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Abstract: The surfactant properties of solutes play an important role in the sonochemistry and sonoluminescence
of aqueous solutions. Recently, it has been shown, for relatively low molecular weight surfactants, that these
effects can be correlated with the Gibbs surface excess of the solute. In the present study we investigate
whether this correlation is valid for relatively high molecular weight surfactants and the mechanisms of surfactant
decomposition during sonolysis. Sonolysis of argon-saturated aqueous solutions of nonvolatile surfactants
[n-alkanesulfonatesi-alkyl sulfates n-alkylammoniopropanesulfonates (APS), and poly(oxyethylenes) (POE)]
was investigated by EPR and spin-trapping with 3,5-dibromo-4-nitrosobenzenesulfonate. Secondary carbon
radicals 'CH-), formed by abstraction reactions, were observed for all surfactants that were sonicated. The
yield of primary carbon{'CH,) and methyl {CHs) radicals that are formed by pyrolysis is greatest for the
zwitterionic (i.e., APS) and nonionic surfactants (i.e., POE). The yield-o€H—) radicals was measured
following sonolysis ofn-alkyl anionic surfactants [sodium pentanesulfonate (SPSo), sodium octanesulfonate
(S0OS0), sodium octyl sulfate (SOS), and sodium dodecyl sulfate (SDS)]. In the concentration ran@e3of 0

mM, the —CH- radical yield increases in the order SBSSOS~ SOSo> SPSo. At higher concentrations,

a plateau in the maximum~(CH-) radical yield is reached for each surfactant, which follows the order SPSo

> SOS~ SOSo> SDS; i.e., the radical scavenging efficiency increases with decreasitigyl chain length.

A similar trend was observed for th€Hj; yield following sonolysis of a homologous seriesreélkyl APS
surfactants. The results show that the Gibbs surface excess of certain nonvolatile surfactants does not correlate
with the extent of decomposition following sonolysis in aqueous solutions. Instead, the decomposition of
surfactants depends on their chemical structure and their ability to equilibrate between the bulk solution and
the gas/solution interface of cavitation bubbles.

Introduction We have investigated the yield and type of radicals formed
following the sonolysis of nonvolatile, relatively longalkyl
chain surfactants in aqueous solutions as a model for the
mechanisms of accumulation and decomposition of sonosensi-
ntizers at the gas/solution interface of cavitation bubbles.
Sonochemistry, the initiation or enhancement of chemical
activity by ultrasound, occurs due to a process known as
cavitation, the formation, growth, and collapse of gas/vapor
filled microbubbles in liquids. Discrete flashes of light are also
associated with the collapse of these microbubbles, a phenom-
enon known as sonoluminescence. The process of bubble
growth, which occurs over tens of microseconds, is followed
by the sudden collapse of the bubble in the space of a few
microsecond8.The widely accepted “hot spot” theory predicts
that there is little time during bubble collapse for any significant
heat or mass transfer to occur between the interior of the bubble

Sonodynamic therapy is a promising new modality for cancer

treatment based on the synergistic effect on cell killing by a
combination of certain chemicals (sonosensitizers) and ultra-
sound. The effectiveness of sonodynamic therapy has bee
demonstrated in cell studfe$ and in tumor-bearing animaig: 6
It has been proposed that the mechanism of cell killing involves
the sonochemical decomposition of the sonosensitizer in the
presence of oxygen and the formation of alkoxyl and peroxyl
radicals which create oxidative stress at the cell membrane,
eventually resulting in cell deafhiThe initial step in cell killing,
i.e., the decomposition of the sonosensitizer, appears to be
dependent on the ability of these nonvolatile, surface active
molecules to accumulate at the gas/solution interface of cavita-
tion bubbles, which are produced during ultrasonic irradiation.
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Sonochemistry of Surfactants in Aqueous Solutions

an initially liquid region which is heated to a maximum
temperature of approximately 1900 K.It has also been
proposed that the hot, initially liquid zone is formed following
the injection of jets or droplets of surrounding liquid into the
bubble during the final stages of collapge.

When the process of cavitation occurs in an aqueous argon-
saturated solution, the water molecules in the bubble undergo

thermal homolysis to produce the primary radical species,
hydrogen atoms-H) and hydroxyl radicals-QH).1516 Thus,
the creation of hot spots andd and -OH radicals are the

J. Am. Chem. Soc., Vol. 123, No. 44112001

interface, until an equilibrium surface tensiond) is reached.
When equilibrium is attained, a measure of the two-dimensional
concentration of surfactant at the gas/solution interface can be
obtained using the Gibbs surface excdsg)(®®@For a neutral
surfactantI'eq can be calculated using the GibbBuhem
equation:

1 BYeq

= — 2 1
e de(In Csun‘actar*) ( )

processes by which chemical reactivity is initiated when aqueous WhereCsuactandS the bulk concentration of surfactant. For ionic
solutions are exposed to ultrasound. There are three regionssurfactants, the equation becomes more complex as the adsorp-
where chemical reactions can occur during sonolysis: () the tion of counterions must also be taken into consideraiién.

core of the hot spot; (Il) the hot shell surrounding the hot spot;
(1) the bulk solution at ambient temperature, where radicals
formed in regions | and Il may diffuse to react with solute

molecules. It has been shown that the volatility and surface

activity of an organic solute determine its fate during sonolysis,
as described below.

Nonvolatile, hydrophilic organic solutes were shown to
undergo abstraction reactions in the bulk soluiéri? On the
other hand, volatile organic solutes evaporate into growing

For a homologous series of surfactants, as the chain length is
increased['eq Will also be larger for a certain bulk surfactant
concentratiorf>

Indeed, a quantitative relationship was shown to exist between
the efficiency of dissolution of Mn@patrticles during sonolysis
in aqueous solutions andleq of a homologous series of
n-alcohols, from ethanol to pentan-18IFurthermore, Grieser
and co-workers conducted a number of studies on the effects
of relatively shortn-alkyl chain surfactants, such as aliphatic

bubbles and exist at relatively high concentrations in the core alcohols, amines, and carboxylic acids, and relatively small

of the hot spot. These molecules undergo pyrolysis reaéficis
and readily quench sonoluminescei®é25Nonvolatile sur-

aromatic compounds, such as aniline and phenol, on sonochem-
istry31:32and multibubble sonoluminescer&é® 3> observed in

factants have been shown to readily accumulate in the hot shellagueous solutions. Again, the particular effect being observed

surrounding the hot spét, 28 where they may undergo pyrolysis

and readily scavenge the primary radicals. Volatile surfactants

was found to depend oFieq
However, the adsorption ai-alkyl surfactants at the gas/

may also evaporate into the bubble and thus decompose in thesolution interface from the bulk solution is a time-dependent

hot spot.

The hot spot has a lifetime of less tham4? thus, there is
no time for any surfactant to move from the bulk of the solution
into the hot shell. Instead, the final concentration of surfactant
in the hot shell will be determined by the ability of the surfactant

proces® and is affected by a number of parameters, including
the n-alkyl chain length of the surfactant. In the current study
we evaluate the mechanisms of the sonochemical decomposition
of n-alkyl surfactants (of varying alkyl chain length; see Table
1) and the general applicabilit/eq to predict the ability of

to adsorb at the gas/solution interface of the cavitating bubble different classes of surfactants to adsorb at the gas/solution

as it grows in size.
When a surfactant is added to water, the surface tengipon (

interface of bubbles in an ultrasonic field.

decreases as the surfactant begins partitioning at the gas/solutiofexperimental Section
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Materials. H,O, (30%) was supplied by Fisher Scientific, and the
stock solution concentration was determined from the extinction
coefficient of HO, at 230 nm (81 M! cm™?). 3,5-Dibromo-4-
nitrosobenzenesulfonic aci}- (DBNBS-d;) was obtained from Dr.
Miles Chedekel's Melanin Laboratories. Sodiuroctyl sulfate (SOS,
99%) was supplied by Lancaster, and sodium dodecyl sulfate (SDS,
>99%), by Fluka. All other reagents were purchased from the Sigma
Chemical Co. and include 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy
(TEMPOL), 3,5-dibromo-4-nitrosobenzenesulfonic acid (DBNBS),
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1-propanesulfonate (@APS), poly(oxyethylene-8-decyl ether)(Es)
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Table 1. Surfactants Used in This Study Showing Their
Abbreviation, Structure, Classification, and Critical Micelle
Concentrations (cmc)

Surfactant Abbre- Structure cmc®
viation | Tail Head (mM)
£ | Sodium 1-pentane SPSo | CsHyj + 0805 NaT 990
[G] sulfonic acid
ki -+
£ | Sodium 1-octane SOSo | CgHi7 4~ 0SO, Na 144®)
£ -2 | sulfonic acid
g2
= é Sodium 1-decane SDeSo | CyoHzy + OSOi N;
rg sulfonic acid
QL
;: Sodium n-octyl sulfate | SOS | CgHy7 - 0S0; Na© 133®)
wi
Sodium dodecyl sulfate | SDS | CjoHas - 080, Na 8.20)
n-octyl-N,N,-dim ethyl - +
3-ammonio-1- C4APS | CgHy7 = N(CH;),(CH,);080; | 3308
g _ | propane sulfonate
o2
2 § n-decyl-N,N,-dimethyl - + _
$ & | 3-ammonio-1- C,,APS| CigHa1 -+ N(CHy),(CH,);080; | 25-40(9)
5 z | propane sulfonate
&N
< n-dodecyl-N,N,-dimethyl-| + =
3-ammonio-1- C,,APS| Ci2Hps + N(CH;),(CH,);080, | 2-4©
propane sulfonate
g Pol thel
3 | Polyoxyethelene-
g lg 8-dzcylyether Cy0Bs | C1oHa 7 (OCH,CH)gOH 109
:% E )} thel
Polyoxyethelene- 4+
§ Z 8-laury | cther C),Eg | C12H2s + (OCH,CH,)gOH

aThe presence of DBNBS in solution will affect the absolute value
of the cmc. Nevertheless, these values give a good qualitative

description of the surface activity of each surfactéiReference 57.
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Table 2. Hyperfine Coupling Constants (Hfccs) of Radicals

Spin-Trapped Using DBNBS during Sonolysis and Photolysis
Experiments of Aqueous Surfactant Solutibns

Hfces (G)
sonolysis photolysis
surfactant radical an EIM an EM
SPSo RCHR; 14.16 8.13 14.25 8.20
SOSo R CHR;, 14.25 8.17 14.13 8.1
SOS R'CHR, 14.23 8.18 14.21 8.13
SDS R CHR; 14.24 8.21 14.21 8.23
CioEs R;'CHR, 14.05 8.21 14.17 8.17
‘CH;R 13.89 13.26(2)
‘CHZ° 14.45 13.50(3)
CsAPS R'CHR, 14.26 8.29 14.11 8.33
C1,APS R'CHR, 14.22 8.33 14.24 8.37

a Methyl (CHs) radicals were trapped for all surfactants following
sonolysis and had the same hfccs as those shown in the tablefgr C
b The hfcc from the hydrogen atoms in the meta position of the benzene
ring of DBNBS was 0.8 G.

spectrometer at room temperature with a Schoeffel 1000 W xenon lamp
coupled to a Schoeffel grating monochromator. Photolysis was con-
tinued until the EPR spectrum reached a maximum intensity. No radicals
could be spin-trapped during photolysis (270 nm) of surfactants in the
absence of kD, indicating that the radicals trapped by DBNBS were
formed via radical abstraction reactions with hydroxyl radicals and not
by direct photolysis of the surfactant.

EPR Measurements.Surfactant sample solutions containing either
DBNBS (8.2 mM) or DBNBSH; (2.7 mM) were removed immediately
following sonolysis and transferred into a standard EPR flat quartz cell.
EPR spectra were recorded at room temperature on a Varian E-9 X-band

¢ Obtained from the Calbiochem Biochemicals data sheet for zwitte- SPectrometer with 100 kHz modulation frequency. The EPR software,

rionic surfactants? Reference 58.

and poly(oxyethylene-8-lauryl ether) {£s). Table 1 lists the surfac-

tants used in this study, along with their structure and critical micelle

concentrations (cmc). All solutions were made with Milli-Q filtered
water (conductivity<10-¢ S cnt! and surface tension of 72.0 mNn

“EPRDAP”, written by Dr. P. Kuppusamy (U.S. EPR Inc., Clarksville,
MD) was used for the acquisition, analysis, and simulation of EPR
spectra. Absolute radical yields were determined by comparing the EPR
spectra of surfactants following sonolysis with the EPR spectra of a
stable nitroxide (TEMPOL). It should be noted that errors are introduced
by the conversion of relative to absolute spin adduct yields. However,

at 25°C). Glassware was washed using Extran 300 detergent suppliedthis conversion does not affect the relative radical yields on which the

by Electron Microscopy Sciences.
Sonolysis ExperimentsStock solutions were prepared in glassware
that was soaked for-23 h in Extran 300 ath 1 h inconcentrated nitric

acid and then rinsed thoroughly with Milli-Q water. Unless otherwise

indicated, samples (1 mL) were placed in Kimble disposable 180

conclusions of this study are based. DBNBSwas used to determine
the methyl radical yields following sonolysis since the hydrogen
coupling of the nondeuterated analogue is removed, resulting in better
resolution of the spectrum and a more accurate determination of methyl
radical yields. The typical instrument settings for the quantitative
measurements of the spin adducts of DBNBS and DBNBS®ere

mm borosilicate glass culture tubes (supplied by Thomas Scientific) . . - .
and fixed in the center of a sonication bath (either Bransonic model € following: microwave power, 20 mW; modulation amplitude, 1
1210, 47 kHz, or model 1510, 42 kHz). The sample solution was sealed & Flme constant, (_)'128 S, scan spegq, S0 G/n_un. The decay of the
using a “suba seal’ (supplied by Aldrich) and bubbled with argon gas r_adlcal adducts of interest was insignificant during the measurement
for 5 min. Argon gas was passed over the surface of the solution during time.

sonolysis. The temperature of the sonication bath water was maintained
at 20 £ 1 °C during sonolysis. Under these conditions, 5 min of

sonolysis of a Fricke dosimeter solutidmesulted in an absorbance . . .
change at 302 nm of 1.18 0.06 (47 kHz) or 0.7k 0.03 (42 kHz) in Sonochemical Decomposition of Surfactants in Aqueous

a 1 cm quartz cell. Solution. EPR spectra of the spin adducts of DBNBS consist

Occasionally, bubbling argon gas through certain surfactant solutions Of @ triplet due to the splitting of the spin resonance line from
at high concentrations resulted in excessive foaming. For this reason,the unpaired electron into three lines by ## nucleus. These
certain solutions were saturated with argon by the “freeze/thaw” method. three lines are further split depending on the number of hydrogen
To test the reliability of this ga;sing_proceduaal mM solution of nuclei that are attached to tlecarbon atom of the addus.
SDS was argon saturated,_usmg either the standarql or frez_eze/thavw:rom the splitting pattern produced by the radical adduct, the
methods, and the-"CH— radical yield measured following 5 min of type of organic radical that was spin-trapped, i.e., tertiary
sonolysis. On average, the yield varied by less than 5% between the('CRg) secondary{'CH—), primary (—'CHy), or methyl (CHs)
two methods, . . . radical, can readily be determined. The sonolysis of anionic,

H20;—UV Photolysis Experiments Hydroxyl radicals were formed POE, and APS surfactants resulted in the production of carbon-
by the photolysis (270+ 10 nm) of HO.. The sample solution ’ . . . P .

centered radicals which were spin-trapped using DBNBS. Table

containing the surfactant, DBNBS (8.2 mM), aned4 (0.069 mM to . - ; St
0.69 mM) was placed in the EPR standard quartz flat{6D0 x 0.25 2 lists the type of radicals spin-trapped and their nitrog®{) (
and hydrogendy) hyperfine coupling constants.

mm) cell and irradiated continuously in the cavity of the EPR

Results

(37) Spinks, J. W. T.; Woods, R. An Introduction to Radiation
Chemistry 3rd ed.; Wiley-Interscience: New York, 1990.

(38) Krishna, C.; Kondo, T.; Riesz, B. Phys. Chenl989 93, 5166-
5172.
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ww

Simulation, CgAPS

Simulation, SDS . . .
Figure 2. (a) EPR spectrum following the 47 kHz sonolysis of C

APS (10 mM) in the presence of DBNBS (8.2 mM). Conditions: argon-
saturated solutionsf = 20 £ 1 °C; time of sonolysis= 5 min. The

lines in the spectra represent either methyl (M), primary (P), or
secondary (S) carbon radical spin adducts. (b) Computer simulation of
Figure 1. EPR spectrum following the 47 kHz sonolysis of (a) SDS the spectrum ir_] (a). Note that the underlying secpnd_ary carbon radical
(3 mM) in the presence of DBNBS (8.2 mM) and (b) DBNBS (8.2 has not beg_n simulated; hoyvever, the small contribution ofthe_ DBNI_BS
mM). The lines in the spectra represent either methyl (M), primary decomposition products (Figure 1c) has been added to the simulation.
(P), or tertiary (T) carbon radical spin adducts. Computer simulations

of the spectra are shown for (c) the DBNBS spectrum and (d) the SDS
spectrum. Conditions: argon-saturated solutidhs; 20+ 1 °C; time a)
of sonolysis= 5 min.

Ultrasound, C;jEg
P'm
S M

The EPR spectrum observed when a SDS solution (3 mM)
was sonicated (47 kHz) for 5 min under argon and in the
presence of DBNBS (8.2 mM) is shown in Figure 1a. The main
feature of the spectrum is the presence of three doublets (labeled
P) which are due to the primary-(CH—) radical adduct. A
small yield of methyl radicals (labeled M) is also observed. Simulation, C;oEq
Three more lines are present in the spectrum (labeled T), which
are attributed to the decomposition of DBNBS during sonolysis.
This is shown in Figure 1b, where a spectrum of a DBNBS
solution, sonicated for 5 min under the same conditions gave
the same three linés(labeled T) as those observed in Figure
la. The spectrum in Figure 1b was simulated as a combination

of 6.‘ terthry car.b.on radical withy = 13.28 G and a C.H_ (0.3 mM) in the presence of DBNBS (8.2 mM). Conditions: argon-
radical with splitting ofay = 13.9 G anda, = 8.3 G (Figure saturated solutionsf = 20 + 1 °C; time of sonolysis= 5 min. The
1c). o ) lines in the spectra represent either methyl (M), primary (P), or
The spectrum in Figure 1a was simulated as'@H— and secondary (S) carbon radical spin adducts. Shown in (b) is a computer
"CHg radical component with the coupling constants shown in simulation of spectrum a. The underlying DBNBS contribution (Figure
Table 2 for SDS. To this was added the simulation of the 1c) has been added to this spectrum.
underlying DBNBS background spectrum (Figure 1c) to yield ) o
the spectrum shown in Figure 1d. There is a good correlation Simulate accurately. {APS and G,APS yielded similar spectra
between the observed (Figure 1a) and the simulated (Figure 1d)(Not shown) to the one observed faAPS. The GoEg spectrum
spectra following the sonolysis of a SDS solution. Spectra were (Figure 3a) was simulated as a contribution-o€H— (labeled
collected for a series of anionic surfactants, including SOS, P), —'CHz (labeled S), andCHs (labeled M) radicals (Figure
S0So, and SPSo, following sonolysis under the same conditions3P: see Table 2 for coupling constants). TheHs spectrum
as those in the experiments shown in Figure 1a. These spectrdnot shown) resembled that of{Es.
were similar to that observed for SDS (see Table 2 for coupling ~ The UV (270 nm) photolysis in the presence 604 (0.069
constants). and 0.69 mM) of all of the surfactants examined in this study
The EPR spectra following the sonolysis of zwitterionig{C ~ Was investigated, and in each caseCH— radicals were
APS, GAPS, G,APS) and nonionic (GEs, C12Es) surfactants observed but nd:H;.:, radicals were .detected (e.g., Figure 4). A
were measured. The BQPS Spectrum |n Flgure 2a was barely deteCtab|e y|e|d O'f'CHZ rad|cals was Observed f0r the
simulated in Figure 2b as’CH— (labeled P) andCHs (labeled ~ @nionic and APS surfactants following.&;, photolysis. An
M) radicals with the splitting constants shown in Table 2. The €xample of this is shown for the case of SOSo (Figure 4b). It
yield of secondary-"CH, radicals (labeled S) was too smallto should be noted that the"CH~— radical coupling constants
observed following HO, photolysis of surfactants are ap-
) (39) The intensitie_s of these !ines are small in ct_)mpariso&'th—‘ ) proximately equal to the coupling constants of theCH—
lines observed following sonolysis of surfactant solutions, and there is little

overlap between the two. Thus, the role of DBNBS decomposition can be radiclals spin-trapped during sonolysis of the same surfactant
neglected. solutions (Table 2).

Figure 3. (a) EPR spectrum following the 47 kHz sonolysis qb;
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Hy0, -uv
photolysis

CioEg

HyOy -uv
photolysis

SOSo

Figure 4. EPR spectrum of the radicals spin-trapped by DBNBS (8.2
mM) during the HO,—UV photolysis of (a) GoEs (1 mM) in the
presence of 0.69 mM 4D, and (b) SOSo (30 mM) in the presence of
0.069 mM HO,. The lines in the spectra are due to primary (P) or
secondary (S) carbon radical spin adducts. Low-intensity lines in the
spectra are due to the small contribution of DBNBS decomposition.

2.0

—f&=— SDeSo

[ *CH;3 radicals}/uM

1.0
- @ - Cy¢Es
—&— Cy(APS

L o

90 mM
0.0 |
! s 10 15 20
[Surfactantl/mM

Figure 5. Effect of surfactant concentration and headgroup structure
on the methyl radical yield observed following sonolysis in the presence
of DBNBS-d, (2.7 mM). The freeze/thaw method was used to saturate
the solutions with argon. Sonolysis was conducted for 5 min at 42 kHz
andT =20+ 1 °C.

The effect of sonolysis of three surfactants with @ @alkyl
chain length, possessing different headgroup structures (i.e.
APS, POE, or sulfonate), was investigated by determining the
methyl radical yield (Figure 5). The methyl radical yield is much
higher for GoEg and GoAPS than it is for the anionic surfactant,

SDeSo. These results imply that the structure of the headgroup

of these surfactants has a significant effect on the yield of
pyrolysis radicals following sonolysis.

Comparison of n-Alkyl Chain Length on Radical Yields.
The yields of—"CH— radicals for GAPS (1 mM), G,APS (0.2
mM), and SOSo (1 mM) as a function of sonication time are
shown in Figure 6. The yield of-"CH— radical adduct is
directly proportional to the time of sonolysis (up to 6 min).
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Figure 6. Concentration of-"CH-— radicals as a function of the time
of sonolysis of various surfactant solutions. Conditions: DBNBS, 8.2
mM; argon-saturatedf = 20 £+ 1 °C.

and EPR can be used as a quantitative measure of radical
scavenging durings6 min of sonolysis ofn-alkyl surfactant
solutions.

The effect of surfactant concentrationr{8 mM) on the yield
of —CH— radicals for SPSo, SOSo, SOS, and SDS is shown
in Figure 7a. In the low concentration range(.3 mM) the
—'CH- radical yield increases in the order SPS0SOSo~
SOS~ SDS. For SDS, SOS, and SOSo, there appears to be
little dependence of the ' CH— radical yield on the chain length
of the surfactants in this low concentration range. At higher
surfactant concentrations {110 mM) all of the surfactants
eventually reached a limiting value in"CH— radical yield, as
shown in Figure 7b (note that all surfactants are well below
their respective critical micelle concentrations, Table 1). The
height of this plateau value for"CH— radical production
increased in the order SDS SOS~ SOSo< SPSo. This is
opposite to the order that would have been expected, had
—'CH-— radical formation been determined Hyeq of the
surfactants. A similar trend in radical adduct formation was
observed after the sonolysis of a homologous series of APS
surfactants.

The "CHs radical adduct yield following the sonolysis of a
series of APS surfactants of varyimgalkyl chain length, in
the 0-10 mM concentration range, is presented in Figure 8a.
Clearly, the maximumCHg radical yield is obtained during the
sonolysis of the shortest chain surfactargARS, followed by
C10APS and finally G,APS, which gives the lowe&ECH; radical
yield. When the surfactant concentrations were increased beyond
the CMC (G2APS = 2—4 mM, C0APS = 25—40 mM), the
"CHgz radical yield decreased to zero (Figure 8b). In the case of
CsAPS, the cmc was not reached (crc330 mM) and the
‘CHjs radical yield remained constant over the concentration
range from 10 to 60 mM.

Discussion

Mechanistic Aspects of Radical Formation during Sur-
factant Sonolysis.In argon-saturated aqueous solutions, the
formation of ‘'H and ‘OH radicals in the hot spot (reaction 2)
can lead to a number of other reactions. In the absence of any
solutes, these primary radical species can recombine in the hot

Hence, under the current experimental conditions spin-trappingspot or in the hot shell (reactions-3). In the presence of



Sonochemistry of Surfactants in Aqueous Solutions J. Am. Chem. Soc., Vol. 123, No. 441 10(HE

(a) (a) i
8. ey
= 1.5 | -
= = -
= = -
£ = -
5 o ) - —F— CsAPS
g T 1.0} 7 — @-C(oAPS
—~ : —e— C,APS
ONN S e !
@) ¢ 5)
‘I e I
= 0.5 |
2.
0 . 1 L 0 . 0 L I 1 i L 1 n |
0 1 2 3 0 2 4 6 8 10
[Surfactant]/mM [Surfactant}/mM
12.0
| (b) 0 2.
i}
= 1.
2 =
Z =
S = —F— C5APS
= S
g = —@—C (APS
-~ = —&—C;,APS
5 =4
S 2
N’
0.
0. Lmmmlmmemm=a P PN
0 10 20 30 40 50 60
[Surfactant]/mM [Surfactant)/mM

Figure 7. —CH- radical concentration following 5 min of sonolysis
of a homologous series af-alkyl chain anionic surfactants in the
concentration range of (a8 mM and (b) 6-10 mM. DBNBS (8.2
mM). Conditions: argon-saturate@;= 20 + 1 °C.

Figure 8. ‘CHs radical concentration following 5 min of sonolysis of

a homologous series ofalkyl chain APS surfactants in the concentra-
tion range of (a) 810 mM and (b) 6-60 mM. The freeze/thaw method
was used to saturate the solutions with argon. Sonolysis was conducted
for 5 min at 42 kHz,T = 20+ 1 °C, and in the presence of DBNBS-

organic solutes in the bulk solutiofQH and'H radicals may d (2.7 mM).

react with the organic solute (RH) to produce secondary radical
species (R, reaction 6. Considerably fewer hydrogen atoms

than ‘OH radicals are available for reaction in the bulk solu-

tion:7:40

with the primary radical recombination processes (reactions
3—5). Primary radical scavenging results in the abstraction of
hydrogen atoms from the alkyl chain of all surfactants and in

- the case of the APS and POE surfactants from-tBéh— units

H,O0—0OH+ H 2 in the headgroup (see Table 1) to produe&€H— radicals.
Furthermore, there is a possibility that a hydrogen atom can be
‘H+ OH—H,0 3) abstracted from the terminal carbon atom on the alkyl chain of
the surfactant. However, this does not occur to any appreciable
H+H—H, (4) degree since ne-"CH, radicals were detected following the
. . sonolysis of the anionic surfactants (e.g., Figure 1) and either a
OH+ OH— H,0, (5) very low yield of or no—'CHj, radicals were observed when

H,0, photolysis was conducted in the presence of any of the
surfactants (e.g., Figure 4).

The above discussion indicates that the majority-6EH,
Surfactant molecules exist at relatively high concentrations gnd all of the'CH; radicals are formed as a result of pyrolysis
in the hot shell of the hot spot and can scavenge a proportionyeactions. Since the surfactant molecules in the current study
of the primary radical species in this region, thus competing are nonvolatile, their pyrolysis takes place in the hot shell

(40) Henglein, A. InAdvances in Sonochemistriylason, T. J., Ed.; JAI surrounding the hot SpOt-. The alkyl chain of any of the
Press Ltd.: London, 1993; Vol. 3, pp 4+33. surfactants can pyrolyse either by thermal homolysis 6fCC

RH+ ‘OH (H) — R + H,0 (H,) (6)
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Table 3. Range of Static Dielectric Constant§ @nd the Phase of shown that dehydrated ions possessing high charge density, such

Water in the Temperhat“re ﬁange of 10|0 to ?Oﬁa”d Partigular f as~OH ions, become highly reactive when the Hofmann-type
Pressure Ranges Where the Negative log of the lon Product o elimination reaction is conducted in nonpolar liquf@s.

Water (—log Ky) Is L Than 14 . . L
ater (7log Ku) IS Less Than The 1-octene that is produced (reaction 7) is highly hydro-

temp oyl r"’l‘”gf(‘)af b H phobic and will prefer to adsorb to and eventually be drawn
(‘*C) range (MPa) —log Ky range o pPhase into a new bubble(s) that is formed in the region of the original
100 0.1014100 12.26511.96  55.56-58.67 liquid hot spot, rather than dissolving in the aqueous phase. A similar
%gg é&igg ﬂggg%gg gi:ggg;:gg ::gﬂ:g process was proposed _by Grieser and co-wc_Jrkers to explain the
250  5.0-100 11.19+10.60 27.0531.07 liquid quenching of sonoluminescence by organic addititeEhe

300 10.6-100 11.406-10.50  20.22-25.10 liquid 1-octene will undergo pyrolysis in the core of the hot spot, with
350 20.0-100 12.36-10.54 13.96-20.08 liquid a greater efficiency than the original surfactant in the hot shell,

400  50.6-100 11.88-10.77 ~ 12.0415.80 supercritical resulting in an increased methyl radical yield. Similar processes
450 50.6-100 13.74-11.19 6.69-12.13 supercritical would also occur for @APS and G,APS.

288 138'&100 113;31611'81 <105_06 Siﬂ%r:rr(':tr'ﬁfclal Decomposition of PQE Surfactantslt was shown (Figure
4a) that no—"CH; radicals are formed during the,8,-UV
* Reference 5% Reference 60. photolysis of GoEs. Furthermore, following sonolysis no

—'CH, radicals were observed from ionic surfactants (e.g.,
Figure 1) and a barely detectable yield-01CH; radicals were
formed from APS surfactants (e.g., Figure 2). Thus, it follows
that —CH, radicals are formed during the decomposition of
the headgroup of {gEg (Figure 3), since all three surfactant
families possess alkyl chains. Methyl radicals may be produced
following the pyrolysis of smaller, hydrophobic components in
a similar way to that described above for the APS surfactant.
The decomposition of the POE headgroup abEg (and
C12Es) might occur by pyrolysis. However, during pyrolysis in
the hot shell at temperatures of up to 1900 K, the difference in
bond dissociation enthalpy between aC bond in the alkyl

bonds or bys-scission of a € C bond, following the abstraction

of a hydrogen atom, similar to the thermal cracking of alka#es.

It was shown that the structure of the surfactant has a marked
effect on the yield of pyrolysis radicals observed following
sonolysis (Figure 5). This result is discussed in detail in the
following two sections.

Decomposition of APS SurfactantsThe decomposition of
the APS surfactant may occur by a Hofmann-type elimination
reaction on a quaternary amiffeln the case of @APS, this
will result in the formation of a 1-octene or a tertiary amine, as
shown in reaction 7:

C4Hy3CH= CH, + N(CH3),(CH,);803 chain of the surfactant (e.g.s87-CHs = 356.5 kJ/moly* and
a C-0 bond in the headgroup of the surfactant (e.g-COCH;
H H A:) OH, A = 338.9 kJ/mot* may not be large enough to account for the
CeHyyOH — CH,N(CH;),CH,— CHCH,SO; ) increase iNCHz and —'CH, radicals observed for the POE
B B . surfactants, in comparison to the anionic surfactants.
x()’ OH, A Alternatively, decomposition of the POE headgroup may be

due to radical attack followed k§-scission of the €C bonds

in the headgroup, as described earlier for the decomposition of

the alkyl chain of the surfactants. The POE headgroup may be

more prone toOH attack compared to the alkyl chain offEs

(or Ci2Eg), since it is known that hydroxyl radicals selectively

abstract hydrogen atoms from tlealkoxyalkyl positions of
ethers®®46The mechanism of decomposition can occur via two

CgH7N(CH3); + CH,—CHCH,S03

The tail, rather than the headgroup oAPS, is more likely
to be eliminated because th€CH,SO;~ group is more electron
releasing compared to theld;s— group. Hence, thg'-proton
is less acidic than thg-proton and elimination would tend to
follow pathway a in reaction 7.

Generally, the Hofmann-type elimination reaction is catalyzed Pathways, as shown reaction 8:
by hydroxide ions at the relatively moderate temperatures of

approximately 100C 4P Even though the experiments in this A, (1) \/\\O + CHp—R'
study were conducted in the absence of base, there may be g~ \CH / \ / N ' - 8)
number of characteristics of the hot shell which would be R A\(zf R—0 + o
conducive to the Hofmann-type elimination of the APS surfac- ’

tants.

—'CH, radicals are spin-trapped by DBNBS, while-B"
cannot be spin-trapped by DBNBS. Furthermore, the products
produced in reaction 8 may undergo further decomposition in
new bubbles, as explained earlier for the sonolysis of APS
surfactants. It is plausible thAtscission of the POE headgroup
of CioEg and G2Eg (reaction 8) occurs at a faster rate than
p-scission of ther-alkyl chain of the anionic surfactants, leading
to higher yields of—CH, and ‘CHj radicals for the POE
0sourfactants in comparison to the anionic surfactants.

However, whyp-scission of the POE headgroup is favored
in comparison to the alkyl chain is not immediately clear since

At the temperatures and pressures of the hot shell, regions
of superheated and possibly supercritical water exist where the
ion product of waterKy,) is greater than that observed under
ambient conditions at neutral pH (i.&,, = 10714, as shown
in Table 3. Thus, in the particular regions of the hot shell where
the temperature increases from 100 to 800the concentration
of “OH ions may vary from between 0.1 to 5//. More
importantly, the dielectric constant of superheated water de-
creases considerably as the temperature increases above 1
°C under pressures where the phase remains either liquid or,
supercritical (Table 3). As the dielectric constant decreases, so

too does the hydration number of ions. Interestingly, it has been  (43) Maia, A.Pure Appl. Chem1995 67, 697-702. _
(44) Wentrup, CReactve Molecules: The neutral reac# intermediates

(41) Fieser, L. F.; Fieser, MAdvanced Organic ChemistryReinhold in organic chemistryJohn Wiley and Sons: New York, 1984; p 28.
Publishing: New York, 1961: (a) p 123; (b) p 509. (45) Schuchmann, M. N.; von Sonntag, &.Phys. Chem1982 86,
(42) March, J.Advanced Organic Chemistry: Reactions, Mechanisms 1995-2000.
and Structure4th ed.; John Wiley and Sons: New York, 1992; pp 1615 (46) Janik, I.; Ulanski, P.; Rosiak, J. M.; von SonntagJOChem. Soc.,

1016. Perkin Trans. 2200Q 2034-2040.
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it is known that surfactant will adsorb at the gas/solution Itis conceivable that the spin-trapping rate (reaction 9) varies
interface of the bubble with the hydrophobic alkyl chain pointing for different surfactants. This may explain the increasing yield
toward the hot interior of the bubble and the hydrophilic of —CH— radicals at high surfactant concentrations as the chain
headgroup remaining completely solvat&There are a number  length of the surfactant decreases (Figure 7b). However, even
of hypotheses to explain why the temperature to which the POE if this were the case during the spin-trapping-0€H— radicals,
headgroup is exposed during and following collapse of the this would not explain why the methyl radical spin-trapping
bubble may be similar to that experienced by the alkyl chain. efficiency increased with decreasing chain length of APS
First, because of the slight hydrophobicity of the ethylene surfactants (Figure 8a).
units of the POE headgroup, it can approach a parallel When methyl radicals are spin-trapped, reactions 9 and 10
orientation to the gas/solution interfatfdzurthermore, in astudy  will be independent of the surfactant systems studied, since the
modeling the dynamic surface tension gEQype surfactant$} radical being spin-trapped is identical. Although the rate of
it has been shown that the parallel orientation of the POE reaction of methyl radicals with the different surfactants
headgroup is approached during the early stages of the adsorpfreaction 11) will vary, it does not compete with reaction 9,
tion process. At longer adsorption times, the headgroup attainssince the methyl radical yield forgBPS reaches a plateau and
a perpendicular orientation to the interfé€@he results of the  effectively remains constant as the concentration is increased
current study show that equilibrium adsorption at the gas/ from approximately 10 to 60 mM (Figure 8b). The sudden
solution interface of cavitation bubbles is far from being attained decrease in methyl radical yield fori@PS and G,APS at
for long chain surfactants (see later), suggesting that the POErelatively high concentrations (Figure 8b) is due to the formation

headgroups are orientated parallel to the interface. of micelles. A similar effect was observed by Alegria eél.
Secondly, if liquid droplets or jets of liquid can be injected = At concentrations above the critical micelle concentration (cmc),
from the bubble interface, into the interior of the bublléhen the bulk solution concentration of monomer surfactant remains

the decomposition of the all parts of the surfactant molecule constant® Thus, the amount of surfactant that can partition at

takes place at the similar temperatures in these superheatedihe gas/solution interface also remains the same. There are

initially liquid droplets. several possible explanations for the decreasing methyl radical
Radical Reactions following the Sonolysis of Aqueous yield above the cmc. First, the spin-trap itself may partition at

Surfactant Solutions. The dependence of the maximum the interface of the micelle, thus decreasing the spin-trapping

—'CH— radical yield on the concentration of the anionic efficiency. Second, zwitterionic surfactants form spherical and

surfactants (Figure 7b) could be explained in terms of the ratesrod-shaped micelles in solutigh which will increase the

of reaction of the primary radicals for the different surfactants viscosity of the system, thus decreasing inertial cavitatton.

in bulk solution (reaction 6). However, the rate of reaction of  Adsorption of Surfactants at the Gas/Solution Interface

"OH radicals with a series of-alkyl surfactants (in units of 20 of Cavitation Bubbles. On the basis of the above discussion,

dm? mol~! s71) follows the order SDS (8.0f SOS (6.5)> it is proposed that the—"CH— and ‘CHs radical yield is
sodium hexy! sulfate (2.5) sodium butyl sulfate (1.0% Thus, effectively determined by the ability of the homologous series
the rate of reaction increases with increasing alkyl chain length, of n-alkyl surfactants to accumulate at the gas/solution interface
which is opposite to the trend observed for maximunCH— of cavitation bubbles. However, the results presented in Figures
radical yield (Figure 7b), which decreases with increasing chain 7 and 8 are inconsistent with the idea that surfactants with a
length. greater equilibrium surface activity accumulate at the gas/

_The secondary radical species)Rroduced (reaction 6) are  solution interface of cavitation bubbles with a greater efficiency.
either spin-trapped by DBNBS (reaction 9), can undergo  The results of this study are in good agreement with those
radical-radical recombination (reaction 10) or can abstract a gpserved previously by multibubble sonoluminesceide the
hydrogen atom from another surfactant molecule (reaction 11): onoluminescence study, aqueous solutions containing either

R + DBNBS — R—'DBNBS 9) SDS, SOS, SOSo, or SPSo were sonicgted under argon gas at
a frequency of 358 kHz and the sonoluminescence spectra were
R+R—R, (10) measured. The spectra showed an intense sodium atom emission

band at concentrations as low as 0.4 mM, much lower than the

R+RH—RH+R" (11) concentrations of NaCl required to produce a sodium emission

Figure 7 shows that the-"CH— radical yield for anionic band (ca. 1650 mM). The anionic surfactant that can partition

surfactants increases rapidly at low concentrations until a plateau@t the gas/solution interface of the bubble to the greatest degree
value is attained. The observation that ti€H— radical yield attracts a greater amount of sodium ions from the bul_k s_olut|on
remains constant over a surfactant concentration range oft© the bubble interface, from where sodium atom emission can
approximately 10 mM (Figure 7b) implies that reaction 11  OCcur fo!lowmg collapse of the.bu.bble. In the. multlbu_bble
does not compete significantly with reaction 9, in this concen- Senoluminescence study the emission from excited sodium
tration range. It is plausible that reaction 10 competes with the 0ms was measured as a function of the bulk surfactant
spin-trapping process (reaction 9), since the secondary carborfoncentration and was foynd to foIIo_w th(_a same prc_>f|le as that
radical (R) may exist at relatively high concentrations in the ©bserved for—CH-— radical yield in this study; i.e., the
hot shell. However, radicairadical recombination would be ~ Maximum Na* emission intensity followed the order SPSo
expected to be close to the diffusion controlled limit for all of SOS» SOSo> SDS.

the surfactants and would not account for the results observed The current observations can be explained in terms of the

in Figure 7. dynamics of surfactant accumulation at the gas/solution interface

(47) Lu, J. R.; Thomas, R. K.; Penfold, Bdv. Colloid Interface Sci. (50) Israelachvili.intermolecular and Surface ForceScademic Press
200Q 84, 143-304. Limited: London, 1992; p 374.

(48) Ravera, F.; Liggieri, L.; Miller, RColloids and Surf., £00Q 175 (51) Flynn, H. G. InPhysical Acoustics 1 (Part BMason, W. P., Ed.;
51-60. Academic Press Limited: New York, 1964; pp-5¥72.

(49) Almgren, M.; Grieser, F.; Thomas, J. B. Chem. Soc., Faraday (52) Sostaric, J. Z. Interfacial Effects on Aqueous Sonochemistry and

Trans. 11979 75, 1674-1687. Sonoluminescence. Ph.D. Thesis, The University of Melbourne, 1999.
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the length of time required for the relatively long-chain

> Tnterfacial Area Bubbles undergoing < Interfacial Atea surfactants to equilibrate with the gas/solution interface of the
microsecond oscillations bubble.
? Fainerman et &P studied the gas/solution adsorption dynam-
Expansion Compression ics of n-alkyl chain surfactants, possessing a sulfate headgroup.
D - % It was shown thia 2 mMsolution of SDS reached equilibrium
s after more than 3 m%¥ Furthermore, approximately 70@s
* Surfactant. passed before the surface excess concentration of SDS reached
P Q Head 50% of I'e>® These times are much longer than the period of
(a) Bulk Solution o Tail bubble oscillations or the lifetime of transient cavities and will

greatly effect the amount of surfactant that can accumulate at
the gas/solution interface of cavitation bubbles.

An important factor that can determine the surfactant’s ability
to reach equilibrium at the gas/solution interface is the length

(b) Inertial Cavitation: I

Large expansion in tens Maximum Bubble Size-

‘S’lfl‘f“;;f:jf:g::s-ﬁs‘f;ne Hundredsof of the hydrocarbon chain. Ferri and Stebeonsidered the rate
but Tittle time for. micrometers at which homologous series of surfactants could attain equilib-

equilibrium to be attained.

rium between the bulk solution and the gas/solution interface,
- by comparing dynamic properties of surfactants with their
Collapse time: equilibrium properties. Surfactants that have a higher equilibrium

A few microseconds

— surface excess concentratidnd) at a particular bulk concentra-

— tion will reduce the surface tension to the greatest degree at
] Hot Spot Size: equilibrium 56 However, these surfactants require longer times
Core: Tens of micrometers to equilibrate®® For the surfactants in our study, the trends in

max T~ 5200 K
max P~ 1000 atm

I'eqfor a given bulk concentration will follow the trend SDS
SOS~ SOSo> SPSo. Thus, in accordance with the conclusions

MTheul:gOOK Hydrgpll)fbicproductsre-adsorbona of Ferri and Stebé&S the rate at which these molecules can
max T » new bubble(s) to decompose in successive . . .
max P~ 1000 atm cavitation events. adsorb at the gas solution interface follows the opposite trend.

Furthermore, it was concluded that surfactants which are not
Figure 9. Diagram describing the adsorption of surfactant at the gas/ very surface active equilibrate extremely rapiefiyThe observa-
solution interface of cavitation bubbles. (a) Surfactant in the bulk tions made in the current study showing that SPSo, with a cmc
solution cannot equilibrate with that at the gas/solution interface of a of 990 mM, has resulted in the greatest amount of primary
stable cavitation bubble. (b) Surfactant accumulation at the interface 5 ical scavenging at the gas/solution interface of cavitation
of a rapidly growing bubble. Collapse is so fast that there is no time bubbles fits with the conclusions that can be derived from a
for surfactant to adsorb from the bulk solution to the bubble interface. . . . . .
The hot spot has a lifetime of less thapd The hot shell surrounding conS|derat|0n'of. the dynamic surface tensmn properties of
surfactants. Similar arguments can be made with regard to the

the hot spot is a region of superheated and possibly supercritical water, - sIA
which is formed during the final stages of collapse. (Surfactant accumulation of the APS surfactants at the gas/solution interface

molecules, bubbles, and the hot spot are not drawn on a relative scale.)of cavitation bubbles.

of cavitation bubbles. When a new interface is formed, there is Conclusions

net diffusion of surfactant molecules from the bulk solution to h leadi h hemical d . f
a narrow region just below the interface (i.e., the subsurféce), The processes leading to the sonochemical decomposition o
nonvolatile surfactants are depicted in Figure 9. Bubbles are

so that equilibrium can be established again. On reaching thef d and th ilat der the infl f the ult .
subsurface, the surfactant molecule may have to overcome aormed and then oscillate under the nfluénce ol the uitrasonic

number of barriers to adsorption, including an increased surfaceVave (Figure 9a) or ur_]dergo growth_ in less than one acoustic
pressure, less vacant sites in the interface for adsorption, an ycle followed by inertial collapse (Figure Sb). In this study it

being in the correct orientation for adsorption to take pRice. aﬁi)rt])i?: e;njr::;vsn ;S%‘&fﬁ:gm g:;se(:sr's?r? ?:Iiolr gﬂginn ofrgg{;?ln
These barriers may result in any particular surfactant mOIeCUIethan five carbon atoms, at th(yaIO as/solutign in%lerface o? cavitation
not being able to adsorb, thereby back-diffusing into the bulk bubbles. The situatioﬁ can grise where surfactants that are
solution and increasing the overall time required for equilibrium substaniiall less surface active under equilibrium conditions
to be established. In general, it is the combined effects of y 1es 4 S

e . can more readily accumulate at the gas/solution interface of
diffusion of surfactant from the bulk solution to the subsurface L : .

. . . cavitation bubbles, at a particular bulk concentration, compared

and the overcoming of barriers to adsorption from the subsurface

i O - to surfactants with a greater equilibrium surface activity.
o the mterfape t.hat limit the rate of surfactant adsorption at Following bubble collapse (Figure 9b), all parts of the surfactant
the gas/solution interfacé.

The interface of cavitation bubbles is either growing or  (55) Fainerman, V. B.; Makievski, A. V.; Miller, RColloids Surf., A
) . . YR 1994 87, 61-75.
contracting on a microsecond time sceié;which at 47 kHz (56) Ferri, J. K.; Stebe, K. Ady. Colloid Interface Sci200Q 85, 61—
is approximately 1620 us. Thus, there is either net adsorption g7,
(during bubble growth) or net desorption (during bubble  (57) Mukerjee, P.; Mysels, K. JCritical Micelle Concentrations of

compression) of surfactant (Figure 9a). Furthermore, the time g%“efgfosgfﬁc?gt SystersS. Government Printing Office: Washington,
. , ; Vol. 36.
scale of the bubble growth processes is too short compared to (58) Rosen, M. JSurfactants and Interfacial Phenomeiad ed.; Wiley-
Interscience: New York, 1988.
(53) Neppiras, E. APhys. Rep198Q 61, 159-251. (59) Franck, E. UJ. Phys. Chem. Ref. Date981, 10, 295-304.
(54) Young, F. RCavitation; McGraw-Hill: London, U.K., 1989; pp (60) Archer, D. G.; Wang, P. MJ. Phys. Chem. Ref. Dat99Q 19,
38-186. 371-411.
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may, on average, be equally exposed to the high temperaturesurfactants on sonochemistry and sonoluminescence of aqueous
produced in the hot shell. This would facilitate chemical solutions.

processes which would otherwise not be possible had the
headgroup of the surfactant remained completely solvated in
the bulk solution. The current study shows that consideration
must be given to the mechanisms of decomposition and to the
dynamics of accumulation of surfactants at the gas/solution
interface of cavitation bubbles when interpreting the effect of JA010857B
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