 0.5 mM solution of SDS shows the almost complete
cavitation and bubble collap$&The sub- and ultraharmonic  elimination of the broadband “white” noise from the spectrum

peaks are characteristic of a stable cavitation regime, althoughas well as marked changes to the sub- and ultraharmonic
subharmonic oscillations can occur at relatively low acoustic structure. However, the intensity of the harmonic peaks remains
intensities. The occurrence of subharmonic peaks has beenapproximately at the same height. The reduction in the
interpreted as an indication of transient cavitation, although proadband signal remains on further addition of SDS until a
several worker$**have suggested that this is not the case ¢, centration of-3 mM is reached, at which point the spectrum

and that it arises from chaotic motions of bubbles larger than s 16 a structure similar to that observed with pure water.

their resonant size. We suggest fdhe observation of sharp . L .
. Further ition of SD no significant change in th
overtone peaks up to the 20th harmonic shows that, under the urther addition of SDS causes no significant change in the

conditions and frequency used here, both inertial and non-inertial spectra.
cavitation occur, but it is predominantly of the stable or “non- ~ The effects are perhaps more clearly visible in Figure 3, which
intertial” 3 type. This is consistent with evidence from SL and shows the spectra around the second harmonic peak.88-
sonochemical measurements previously reported, as discussed.04 MHz. This is representative of the observations for the
below. other harmonic peaks across the whole spectrum. The change
Figure 2 shows the effect on the acoustic emission spectrain emission in terms of the reduction of broadband “noise” for
as SDS is added to water sonicated with an intensity of 2.2 W |ow concentrations of SDS is readily apparent, as is the return
cm~2. Comparing the acoustic emission observed in water with of the emission intensity to water-like levels as the concentration
(29) Walton, A. J.; Reynolds, G. TAdv. Phys.1984 33, 595. of SPS is_ increg_sed. The maximum ir?tensit.y _Of the peak i_s
(30) Vaughn, P. W.; Leeman, ®custical986 59, 279. relatively insensitive to SDS concentration. Similar changes in
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Figure 2. Acoustic emission spectra observed from aqueous solutions containing different concentrations of SDS at 515 kHz. (Acoustic intensity at 2.2 W
cm2)

acoustic emission were observed by Segebarth éP atho The effect of SDS on cavitation has previously been
interpreted their spectra as a narrowing of the second harmonicinterpreteéd? in terms of an electrostatic shielding effect and a
peak as well as a reduction in the signal at the harmonic retardation in coalescence between bubbles, resulting in a larger
frequency. In this work, the harmonic peaks are much narrower number of emitting bubbles, leading to an increase in SL
(~200—-300 Hz, compared with 714 kHz from the data of intensity. In order to explore this hypothesis, a series of spectra
Segebarth et al.), reflecting perhaps the different types of was also recorded with increasing concentrations of SDS in a
hydrophone used for the measurements. Our observations areolution of 0.1 M NaClQ, the expectation being that the
better interpreted by assuming that there is a significant background electrolyte would mask any electrostatic effects. The
reduction in the broadband emission or “white noise” component results are shown in Figure 4; differences from Figure 3 are
of the spectrum. readily apparent. Here, there is negligible difference between

J. AM. CHEM. SOC. = VOL. 129, NO. 8, 2007 2253
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Figure 3. Second harmonic region of the acoustic emission spectra from sonication at 515 kHz of aqueous solutions of SDS with the indicated concentrations.
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-30 0.003
E o~
g €
& >
c
=] 0.002 |
w
1]
£
L H
L%}
)
w
3
8 0.001 |
4 110
-
1.03C 1.03% © 040 1042
Frequency { MHz
Figure 4. Second harmonic region of the acoustic emission spectra observed o =
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Figure 5. Change in total output signal from sonication at 515 kHz of
gaqueous solutions of SDS with the indicated concentrations. (Acoustic

any of the spectra across the concentration range investigate intensity at 2.2 W cm2)

The addition of SDS therefore has little influence on the acoustic
emission when a background electrolyte is present.

added, which is apparent if the data are replotted, as shown in
Figure 5, in the form suggested by eq 1.

In order to quantify the effects observed in Figuresi2the Effect of SDS on Cavitation. The variation of the total
integrated energy output in the acoustic emission spectra hasenergy emitted between 2.2 and 4.0 MHz with changing SDS
been calculated, as reporIEd in our prEViOUS communicétion. concentration in the presence and in the absence of 0.1 M
The emitted energy in the spectrum between two frequencies,NaCIQ, is shown in Figure 6. The total energy output increases
f, andf,, can be evaluated by integrating the squared acoustic yp to a concentration ef2 mM, suggesting enhanced cavitation

Discussion

responsé; activity. Above 3 mM, the values return to levels similar to
" those observed in pure water. The presence of a background
energy= ﬁ V(F)? df (D] electrolyte, expected to mask any significant electrostatic effects,
1

prevents the increase in the total emitted energy and in fact

whereV(f) is the magnitude of the sensor response at frequency €duces it somewnhat (although the observed effects are at the
f. In this work, the spectrum has been integrated between 2 olimit of experimental uncertainty and may not be significant).

and 4.0 MHz; it was found that using different integration limits The emitted (total) acoustic energy comprises the broadband
did not change the form of the results. emission and that from the harmonic peaks. In order to isolate
Looking at the data in Figure 3 suggests little variation in these two contributions, the emission arising solely from the

the signal intensities. The logarithmic nature of the signal hides Proadband is presented in Figure 7. In contrast to the total
the fact that there is a significant change in output as SDS is emission in Figure 6, the broadband component falls almost to
zero in solutions of 052 mM in SDS, paralleling the

(31) Hodnett, M.; Chow, R.; Zegiri, BUltrason. Sonochen2004 11, 441. qualitative observations of the effect of adding SDS reported
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Figure 6. Change in total emitted energy in the acoustic spectra of aqueous Figure 8. Broadband intensity averaged between 1.1 and 1.125 MHz in
solutions of SDS in the absence and in the presence of 0.1 M NaClO  the presence of various surfactants.

0400153' T broadband intensities in a region of the spectrum away from
Y T """ + ’ T the harmonic peaks. Figure 8 shows the change in spectral signal
t} %% from that of water averaged between 1.1 and 1.125 MHz, which
‘}1{1 is well away from any harmonic or ultraharmonic frequency.
Choice of other frequency ranges which show this criterion gave
similar results. The results for SDS are similar to those seen in
Figure 6, confirming the validity of the data treatment. A
significant decrease in the magnitude of the broadband signal
is seen for concentrations up to 2 mM; higher concentrations
return the signal close to that seen for water. The lack of
influence of SDS in the presence of background salt is again
clearly demonstrated.
. . . . At this stage, it is appropriate to consider the potential effects
0 2 4 6 8 10 12 of charged surfactants such as SDS on cavitation bubbles. In
Concentration of SDS / mM an acoustic field such as that in a sonochemical reactor, bubbles
Figure 7. Change in broadband component of the energy in the acoustic form clusters within a bubble cloud. Individual bubbles will
emission spectra of aqueous solutions of SDS in the absence and in theundergo motion within these clusters due to streaming effects
presence of 0.1 M NaClp . .
and Bjerknes forces. The latter will cause bubbles that are
smaller than their resonant size to be attracted to each other.
above. Again, the levels return to those from water as the Therefore, bubbles undergoing motion in a cavitation field in
concentration increases. When the experiment is repeated in thévater will come into contact with each other and may coalesce
presence of 0.1 M NaClp there is a small reduction in to form larger bubbles which are lost from the bubble (?Iogd
broadband energy but much less than that observed in itsthrough buoyancy or forced to pressure nodes by acoustic field

absence. These results imply that the observed effects at lowdradients and remain inactive. Segebarth étabserved similar
concentrations of SDS are primarily, though not exclusively, effects and, while interpreting them differently, also concluded
electrostatic in nature. that SDS modified the coalescence behavior.

The data in Figures 57 show that, while the addition of SDS is surface active and will therefore adsorb to the bubble

. solution interface, giving it an overall negative charge, estimated
low concentrations of SDS decreases the energy output througr}o result in an electrostatic potential of abol00 mV32

the broadband component, th"’,‘t in the harmonic peaks INCIeASEZ bbles approaching each other will experience repulsion arising
The nature of the ultraharmonic peaks also changes (see FI9Ur§)6th from steric effects due to the adsorbed layer and from the
2). It could be argued that the increase in acoustic emission gjecirostatic charges. Low concentrations of SDS will cause
seen in Figure 5 might be due to an increase in the total ”Umberrepulsion between bubbles, suppressing their coalescence and,
of cavitation bubbles. However, if there was a significant 55 we have suggested previou¥lyleading to a degree of
increase in the number of active bubbles, then the broadbandndedustering" of the bubbles in the bubble cloud. This means
emission should also increase significantly, as suggested in ourthat there will be less interaction between bubbles and, on
previous repoff for sonication at 20 kHz. The fact that the average, a relatively larger distance between them compared
broadband does not increase suggests that the increase in energyith those bubbles with no net surface charge. As its concentra-
emission is not simply related to a significant increase in the tion rises, SDS will also act as an electrolyte in the bulk solution
number of bubbles but that other effects play a part.

An alternative way of exploring the change in the types of (32) E(}30rieser, F.; Ashokkumar, MAdv. Colloid Interface Sci2001, 423 89—
emission that occur in the acoustic spectra is to quantify the (33) Lee, J.; Kentish, S.; Ashokkumar, N Phys. Chem. R005 109, 5095.
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Figure 9. Second harmonic region of the acoustic emission spectra observed Figure 10. Broadband intensity averaged between 1.025 and 1.03 MHz

from aqueous solut|02ns of zwittergent sonicated at 515 kHz. (Acoustic from aqueous solutions in the presence of propanol and hexanol, sonicated
intensity at 2.2 W cm?.) at 515 kHz

(the critical micelle concentration, cmc, {88 mM) and so
mitigate any inter-bubble electrostatic effects. The observed
variation is thus a balance of these two effects. It is estimated
that the concentration at which the bulk electrolyte effects
outweigh the electrostatic repulsion between bubbles for SDS
is ~2 mM, as seen in Figures 6 and 7. As the concentration of
bulk electrolyte increases, the signal returns to that seen with
water, indicating that the “declustering” is no longer significant.

Effect of Adding Other Surfactants on Cavitation. In order
to explore further the effects of interfacially adsorbed surfactants,
two other surfactants were investigated. The data in Figure 8
shows that DTAC, a cationic surfactant which creates a
positively charged bubble interface, gave results similar to to
those obtained with SDS. However, DTAC is less surface active
(its cmc is~25 mM, compared with~8 mM for SDS), so
smaller amounts would be expected to adsorb to the bubble
water interface compared with SDS for a given bulk concentra-
tion. This would mean that the bulk electrolyte behavior of
DTAC would become dominant at a lower concentration than
SDS. The maximum effect of DTAC appearing at 1 mM is
therefore consistent with the lower surface activity of DTAC
compared with that of SDS.

Also shown in Figure 8 is the effect of “zwittergent”, a
zwitterionic surfactant. Here, the surface activity is comparable
with that observed with SDS, but adsorption to the interface
will lead to no net charge on the bubble, so the behavior would
be expected to parallel that of SDS in the presence of a
background salt. The second harmonic region of the spectrum
is shown in Figure 9. Comparison with Figures 3 and 4 indicates
that the behavior is different from that observed for SDS alone
and much more similar to that seen when SDS is added in the
presence of NaClg although there is more variation in the
signal. The data at low concentrations shown in Figure 8 support

the argument of zwittergent behaving in a comparable manner . . ;
g 9 g P against bubble coalescende1 wt % solution (corresponding

to SDS n the presence of a bac_kground salt. At h|g_he_r to ~8 mM in monomer units) reduced the signal by around 4
concentrations, there is a decrease in the broadband emission

which is larger than for the other surfactants. The reason for ds from. Wa_ter, approximately equating to the behavior of
. - hexanol in Figure 8. Thus, the observed changes for uncharged
this is unclear, but similar effects are observed for neutral

. solutes are much less than for charged surfactants such as SDS
solutes, as described below. o ; .
. . or DTAC, confirming our hypothesis that electrostatic effects
While the results discussed so far suggest strongly that the . .
. - . are of primary importance.
behavior of cavitation bubbles in the presence of low concentra-

tions of ionic surfactants is influenced to a large extent by 3,y g ario, b.; Ashokkumar, M.; Grieser, &. Phys. Chem. 005 109,
electrostatic effects, other effects, such as steric retardation of ~ 20044.

coalescence caused by the adsorbed layer, cannot be completely
ruled out. Lee et al® showed that the addition of small amounts

of SDS retarded coalescence between cavitation bubbles and
the presence of a background electrolyte reduced the effect,
although the amount of coalescence did not return to that
observed in water at higher SDS concentrations.

Effect of Non-ionic Solutes. To further investigate the
importance of electrostatic effects, experiments were carried out
using several other non-ionic solutes. Price éP ahd Sunartio
et al3* have shown that bubble coalescence can be inhibited
under various conditions by neutral solutes such as propanol or
hexanol. Longer alcohols such as hexanol reduce coalescence
very effectively &80% reduction for 10 mM), whereas smaller
alcohols such as propanol are less effectivel@0 mM is
required to reduce coalescence by 80%). This has been explained
in terms of the interfacial concentrations of the alcohols, which
depend on both the alcohol's concentration and its degree of
hydrophobicity. Acoustic emission spectra from aqueous solu-
tions containing propanol and hexanol were measured, and the
results in terms of the change in broadband energy are shown
in Figure 10. In the absence of electrostatic effects, the acoustic
emission characteristics of alcohol and SDS solutions would
be expected to be similar. Figure 8 shows that there is some
effect at low concentrations, but this is close to the experimental
uncertainty in the results and of a much lower magnitude than
that observed with SDS (compare Figure 8, remembering that
the y-axis is on a logarithmic scale). As the interfacial
concentration of hexanol will be higher than that of propanol
for the same bulk concentration, any effect on coalescence will
be enhanced over that noticed at lower hexanol concentration,
as is observed.

We also studied the effect of a polymer, poly(vinyl pyrolli-
dinone), which is not surface active but can provide stabilization

2256 J. AM. CHEM. SOC. = VOL. 129, NO. 8, 2007
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Effect of Solutes on Cavitation and Bubble Clouds. 3
Returning to the effect of SDS (and DTAC) on the cavitation
bubbles within the bubble cloud, our observations are clearly
explained by assuming that the most important factor that is
responsible for the observed changes at low concentrations of
ionic surfactants is electrostatic repulsion between bubbles due
to the adsorption of the charged surfactants at the bubble
solution interface. How the electrostatic effect leads to an
increase in the harmonic intensity (and hence the total acoustic
emission intensity, as shown in Figure 3) is discussed below.

In our previous report? it was sho_vvn that most of the Concentration of SDS / mM
aco_us_tlc ener_gy r(_aleased at20 k'__'z is in the form_ of broadband Figure 11. Comparison of acoustic energy emissi#h (), SL emissiofi
emission. This arises from the highly asymmetric collapse as (#, <), and bubble coalescerfég®, O) from solutions of SDS (filled
well as shock wave generation characteristic of transient points) and SDSF 0.1 M NaCIQ (open points), sonicated at 515 kHz.
cavitation. At 515 kHz, acoustic emission is largely harmonic,

arising mainly ¢90%) from stable cavitation. The increase in {4 the water level either in the presence of higher SDS

the broadband and ultraharmonic emissions shown in Figure 1¢qncentration or in the presence of an electrolyte, supporting
as the acoustic intensity increases suggests that bubbles undergg,,; argument that coalescence alone is not responsible for the
symmetric oscillations at low driving pressures but that bubble ¢panges in the acoustic emission characteristics. A similar trend

oscillation becomes increasingly asymmetric as the pressurejg seen for hoth SL and acoustic emission, suggesting that these

increases. Symmetric oscillation would be expected to lead t0 cpanges have the same origin. The electrostatic effect causes a
an increase in the symmetry of the bubble collapse. On addition yegree of declustering resulting in an increase in the collapse

of SDS at low concentrations (up to 2 mM), the broadband jiensity of the bubbles, which in turn leads to the observed

emission is eliminated and the energy in the harmonic emission;ncrease in both acoustic emission and SL intensity at low
goes up. This suggests that the number of bubbles that undergq.gncentrations of charged surfactants.

asymmetric collapse decreases, with a concurrent increase in yhjle accounting for their observations in terms of inhibiting
the number of bubbles that undergo symmetric collapse. bubble coalescence, Segebarth é? abjected to the contention
The adsorption of surface-active molecules prevents coales-that electrostatics play a fundamental role in bubble interactions,
cence and leads to declustering of bubbles within bubble clouds,since the Debye length fa 1 mM SDSsolution is~10 nm.
enhancing the sphericity of collapse due to a reduced influence Their calculations suggested that, for electrostatic repulsion to
on the sound field of neighboring bubbles, meaning that each be important, bubble volume fractions should+45%, which
bubble experienced a more uniform sound field, leading to a is unreasonably high. We offer the following alternative
more even distribution of bubble sizes and an enhancement inapproach using values similar to those used in their calculations.
the symmetry of the collapse. Symmetric collapse would lead In a bubble field, it is estimated that bubbles move with
to higher maximum temperatures and pressures and increasegelocities in the region of 0.2 m=4. A 1 um radius bubble
emission of acoustic energy. The effect that SDS has on themoving at this velocity would therefore traverse a volume of
bubble field is further supported by the recent observations by 6.3 x 10-7 cmB. Our reactor contained 130 érof solution so
Tervo et al., who showé8lthat subharmonic emission is also  that, on average, for the total volume to be explored, an average
influenced by the behavior of bubble clusters as well as of ~2 x 108 bubbles would be needed, giving a bubble density
individual bubbles. of ~1.6 x 10° bubbles cm3. This corresponds to a volume
These explanations are consistent with reported results onoccupied per cubic centimeter 0£6.7 x 1076, which is
the effect of charged surfactants on sonoluminescence intensitycomparable with other reported valuisThis represents the
Low amounts of charged surfactants such as SDS enhanced théubble fraction at which, on average, every bubble would
SL intensity in aqueous solutions by up to 3-fold, but the undergo just one collision per second with another bubble.
intensity returned to the level observed in water upon addition Within a cluster of bubbles at an antinode, a much higher bubble
of either higher concentrations of the charged surfactants or andensity would be expected and hence a greater rate of collision.
electrolyte, such as NaClOThe trends observed for the SL  Therefore, even though electrostatic effects will play a part only
intensity are thus the same as those seen here for the totaht very small interbubble separations, we are confident that such
acoustic energy output as well as the changes in the broadbandonditions will apply to our results.
spectral intensities. The increase in SL intensity may be caused
by an increased number of active bubbles that undergo enhance
symmetrical collapse, leading to higher cavitation temperatures.  The results reported here demonstrate that acoustic emission
The correlation between these different measurements can'S & very useful technique for providing information on cavitation
be seen in Figure 11, which shows the relative changes in PUbbles and their interactions. Low concentrations of charged
acoustic emission, the extent of bubble coalescéhaad the surface-active agents such as SDS and DTAC have a significant

SL emission intensi/for SDS solutions in the presence and effect on cavitation behavior at 515 kHz in enhancing bubble

in the absence of salt in experiments using comparable ultra-Pubble repulsions and inhibiting coalescence. It has been
sound intensities. The extent of coalescence does not revert back€monstrated that electrostatic interaction between bubbles is

(36) Burdin, F.; Tsochatzidis, N. A.; Guiraud, P.; Wilhelm, A. M.; Delmas, H.
(35) Tervo, J. T.; Mettin, R.; Lauterborn, WActa Acust2006 92, 178. Ultrason. Sonochen1999 6, 43.
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