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Effect of surfactants, polymers, and alcohol on single bubble dynamics and sonoluminescence
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The radial dynamics of an acoustically driven single bubble, levitated in water, along with the sonolumi-
nescence~SL! signal, were recorded in the absence and in the presence of micromolar quantities of different
surfactants and polymers. It was observed that these nonvolatile solutes, in the low concentration range used,
did not significantly affect the radial dynamics nor the SL intensity of a single bubble in water. In contrast, the
addition of micromolar quantities of a volatile solute, pentanol, quenched;90% of the SL without affecting
the radial dynamics of the bubble.
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INTRODUCTION

The effect of surface active solutes on single bubble~SB!
and multibubble~MB! sonoluminescence~SL! has been in-
vestigated by several groups in recent years@1–5#. Experi-
ments conducted using a SB are particularly useful beca
of the highly repetitive and reproducible nature of the s
tem. The effect of several experimental parameters on
systems have been investigated@6–9#. For example, Holt
and Gaitan@7# studied the region of parameter space~acous-
tic driving pressure, maximum and equilibrium bubble rad
etc.! in which stable single bubble sonoluminescence occ
Theoretical investigations on the effect of surfactants on
SL have also been reported@10–13#.

In MB systems, the SL intensity is affected by solutes in
number of ways depending upon the solute being consid
@1#. A decrease in the SL intensity~relative to the SL inten-
sity observed in water! has been observed when low conce
trations of volatile solutes, such as alcohols, amines,
carboxylic acids, were present in the water@1#. The presence
of surfactants in water was found to affect the SL intensity
both SB@3# and MB @1# systems. Stottlemyer and Apfel@3#
reported that the surfactant, Triton X-100~a nonionic surfac-
tant! reduced the maximum size of the SB from 65mm in
water to 62mm in 0.1 CMC Triton X-100~CMC of Triton
X-10050.21 mM @14#; 0.1 CMC521mM ! solution. Never-
theless, the magnitudes of the SL intensity as well as
acoustic emission intensity were reduced by a factor of ab
2.

In the present investigation, we have studied the SB
namics and SL in the absence and in the presence of
different surfactants and two different polymers. The expe
mental data from the surfactant and polymer solutions h
been compared with those observed from an aqueous s
tion containing a simple aliphatic alcohol.

EXPERIMENTAL DETAILS

Research grade surfactants, British Drug House spe
purity grade sodium dodecyl sulfate~SDS!, Kodak Chemi-
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cals’ dodecyltrimethylammonium chloride~DTAC!, Calbio-
chem’s N-dodecyl~N,N-dimethyl-3-ammonio-1-propane su
fonate! ~DAPS!, and Nikko Chemical Company’s
octaethylene glycol monodecyl ether (C10E8), were used as
received. Poly~vinyl alcohol! ~PVA; Mw of 14 000!, polyvi-
nylpyrrolidone ~PVP; Mw of 10 000! were purchased from
Aldrich. Milli- Q water was used in all the experiments. A
grade pentanol was used as received. Surface tension
surements were made using a McVan Analite Surface T
sion Meter with a glass Wilhelmy plate.

The wave generator, amplifier, and other instruments u
in the SB experiments were similar to the ones described
Matula @15#, and Ashokkumar and Grieser@16#. A rectangu-
lar cell driven at a resonance frequency of;22.5 kHz or a
cylindrical cell driven at;23 kHz was used as the SB ce
In a typical experiment, a single bubble was levitated in d
gassed water and the SB parameters~Rmax, R0 , Pmax, Pmin ,
and SL! measured.Rmax andR0 ~maximum and equilibrium
radii of the bubble, respectively! measurements were re
corded at a driving pressure of;1.3 atm. Pmax and Pmin
represent the maximum and minimum driving pressures,
spectively, at which a stable single bubble could be levitat
i.e., the bubble became unstable if the driving pressure
greater thanPmax or less thanPmin . A known volume~nor-
mally about 50–100ml! of an aqueous solution containin
the desired concentration of the surface active solute
then added to the water in the SB cell and gently mixed.
equal volume~to that added! of the ~mixed! solution was
removed from the cell in order to maintain the same to
volume. A single bubble was generated without changing
driving conditions. The SB parameters were again measu
in the presence of the added solute. For the purpose of so
addition, an open cell was used where the solutions w
exposed to the open atmosphere during the measureme

In order to correct for any time dependent changes to
SB parameters, ‘‘control’’ experiments were performed.
the control experiments, a single bubble was levitated in w
ter and the SB parameters were recorded as a functio
time. It was observed that there was a continuous increas
the Rmax R0 , and SL intensity with increasing time. For ex
ample, the initial values of maximum (Rmax) and equilibrium
(R0) radii of the bubble increased by;4 mm and 1mm,
©2002 The American Physical Society10-1
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respectively, over a period of 10 min. Similarly, the SL i
tensity observed from the same bubble increased by a
15–20%~under the measurement settings used! in 10 min.
These values are an average of three independent co
experiments. The data presented in this study have been
rected for the time dependent changes in the SB parame

A needle hydrophone~DAPCO or Precision Acoustics!
was used to measure the acoustic driving pressure at
position of the bubble. Bubble size measurements were
formed by a strobe technique@17#. The SL and scattered ligh
intensities were detected by an end-on photomultip

FIG. 1. Strobe images of a single bubble levitated in water a
maximum and equilibrium stages before and after the addition o
mM SDS. DrivingP;1.3 atm; frequency;22.5 kHz.
04631
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~Hamamatsu! and recorded on an oscilloscope. The da
were transferred to a PC for further analysis.

RESULTS

In Fig. 1 are shown typical strobe images of a SB, le
tated in water, at its maximum and equilibrium dimensio
during an acoustic cycle. The changes to the bubble size
the addition of 30mM SDS are also shown in Fig. 1. As ca
be observed in this figure, there is little change in the ma
mum and equilibrium radii of the bubble due to the additi
of SDS. In Table I, the changes in theRmax, R0 , Pmax, Pmin ,
and SL intensity observed in water in the absence and p
ence of low concentrations of the surfactants, SDS, DTA
DAPS, and C10E8 and the polymers, PVA and PVP have be
summarized. The values presented in this table have b
corrected based on a ‘‘control’’ experiment with water~see
experimental section!. Considering the data in Table I, it ca
be stated that the addition of micromolar quantities of s
factants and polymers to water does not significantly aff
the bubble dynamics,Rmax, R0 , acoustic pressure, and S
intensity ~relative to those parameters observed in pure w
ter!.

Figure 2~a! shows that the addition of 100mM pentanol
does not significantly affect the maximum and minimu
bubble sizes, observed from a bubble levitated in pure wa
The slight changes in the maximum and minimum radii
the water bubble, by the addition of 100mM pentanol are
similar to those observed in the surfactant/polymer solutio

s
0

TABLE I. The effect of surfactants and polymers on SB parameters.Rmax andR0 values were measured at a driving pressure of;1.3 atm
Rmax, R0 , and SL data have been corrected based on a ‘‘control’’ experiment with water~see experimental section!.

SDS
@SDS# (mM ) Rmax ~mm! R0 ~mm! Pmax ~atm! Pmin ~atm! SL intensity~mV!

0 5263 561 1.3160.01 1.1860.01 562
30 5463 661 1.3160.01 1.1960.01 762

DTAC
@DTAC# (mM ) Rmax ~mm! R0 ~mm! Pmax ~atm! Pmin ~atm! SL intensity~mV!

0 5863 561 1.3360.01 1.2360.01 362
30 5663 661 1.2760.01 1.2260.01 462

DAPS
@DPAS# (mM ) Rmax ~mm! R0 ~mm! Pmax ~atm! Pmin ~atm! SL intensity~mV!

0 5163 561 1.3360.01 1.1860.01 462
30 5263 561 662

C10E8

@C10E8# (mM ) Rmax ~mm! R0 ~mm! Pmax ~atm! Pmin ~atm! SL intensity~mV!

0 6163 661 1.3160.01 1.1760.01 562
30 5763 661 1.2360.01 1.1660.01 862

PVA (Mw514 000)
@PVA# (mg/ml)(mM ) Rmax ~mm! R0 ~mm! Pmax ~atm! Pmin ~atm! SL intensity~mV!

0 5363 561 1.3360.01 1.1860.01 662
5.4 ~0.42! 5263 461 1.3160.01 1.1960.01 762

PVP (Mw510 000)
@PVP# (mg/ml)(mM ) Rmax ~mm! R0 ~mm! Pmax ~atm! Pmin ~atm! SL intensity~mV!

0 5863 561 1.3060.01 1.1760.01 862
5.4 ~0.6! 5763 661 1.3060.01 1.1560.01 762
0-2
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Figure 2~b! shows the scattered~laser! light intensity from
the oscillating bubble as a function of time within an acou
tic cycle. Under suitably chosen experimental conditions,
SL emission pulse can be made comparable to the scat
light intensity. As shown in Fig. 2~b!, along with the light
scattering curve observed from a water bubble, the SL em
sion pulse is clearly visible. However, it can be noticed t
the SL emission pulse is barely visible in the light scatter
curve observed from the bubble after the addition of 100mM
pentanol. As shown in Fig. 2~c!, a SL measurement in th
absence of a laser beam produced photomultiplier t
~PMT! outputs of;50 mV for the water bubble and;5 mV
~under the measurement settings used! after the addition of
100 mM pentanol.

FIG. 2. ~a! Strobe images of a single-bubble levitated in water
its maximum and equilibrium stages before and after the additio
100mM pentanol. DrivingP;1.24 atm; frequency;22.5 kHz.~b!
Relative scattered light~laser! intensity as a function of time from a
SB levitated in water before and after the addition of 100mM
pentanol. DrivingP;1.24 atm; frequency;22.5 kHz. ~c! Relative
intensity of the SL pulses~in the absence of a laser beam! as a
function of time from a SB levitated in water, before and after t
addition of 100mM pentanol. DrivingP;1.24 atm; frequency
;22.5 kHz.
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DISCUSSION

The key observations that can be noted from the res
shown in Figs. 1 and 2, and in Table I are~i! low concentra-
tions of the solutes, surfactants, polymers, and alcohol,
not significantly affect the radial dynamics of the SB;~ii ! the
nonvolatile solutes, surfactants, and polymers, do not que
the SBSL, whereas the volatile solute~pentanol! does.

The observation that the SB parameters are not sig
cantly affected by the presence of the low levels of surfa
active solutes~surfactants and polymers! suggests that thes
solutes, in the concentration range used, do not interfere
the kinetics of bubble growth, bubble collapse, and the
cillation frequency of the bubble. In contrast, Stottlemy
and Apfel @3# have shown that the presence of;21 mM
Triton X-100 decreased theRmax of a water bubble by 3mm.
They @3# also reported a 50% decrease in SL~relative to the
SL intensity observed from a water bubble! in the presence
of ;21 mM Triton X-100. Referring to the work of Asaki
Thiessen, and Marston@18# on the effect of surfactants o
mass diffusion into and out of the bubble, Stottlemyer a
Apfel suggested that the effect of the addition of Trito
X-100 was related to the changes in the mass diffusion of
across the bubble/solution interface, caused by the surfac
adsorbed at the bubble/solution interface. In support of
interpretation of the data reported by Stottlemyer and Ap
@3#, Yasui @10#, in his theoretical work on the effect of 2
mM Triton X-100 on SBSL, suggested that the decrease
SL was due to an enhancement in the amount of water va
that undergoes endothermic chemical reactions within
collapsing bubble. This increase in the core content of wa
vapor was suggested to be due to the inhibition of cond
sation of water vapor at the bubble wall by the adsorb
surfactants during the compression phase of the SB osc
tion.

The observation that pentanol is the only surface ac
solute that quenches the SL argues against the previo
proposed mechanisms discussed above for SL quenchin
order to gain some insight into the possible effects on SL t
can be attributed to surface active solutes, it is relevan
consider the surface excess~two dimensional concentration
of the solutes at the bubble/solution interface@1#! of the sol-
utes. It is possible to estimate the number of molecules at
bubble/solution interface for both surfactants and alcoh
using the experimentally measured~at higher concentrations
of these solutes! surface tension data. The estimated surfa
excess values@19# for the surfactants and pentanol have be
summarized in Table II.

It can be noticed from the values in Table II that the to
number of molecules at the bubble/solution interface
comparable or significantly greater for the 30mM surfac-
tants than that for 100mM pentanol. If gas diffusion in and
out of the bubble and water vapor condensation at the bu
wall were affected by the presence of solutes at the bub
solution interface, then 30mM SDS and C10E8 should show
greater SL quenching compared to that of 100mM pentanol.
The fact that the surfactants do not quench the SL and p
tanol significantly quenches the SL indicates that neither
transport across the bubble/solution interface nor water va

t
of
0-3
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condensation at the bubble wall is responsible for
quenching.

The observation that the SL is quenched by the addition
a neutral and volatile aliphatic alcohol, pentanol, can be

TABLE II. Maximum surface excess, air/water adsorption co
stant, and the surface excess values of the surface active solu
the concentrations used in this study.

@Solute#a
Gmax

b

~molecules/cm2! Kc
G@solute#

~molecules/cm2!

100 mM pentanol 5.331014 60 3.231012

30 mM SDS 1.931014 1 200 6.631012

30 mM DTAC 2.431014 300 2.231012

30 mM DAPS 1.831014 8 200 3.631013

30 mM C10E8 1.431014 14 300 4.231013

aAt these concentrations these solutes have a minimal effect on
surface tension of the air/water interface (ga/w;72 mN at 20 °C!.
bGmax refers to the maximum surface excess of the solutes
saturated air/water interface@20#.
cK values have been calculated using equilibrium surface ten
data~experimentally obtained! assuming that the solutes adsorb
the air/water interface following a Langmuir isotherm@20#.
J.

J.
s.

J

.

J.
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derstood by considering the explanation provided for the
quenching by the volatile solutes in both MB@1# and SB@2#
experiments. A volatile solute can evaporate into an oscil
ing bubble. Under the extreme conditions reached within
bubble during the collapse, these solutes may be therm
decomposed resulting in the formation of volatile produc
such as methane, ethane, etc. The accumulation of t
volatile polyatomic molecules within the bubble over a nu
ber of acoustic cycles will then lead to a decrease in
maximum temperature reached by the bubbles and hen
decrease in the SL@1,2#.

The surfactants SDS, DTAC, DAPS, and C10E8 and the
polymers, PVA and PVP are all surface active solutes. Ho
ever, unlike pentanol, they are not volatile and their inabil
to quench the SL from the single bubble can be direc
attributable to their lack of volatility. Hence, we conclud
that the adsorption of surface active solutes at the bub
solution interface does not hinder gas diffusion or water
por condensation processes at the interface, and co
quently, will not interfere with the generation of SL.
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