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Abstract: Solute-induced quenching of sonoluminescence (SL) is reported for agueous solutions of two
homologous series of methyl esters and ketones using low (20 kHz) and high (515 kHz) ultrasound
frequencies. SL data at 20 kHz from aqueous solutions containing alcohols and carboxylic acids are also
presented to compare with previously published results at 515 kHz. In addition to supporting the previous
findings on the existence of stable and transient bubbles at 515 and 20 kHz, respectively, the results suggest
that the hydrogen-bonding characteristics of the solutes also play a major role in the extent of SL quenching.
An increase in the SL intensity at low concentrations for most of the solutes suggests that these solutes
increase the number of “active” bubbles by hindering the coalescence of bubbles. It is concluded that the
effect of the solutes on the SL signal from aqueous solutions at both frequencies is primarily due to the
balance of two factors, namely, the incorporation of solute within the bubble, leading to SL quenching, and
the prevention of coalescence of the bubbles, leading to SL enhancement. At the higher frequency, SL
guenching by the solutes is the main influence on the emission yield. However, at the lower frequency,
hindrance to coalescence by the solutes dominates at lower concentrations and leads to SL enhancement.
The implications of these results for optimizing conditions for aqueous sonochemical reactions are discussed.

Introduction In aqueous solutions, the primary reaction is the sonolysis
. L . L . of water to give M and OH radicalst” The former species
There is increasing interest |n_the use of high-intensity mainly recombine to form bigas while the latter form O,.
ultrg\sougdb(US)st? prolmote clhe;:mlcal prg;ci:.zses.t Thet;ﬁedslf solutes are present, they may react with the radicals inside
produced by argely result from cavitatibnihat is, the the bubble if they are volatile or in the bulk solution and at the

growth and violent collapse of microscopig bubbles in a liquid bubble-solution interface if the radicals escape the bubble.
as the alternate compressions and rarefactions of the sound WaVolatile solutes that enter a cavitation bubble may also undergo

prc()jpagate throu%r the Ii(?luig.gA[I)plicatigns range fr(;)ml organic pyrolysis due to the high temperatures generated inside the
and organometallic synthesis,electrochemistry and electro- /' during collapse.

anal.y5|s‘§jo the production of meta.l and other. norganic Cavitational collapse in a multibubble system also results in
particles 1713through t(,) the synthesis a“?’ modification (,)f the emission of a brief flash of light, sonoluminescence (SL),
ponﬁ[i and colloids, gnd the dgstrucnon O_f pollutants in from vibronically excited states of molecules produced during
water. prever, desp|te_th|s Wldespread Interest, some o high temperatures and pressures that are generated within
doub_ts remain as to the precise mechanisms of many of thesgy,q p,hpeis.19 Several recent reports have demonstrated that
reactions. SL quenching may under certain circumstances act as a sensitive
probe of the sonochemistry that occurs under particular condi-
tions. For example, at an US frequency of 515 kHz, the presence
of small amounts of alcohols, amines, or carboxylic acids in
solution results in the quenching of the SL. This is caused by
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the evaporation of solutes into the bubbles and the possible
subsequent reaction with excited-state intermediates and/or by
lowering the effective temperature at the bubble &8fé.
Ashokkumar et al. showed that SL quenching by carboxylic
acids depended on the pH and occurred only at pH’s where
unionized acid, a volatile species, was present in solfiéh,
whereas ionized, nonvolatile species caused no quenching.
Conversely, it has recently been shown that the SL emission
can be enhanced by the addition of small amounts of surfactants,
attributed to electrostatic repulsion between bubbles hindering
bubble clustering® The major conclusion from the work of
Ashokkumar et al. was that, under the conditions used, the SL Time / ms

quenching correlated with the surface excess concentration of]{i"éq“lgznlc- O?ZBOM?”é;gﬁ”i?s:’i‘;izfgg tgeoi%o%ui'ﬁzgﬂggﬁsfﬁggs at a
the solute. Thus, the determlnlng chtor was the amount of soluteKe?/: ° \}l/vater;lj, 050 M e'fhanoly,, 0_02% M 2-pentanoned, 0'_005 M
adsorbed at the bubbtesolution interface rather than the 2-pentanone.

concentration in bulk solution.

Among the experimental parameters that affect sonochemistryseries of ketones and esters covering a range of these physico-
and SL, the least understood is the effect of the ultrasound chemical properties. In addition, the 20 kHz SL of a number of
frequency. Up to now, most sonochemical effects have beenalcohols and carboxylic acids previously shown to quench at
reported using a frequency of 2@5 kHz, largely for reasons 515 kHz has also been measured for further comparison.
of equipment availability. However, the limited number of
publications dealing with frequency effects has shown significan
variation of products and rates of reaction. For example, some  For the measurements using 20 kHz ultrasound, the light emission
sonochemical reactions, such as the production of hydroxyl was recorded from 100 chof solution placed in a 50-mm diameter
radicals, are more efficient at high frequenciés. cell fitted over a 40-mm cup-horn with a Branson B-30 sonicator.

Tronson et al. recently report&édhat SL quenching by short-  Experiments conducted using 515 kHz ultrasound involved 25afm
chain alcohol solutes in water showed a marked frequency solution in a vessel fitted over the 35-mm flat plate transducer powered
dependence. At 20 kHz, no change in the emission intensity by an Undatim Ultrasonics ULQ3/1 D-react_or._Sonolunjinescence
was noted for solutions up to 200 mM concentrations, whereas SPeCtra were recorded by placing the sonication cell in the cell
at 515 kHz, the SL was completely quenched in solutions of compartment of a Hitachi F-4500 fluorescence spectrometer.

o . . All measurements were performed in air using a cylindrical Pyrex
50 mM butanol or 200 mM propanol. Similar differences in cell placed over the transducer-horn assembly. The emission intensities

SL behavior as a result of changing frequency were recently were measured on a Hamamatsu end-on photomultiplier responsive

reported using acrylic and met_hacrylic ac?ﬂslv_lore recent between 300 and 650 nm. Signals were displayed and averaged on a
measurements on a number of vinyl monomers in water showedgigital oscilloscope and stored on a personal computer for further data

that the SL quenching behavior at 20 kHz was more complex processing. Each reported value was averaged over at least 500 pulses.
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than at 515 kHZ8 At the higher frequency, all solutes quenched
efficiently, and the extent of quenching depended on the solute
concentration at the bubbtesolution interface. However, at 20

For both frequencies, calorimetric intensities in the range-0.2 W
cm2 were used with pulse widths of 5- and 15-ms “off-periods”
between pulses. The solution temperatures were within the range 20

kHz some solutes caused a small degree of quenching while25 °C. The reaction vessels were contained in lightproof enclosures to

others enhanced the SL by up to 50%. It was clear that the
observed effects depended on a wider range of solute propertie
than simply the tendency for the solute to accumulate at the
bubble-solution interface.

To clarify these effects on SL and to increase our understand-
ing of the frequency dependence of sonochemical effects, we

minimize the detection of external light. Typically, sonication of fresh
solutions at 515 kHz gave unsteady SL measurements. Sonication for

5.30—45 s followed by a 2-min “off” period allowed consistent SL

measurements to be made thereafter. This phenomenon was not
observed at 20 kHz.

The solutes were of high purity (9%6) grade (Aldrich), and
solutions were prepared in Milli-Q water with a resistarct0 MQ.

have extended the previous studies of SL quenching. CavitationFor experiments involving carboxylic acids, the pH was varied by

is known to be influenced by a range of physical properties of

adding small volumes of NaOH or HClCand a background electrolyte

dissolved solutes such as vapor pressure, surface tension, andf 0.1 M NaCIQ, was maintained to prevent any possible effects due

hydrophobicity?2728 Measurements of SL emission at two

to varying ionic strength.

frequencies have therefore been carried out for two homologous ~The surface tensions of aqueous solutions of the compounds were
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1997 101, 10845.
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11064.
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measured at room temperature using a McVan Analite surface tension
meter with a glass Wilhemy plate.

Results

Previous work at 20 kHz using short-chain alcohot<Cf)
showed that concentrations of up to 200 mM caused no change
in the SL emission compared with that in air-saturated pure
water. That this is not a universal phenomenon for all solutes
is illustrated in Figure 1, which shows the emission signal from
consecutive SL pulses obtained from water and dilute ethanol
and 2-pentanone solutions. The addition of ethanol caused little
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Table 1. Physical Properties of Solutes® 16
vapor pressure bp water solubility 014
solute at 25 °C/Torr (°C) l0g10(P)? at 20 °C/mM 2
@12
methanol 127.0 646 —0.77 >10M §
ethanol 59.3 78.2 —0.31 >10M £ 1
n-propanol 21.0 97.2 0.25 >10 M E
n-butanol 6.7 1171 0.88 853 508
n-pentanol 2.2 137.9 151 250 5 PR
006 e g
n-hexanol 0.93 157.6 2.03 57.7 ® oA AT p
n-propanoic acid 35 141.1 033 >10M 2 04 ool Beeego o
n-pentanoic acid 0.2 1861 139 196 R — - o s gy
cetone utanone
acetone 2315 56.0 —0.24 >10 M ©o2 || Lopentanone  o2-Hoxanane
2-butanone 90.6 79.5 0.29 3050 @ 2-Heptanone
2-pentanone 35.4 102.2 0.91 499 0 :
2-hexanone 11.6 127.6 1.38 175 0 50 100 150 200
2-heptanone 3.9 151.0 1.98 37.7 Concentration / mM
methyl acetate 216.2 56.8 0.18 3280 Figure 3. Sonoluminescence emission relative to pure water as a function
ethyl acetate 93.2 77.1 0.73 908 of concentration for ketones in water sonicated at 20 kHz. The inset shows
propyl acetate 35.9 101.5 1.24 185 an enlargement of results at low concentrations.
butyl acetate 11.5 126.1 1.78 72.3
pentyl acetate 35 149.2 2.30 131 .
ap = octanol:water partition coefficient at Z%&. 3 * Methyl
g 08y O Ethyl
18 9 A n-Propyl
g X n-Butyl
® # Acetone € 06 @ n-Pentyl
Lo0s% O Butanone %
3 J A 2-Pentanone H
s & © 2-Hexanone ‘g
£ 0.6 ¢ @ 2-Heptanone 2
£ 8
= -
S , @
(g 04 gt
3
2
s 0 10 20 30 40 50
E’ 02 Concentration / mM
g . Figure 4. Sonoluminescence emission relative to pure water as a function
0 L of concentration fon-alkyl acetates in water sonicated at 515 kHz.
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Figure 2. Sonoluminescence emission relative to pure water as a function 16
of concentration for ketones in water sonicated at 515 kHz.
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change in the output intensity even up to concentrations of 500 E
mM. In contrast, the addition of 2-pentanone caused significant 3
qguenching of the SL emission, which increased as the solutecgcgo'8
concentration was raised. For example, a concentration of 50206
mM reduced the SL intensity by about half. It should be noted ;ﬁo.4
that the vapor pressure of ethanol (Table 1) is higher than that®,,
of 2-pentanone, and thus, the effect is not due to the volatility 0 ‘
of the solute. 0 50 100 150 200

Figures 2 and 3 show the SL emission relative to that in pure Concentration / mM
water for a homologous sequence of methyl ketones using Figure 5. Sonoluminescence emission relative to pure water as a function

. . of concentration fon-alkyl acetates in water sonicated at 20 kHz. The inset

uItrasour'ld of 515 k.HZ (Flgurg 2) and ?O kHz (Figure 3). There shown an enlargement of results at low concentrations.
are considerable differences in behavior at the two frequencies.
At the higher frequency, each compound quenches efficiently, series was investigated. The results fealkyl acetate solutes
with the order of quenching efficiency increasing up the at the two frequencies are shown in Figures 4 and 5. Here, the
homologous series. At 20 kHz, the SL behavior is more behavior parallels that of the ketones with efficient quenching
complex. All of the solutes showed enhancement of the SL at being observed at 515 kHz ultrasound. Also, the higher
very low concentrations<{10 mM) before quenching occurred  molecular weight members of the series generally were better
as the concentration increased. However, the minimum emissionquenchers, although the progression in quenching efficiency is
observed was around 40% of that from water even at a not smooth along the series. As with the ketones, at 20 kHz,
concentratior> 100 mM, whereas at 515 kHz, 95% of the SL the observed results are again a combination of SL enhancement
signal was removed at 40 mM. This was so even for acetone,and quenching. However, it is noteworthy that the extent of
which displayed the lowest quenching efficiency. guenching is greater here than with the ketones, with up to 80%

The effect of the ketones on the SL signal was different from of the SL being quenched. At the higher concentrations, all the
that previously reported with alcohol solutes, where no quench- acetates showed the same degree of quenching although the
ing was observed at 20 kHz. Therefore, a further homologous lower water solubility ofn-pentyl acetate meant that only the

0
s
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25 Table 2. Surface Excess (I') Concentrations of the Solutes at 10
o @ 1-hexanol mM Bulk Solution Concentration
§ m 1-pentanol T, molecules/nm? T, molecules/nm?
§ + 1-Butanol solute ([solute]oy, = 10 mM) solute ([solute]yu, = 10 mM)
E © 1-Proparol acetone 0.26 methyl acetate 0.06
E 0 Ethanol 2-butanone 0.18 ethyl acetate 0.36
e r 2-pentanone 0.45 propyl acetate 0.66
3 ) 2-hexanone 0.89 butyl acetate 1.12
@ 2-heptanone 1.34 pentyl acetate 1.26
ﬁ 0.5
The mechanism by which SL is quenched by volatile solutes
0 is not fully understood. The solutes that enter the bubble may
0 20 40 60 80 100

scavenge or quench the various excited state species that emit
light. However, this proposition is not supported by the
observation that the emission spectrum hardly changes as the
SL is quenche® and that when some volatile hydrocarbons
enter a bubble their decomposition leads to light emission from
“enhancement region” could be explored. At low concentrations, excited G* species3® A more likely explanation for the SL
the SL enhancement increased with the size of the alkyl quenching is that the evaporation of volatile solutes into a bubble
substituent. leads to a lowering of the mean bubble temperature so that fewer
Since the degree of enhancement is clearly dependent on theexcited-state species are produced, leading to a lower SL
chain length of the solute molecule, a wider range of alcohol emission intensity. The lowering of the core temperature is due
solutes was investigated. The SL emission from solutions of to some extent to the change of polytropic ratio of the gaseous
longer-chain alcohols at 20 kHz is shown in Figure 6; also contents of the bubbleas well as the thermal energy of collapse
included for comparison are the previously published data on being expended in endothermic bond rupture of the solutes and
shorter-chain alcohols. It is clear that no quenching of the SL their decomposition products within the bubBié?
occurs for any of the compounds but that an enhancement of If material entered the bubble simply by evaporation from

Concentration / mM

Figure 6. Sonoluminescence emission relative to pure water as a function
of concentration for alcohols in water sonicated at 20 kHz.

up to 2-fold in the emission is seen with the longer-chaic{) the bulk solution, it would be expected that for any given
alcohols. Neither of these two phenomena was observed at 515oncentration the solute with the highest vapor pressure would
kHz. qguench more effectively. However, the observed effects are in

As a further comparison with previously published high- the opposite order with both the ketone and ester solutes (cf.
frequency results, the SL of solutions containing propanoic and trends observed in Table 1 and with Figures5). Previous
pentanoic acids as a function of solution pH when exposed to studies at 515 kHz have shown a good correlation of quenching
20 kHz ultrasound was measured (the results can be seen irwith the concentration of the solute at the gaslution interface.
the Supporting Information). With propanoic acid, there was This indicates that the volatile solutes entering the bubble come
no quenching of the SL across the whole pH range. This is in primarily from the evaporation of solutes adsorbed at the
contrast to the resufsusing 515 kHz ultrasound when at low  bubble-solution interface, presumably during the expansion
pH the volatile, unionized acid was able to enter the bubble phase of the bubble.
and quench the SL (e.g=50% of the SL was quenched by 25 A thermodynamic measure of the affinity of a solute for the
mM propanoic acid at pH 3). The frequency difference was even air—water interface is given by the Gibbs surface excess
more pronounced with pentanoic acid. At low pH, the SL was concentratior¥® Table 2 lists the surface excess of 10 solutes
increased by~25% when sonicated at 20 kHz, whereas at 515 at the same bulk solution concentration. The values were
kHz a 10 mM solution quenched 90% of the SL. In the previous obtained from the measurement of surface tension as a function
work2! it was also found that 515 kHz SL was quenched by of solute concentration and processed as described elseffhere.
organic bases such aspentylamine in their unionized form,  The table shows that for a given bulk concentration, the more
i.e., at high pH. Following the pattern of the organic acids and hydrophobic the solute the greater is its surface concentration.
alcohols, no quenching was detected for solutions nef The SL quenching as a function of the surface excess
pentylamine sonicated at 20 kHz. concentration for the 515 kHz data for all 10 solutes is shown
in Figure 7. On this basis, all solutes have a similar effect. Also
shown is the best-fit line to all the alcohol, acid, and amine (11

The results reported here confirm the main conclusion arrived compounds in all) previously reporté@*and it can be seen
atin previous studie® namely, that the effect of organic solutes  that there is somewhat more efficient quenching by the ketones
on the SL emission intensity from aqueous solutions irradiated and acetates compared with the alcohols. The results obtained
with ultrasound of 20 kHz is significantly different from that
at higher frequencies. To account for this difference, there are )
several key observations that need to be explained: the lower(30) 103 10783
efficiency of all solutes in quenching the SL at 20 kHz compared (31) Yasui, K.J. Chem. Phys2002, 116, 2945.
with 515 kHz, including the lack of effect of the lower alcohols; (32) Tauber, A.; Mark, G.; Schuchmann, H. P.; von Sonntag). Chem. Soc.,

)
)

Discussion

(29) Barbour, K.; Ashokkumar, M.; Caruso, R. A.; GrieserJFPhys. Chem.
B 1999 103 9231.
Didenko, Y. T.; McNamara, W. B.; Suslick, K. $. Phys. Chem. A999

. . Perkin Trans. 21999 1129.
the enhancement of 20 kHz SL by the higher molecular weight (33) Adamson, A. W.Physical Chemistry of Surfacesrd ed.; Wiley-

f . Interscience: New York, 1976.
members of the homOIOQOUS series of solutes; and the lack of 34) Sostaric, J. Z. Interfacial effects on aqueous sonochemistry and sonolumi-

enhancement by the lower molecular weight alcohols and acids.  ~ nescence. Ph.D. Thesis, University of Melbourne, Australia, 1999.
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1 — be expected that solutes used in the present study will behave
] « Butanons similarly. On this basis, true equilibrium adsorption of the solute
g 08 L pomanone at the bubble-solution interface will not be established during
g [ = Heptanone the “active” life of a cavitation bubble. This is the case for
€ 06 p e bubbles exposed to both 20 and 515 kHz ultrasound, although
2 & Propy Reetate more solute adsorption should occur at 515 kHz because of the
é 04 M, xp:t:m Acetate longer lifetime and hence larger total number of oscillations at
e ?d:o the higher frequency. This latter conclusion is supported by the
B o2 | B e recent work of Sostaric and Rie¥zAlso, the good correlation
5 ‘;“)3 L g between the relative SL quenching and the surface excess of
0 P S S B %, Y the solutes (an equilibrium measurement) at 515 kHz demon-
0 5 10 strated by Figure 7 supports the argument that solute adsorption

Surface excess concentration / mol m? x 10° to the bubble-solution interface has reached near-equilibrium
Figure 7. Relative sonoluminescence intensity as a function of surface levels at 515 kHz.

excess of the solutes at 515 kHz. The solid line indicates the best-fit line : .
to all the alcohol, acid, and amine (11 compounds in all) SL vs surface A major difference between the 20 kHz results for the

excess data previously report&e!

alcohols and acids compared with the esters and ketones is that
some degree of quenching is seen with the latter classes of

e compounds, albeit to a lower degree than at a high frequency.
o ° * o Butanone With the acids and alcohols, the SL is either constant or reaches
Sia o Hoxanons. a consistent value after an initial rise, but no quenching was
@ 12 §% L :;Zfs;'zrc':m observed, suggesting that no significant amount of volatile
z . W . o Ethyl Acetate material enters the bubble on the time scale of the growth and
§ ool a® o . oo et collapse. The reasons for this are not totally clear. However,
3 ®go° . . = Pentyl Acetate we speculate that the intermolecular interactions will be stronger
206 3:’ A’iif”g s, in the acids and alcohols due to hydrogen bonding with the
ﬁ 0.4 o, 5o PR e Lo o solvent. Thus, the rate of evaporation for these solutes would
02 ©t " ° be lower, and hence, no significant amount of solute vapor will
o enter the bubble. At high frequency, the large number of
0 10 20 30 growth—collapse cycles means that the rate of evaporation is

Surface excess concentration / mol m? x 10°
Figure 8. Relative sonoluminescence intensity as a function of surface

excess of the solutes at 20 kHz.

at 20 kHz are plotted in this form in Figure 8, where it is readily
apparent that there is little correlation between the SL signal

and the surface excess of the solute.

The reasons for the difference in behavior between the two
frequencies can be attributed to the different types of cavitation
that can take plack?” Although each type involves the growth
and collapse of micrometer-sized bubbles, different types of
inertial cavitation can be identified depending on a number of
factors. At low frequencies such as 20 kHz, the predominant
form of cavitation would beransientcavitation where each
bubble will undergo only a few oscillations before the collapse
results in fragmentation and loss of the bubble. Conversely, at
higher frequenciesstablecavitation would be the major form.
Here, a bubble will undergo many hundreds or thousands of
oscillations. Hence, at low frequencies the bubble contents will
be limited to the amount of volatile material that can enter the
bubble over a few cycles, whereas at 515 kHz, there is time for
the buildup of both solute and its decomposition products within
the bubble. This interpretation is supported by the observation

no longer such a dominating factor, as the accumulation of
hydrocarbon products within the bubbles over many cycles
controls the final SL intensity.

The effect of hydrogen bonding on evaporation rates has been
seen clearly for the liquids, glycerol, diethylene glycol, and
triethylene glycol. McFeely and Somorfaconcluded that the
breaking of hydrogen bonds at the liquid surface was the rate-
limiting step in the mechanism of vaporization. Also, in our
work3® with water-ethylene glycol mixtures at 515 kHz, it was
found that no SL quenching occurred even at ethylene glycol
concentrations of 3.5 M. It is noteworthy that at Z5 ethylene
glycol has a vapor pressure similarrtgpentanoic acid, but 20
mM of n-pentanoic acid completely quenches the SL signal at
515 kHz.2! This observation suggests that if there is strong
hydrogen bonding between the organic solute and water, the
solute will not evaporate into the bubble during the time of the
expansion phase of the bubble oscillation.

The final series of observations that needs to be explained is
the enhancement of SL at 20 kHz seen with the higher molecular
weight members of the homologous series used. One possible
explanation for the SL enhancement might be that the com-
pounds that exhibit enhanced SL form some additional emitting

that pyrolysis products can be detected when aqueous organic?peCieS inside the bubble. However, this would be expected to

are sonicated at 515 kHz but not at 20 k¥z.

Another aspect of the results to note is that the extent and
efficiency of quenching is greater at the higher frequency.
Aliphatic alcohols reach near equilibrium adsorption levels at
the air-aqueous solution interface in about B0 ms® at solute
concentrations comparable to those used in this study. It can

(35) Joos, P.; Serrien, @. Colloid Interface Scil989 127, 97.

change the appearance of the SL spectrum. The low-resolution
spectra of water and50 mM butyl acetate solution show no
significant difference in the wavelength dependence of the
emission (see Supporting Information). Enhancement of SL has
previously been noted with solutions of charged surfactiits.

(36) Sostaric, J. Z.; Riesz, B. Phys. Chem. B002 106, 12537.
(37) McFeely, F. R.; Samorjai, G. Al. Phys. Cheml1972 76, 914.
(38) Bradley, M.; Ashokkumar, M.; Grieser, Rcta Acust.1999 85, S455.
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It has been argued that the adsorption of charged surfactant
molecules at the bubbtesolution interface leads to an increase P @ )

in the number of “active” bubbles due to the electrostatic
P bubble 3!

repulsion between bubbles preventing clustering of the “charged” P 2% er

bubbles. The SL enhancement observed in this study at 20 kHz TN fo;w .00 % "é‘l‘i‘ﬁ;ﬁ‘ﬂ“ﬁﬁi‘;ﬁc
cannot be due to electrostatic interaction between bubbles™(- p @ ""”"’e\\-;fﬁb o%% number of active
because the solutes are not charged. We attribute the SL u ©oQ bubbles
enhancement noted at 20 kHz in this work to the effects, other ' 515 kHzl\fnlaLilcsurfacc

only a few oscillations: active solute

than electrostatics, that the smaller solutes have on btubble ™ o amount of

bubble interactions. products formed _ -
) . A"—P multiple oscillations:
In pure water, small bubbles in the size range that are P oy P prodution and
. . . . accumulation of
sonochemically and SL active can collide and coalesce forming PpP laree amount of
) - pPp PPN ree amounl
larger bubbles. Some of these would be either sufficiently P PP P Pp "
buoyant that they would be expelled from the liquid or too large P \PPE/ P \PPP/

the coalescence process by adsorbing to the bubble surface

Oolman and Blanci showed that the addition of alcohol solutes ) ) )

could prevent such bubble coalescence. The ConcentrationF’gure 9. Dlagramn]atlc representation of the effects of bubble coglescence
._..and SL quenching in the presence and absence of surface active solutes.

needed to prevent coalescence depended on the surface activity

or hydrophobicity of the solute as reflected by the concentration g by preventing bubble coalescence. These events can be
dependence of the surface tensigp/{c) and was reduced with o,y cted to occur at both 20 and 515 kHz frequencies, but the
increasing alkyl chain length of a series of alcohols. For ,era)l effect on the relative SL intensity will depend on the

example, a bulk ethanol concentration in solution of 0.18 M_ balance between them. Because of the relatiseplebubble
was needed to keep the bubbles separated, but the corresponding; ,ation at 515 kHz, the quenching factor always dominates.

value was 1.8 mM for butanol and 0.2 mM for pentanol. Similar At 20 kHz, since the bubbles atensient SL quenching can
concentration effects have been obsefbefbr methanoic e considered to be appreciably lower than at 515 kHz, and the
(formic), ethanoic (acetic), and propionic acids. solute hindrance to coalescence becomes significant in enhanc-
Thus, we should expect that sonochemically generated jng the number of bubbles contributing to the SL signal. At
bubbles in the presence of methanol, ethanol, propanol, andpjgher concentrations of the solutes, accompanied by an increase
compounds of comparable hydrophobicity at the concentrationsin the amount of solute evaporation, the coalescence factor
used here would interact in a manner similar to those in water. giminishes in relative importance, and SL quenching dominates.

This accounts for the lack of any SL enhancement with the lower A giagrammatic representation of the above situations is shown
alcohols. However, in the presence of more hydrophobic solutes, i Figure 9.

bubble coalescence would be prevented even at the v (
mM) concentrations at which enhancement was observed.h
Therefore, more relatively small, sonochemically active bubbles,
would remain in the system compared with pure water, so that
the SL intensity would rise. Although there is no comparable
coalescence data for the ketones and esters, it is reasonable t
assume that the more hydrophoplc members of the Series woul requencies but assumed that the mechanism remains unchanged.
actin a manner similar to the higher alcohols. Acetone is _the However, the work reported here suggests that mechanistic
least surface active solute (Table 2), and at lower concentrations,

th tb Hicient " ted into the bubbl differences might be expected. For example, under the condi-
ere may not be sufficient acetone evaporated nto the bubbi€;, s \,5a here, operation at the higher frequency would favor
to cause significant quenching. However, at this concentration

T the consumption of hydrophobic compounds by pyrolysis when
range, there may be enough at the bubisielution interface solutes can evaporate into the bubbles. Conversely, 20 kHz

to prevent the coalescence. The increase in the SL intensity at irasound would favor processes such as polymer chain
lower acetone concentrations may then be due to the effect Ofcleavage or heterogeneous reactions, which rely mainly on

coalescence being the domlnapt factor. ) mechanical effects due to solvent motion around the bubbles.
To understand that the SL is not enhanced at the higher g gjtation involving reactions with OHadicals is more

frequency, a general view of the different processes affecting ¢omplex. These will be formed in both types of cavitation due
the SL _has_to be considered. On _the b_aS|_s of the PreviouSyq ater sonolysis. A larger concentration of radicals will be
d|s_cu33|on, it can be st_ated that SL intensity is affected by tWo ¢, meq on each individual bubble collapse at 20 kHz since the
major factors: quenching and bubble coalescence. The formerbubbles will collapse from a large radius and hence contain

influence_s the intensity emitted by an ind.iv_idual bubble while relatively more water vapor than at 500 kHz. However, at the
the latter influences the total number of emitting bubbles. Neutral high frequency, there are more collapse events per unit time

solutes that do not have strong hydrogen-bonding characteristics,, 4 thus, the overall rate of radical production may be higher.

can evaporate into the bubble leading to SL quenching. . .
. The results presented here help to interpret some sonochemi-
However, the same solute may lead to an enhancement in the :
cal effects that have been reported. For example, Herfglein

to be SL active. However, dissolved solutes can interfere with @ @’PP P
P
PP

The frequency dependence of SL quenching demonstrated
ere has not previously been reported other than with alcohol
solutes?* This mechanistic difference in cavitation between the
two frequencies has implications for the sonochemistry of
compounds in aqueous solution. A number of workers have
eported faster reaction rates when using higher ultrasound

(39) Oolman, T. O.; Blanch, H. WChem. Eng. Commuri986 43, 237.
(40) Jamialahmadi, M.; Muller-Steinhagen, Bhem. Eng. J1992 50, 47. (41) Henglein, A.Ultrason. Sonochen1995 2, S115.
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found that for a range of solutes in water, solvolysis (i.e., 20 kHz, attributable to the more violent collapse and jetting at

pyrolysis) was the main reaction pathway at 1 MHz, but that the lower frequency. Thus, it is clear that when attempting to

radical production and mechanical effects dominated at 20 kHz. optimize a particular sonochemical process or reaction the
Theron and co-worket$ reported a similar difference in  mechanistic differences at the various ultrasound frequencies
mechanism for the degradation of phenyltrifluoromethyl ketone must be considered.

in water at 30 and 500 kHz. Weavers et al. lookeat the In interpreting these results, care must be taken since
degradation of pentachlorophenol (PCP) in aqueous solution andadditional factors such as the sound intensity and the gas
found it to be faster at 500 kHz, although the results suggestedatmosphere under which the reactions were carried out can be
the presence of parallel pyrolysis and Oddaction pathways  expected to play a significant part in product distributions, etc.

that were altered by a change in both frequency and PCP However, the mechanistic difference in cavitation suggested by

concentration the SL measurements at the two frequencies of this study does
Additional examples of a frequency dependence can be foundprovide an understanding for these previously reported chemical
in the work of Petrier and co-workers. They meastitétithe effects. The possibility of the ultrasound intensity influencing

production of hydrogen peroxide and the degradation rate of the results obtained here should also be considered. For example,
both phenol and carbon tetrachloride at 20, 200, 500, and 800it is possible that the use of much higher intensities at 515 kHz
kHz. It was shown that the rates of reactions involving hydroxyl might produce transient cavitation. However, variation across
radicals (HO, formation and phenol degradation) had a the range of intensity available with the current apparatus
maximum at 200 kHz, while the degradation rate for £CI showed no significant change in the relative SL quenching
which decomposes inside the bubble, increased with frequency.properties of the solutes.

Significantly, a calculation of the reaction rate for one bubble
collapse showed that the efficiency of each cycle decreased with
increasing frequency. The degradation of hydrophobic chlo- The observations from the results described here along with
robenzene was compar&avith that of the hydrophilic 4-chlo-  those from previous work can be summarized as follows. At
rophenol; that of the former was faster at 500 kHz and yielded 515 kHz, all the volatile solutes studied quench the SL
products characteristic of pyrolysis. For 4-chlorophenol, deg- efficiently, the extent of quenching depending on the concentra-
radation was slower, and hydroxylated products resulting from tion of the solute at the bubbiesolution interface. At 20 kHz,
OH attack were seen. Drijvers et“dlinvestigated the degrada- the more hydrophobic compounds studied enhance the SL at
tion of trichloroethylene (TCE) in aqueous solution and showed low concentrations, while at higher concentrations a degree of
that it was energetically more efficient at 520 kHz where the quenching occurs. The extent of SL quenching at 20 kHz is
products were typical for pyrolysis of TCE. significantly less than at 515 kHz.

In work involving other sonochemical effects, the ultrasound- ~ The results also indicate that the SL signal is influenced by
assisted electrooxidation at a platinum electrode of dissolved two major factors at both 20 and 515 kHz. At the lower
organics was investigattdat 20 and 500 kHz. At high  frequency, anincrease in the SL intensity at lower concentrations
frequency, hydroxyl radicals were generated, whereas at low Of the solutes has been attributed to a decrease in the coalescence

frequency, the major effect was the acceleration of mass transfefoetween the acoustically driven bubbles. Such a coalescence
rates of the electroactive species to the electrode and of€ffect has less importance at higher solute concentrations where
adsorptior-desorption processes. Hua and Thomp&ésund solute-induced quenching plays a more significant role in the
that the sonochemical inactivation Bcherichia colishowed =~ overall SL signal generated. At the higher frequency, SL
a marked frequency dependence. The inactivation was due to guenching is found to dominate at all (solute) concentrations.
combination of disruption of the bacterial cell walls due to It might be expected that the longer lifetime of a single bubble
shearing forces around the bubbles and oxidation by @td growth—collapse cycle at low frequency would allow a closer
H»0,. Four frequencies from 205 to 1017 kHz were studied, approach to thermodynamic equilibrium conditions to be
and the most efficient inactivation was at the lowest frequency, reached. Since the 20 kHz bubbles undergo transient cavitation,
although the rate of generation of,®, passed through a the approach to equilibrium could be kinetically limited as it
maximum at 358 kHz. Another process relying on the physical takes about 310 ms for the solutes to reach adsorption
effects of cavitation is mass transport to surfaces in heteroge-€quilibrium at the bubblesolution interface. Because of the
neous systems. Ligier et al. investigatethe corrosion of zinc stablecavitation occurring at 515 kHz, experimental data shown
coatings on steels at 20 and 500 kHz. They showed th@ H  suggest that the solutes do approach near-equilibrium adsorption
production was faster at 514 kHz, although the mass transferconditions. This difference in the cavitation properties can

coefficient of ions in solution to the surface was greater at account for observed differences in the rates and product
distributions in a range of published sonochemical reactions.

Conclusions

(42) Theron, P.; Pichat, P.; Guillard, C.; Petrier, C.; ChopinPys. Chem.

Chem. Phys1999 1, 4663. Acknowledgment. We acknowledge the support of the
gﬁ; Egg:g g E;gﬂgggz ﬂgfgoicisgﬁggﬂgﬁfggfg %gg Australian Research Council and the EU COST D-10 program.
(45) Petrier, C.; Francony, AEnwiron. Sci. Technol1998 32, 1316. G.J.P. also gratefully acknowledges financial support from the
(46) Drijvers, D.; DeBacts, R.; DeVisscher, A Vanlangenhovelltason.  University of Melbourne (Visiting Research Scholars’ Award),
(47) Leite, R.H.D; C&)gnet., P.; Wilhelm, A. M.; Delmas, Bhem. Eng. Sci. The Royal Society (Study Visit Award), and the Royal Society
48) 2902 f?%%%pson 3. BVater Res2000 34, 3888 of Chemistry (JWT Jones Travelling Fellowship) to support a
(49) Ligier, V.; Wery, M.: Tachez, M.; Hihn, J. Ya. Appl. Electrochem2001, sabbatical leave in Melbourne, during which this work was

31, 213. ; ; ;

(50) Physical Properties Database. http://esc.syrres.com/interkow/PhysProp.htm._performed' The exPe“memal assistance prOVIded by Thanh Vu

Syracuse Research Corporation: Syracuse, NY. is gratefully acknowledged.

J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004 2761



ARTICLES Price et al.

Supporting Information Available: Sonoluminescence emis- 50 mM butyl acetate solution at 20 kHz (PDF). This material
sion at 20 kHz relative to water as a function of pH for 25 mM is available free of charge via the Internet at http://pubs.acs.org.
solutions of propanoic and pentanoic acids and pentylamine and
normalized sonoluminescence spectra observed from water and/A0389624
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