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We report degradation rates of chlorinated methanes, ethanes, and ethga®sing the range of Henry's

law constants 0.% H/(atm M™1) < 24.5-in water solutions sonicated ft= 205, 358, 618, and 1078 kHz.
First-order degradation rate constamts;, vary ask_x ~ Hy?-3%0.03 gt all frequencies, change wiftby less

than a factor of 2 in this range, and peak at about 600 kHz for all species. We show that experimental rates
are consistent with (1) complete decomposition of the solute contained in collapsing bubbles, (2) about 15%
ultrasound power efficiency for transient cavitation, and (3) a ratheMN{Rt) [0 R,", n ~ 0, initial radius

bubble distribution under continuous sonication. The solute content of collapsing bubbles is composed of the
equilibrated vapor aR,, plus the amount incorporated by diffusion from the surrounding solution during the
acoustically driven expansion froR, to Rnax the maximum radius attained prior to collapse. The finding
thatk_x’s decline above 600 kHz is ascribed to the fact that increasingly smaller bubbles collapse at rates
reaching a limiting value at sufficiently high frequencies.

Introduction through an emitting flange Al = 23.6 cn%). The actual

. . . . . . ultrasound poweill delivered to the reactor was determined
_UItr?_ssoun(_j induces chemical reactions via acoustic cavi- py i st calorimetry. The reaction temperature was maintained

tation: This ph‘?_”ome.”on entails the sudde_n collapse _Of at 283 K throughout by means of a refrigerated circulating bath

microbubbles of critical size generated by expansion of preexist- (Haake A80). In the case of GBI, CHCl, and CC} solutions,

ing nuclei during the rarefaction cycle of acoustic waves. gamhie aliquots (1 mL) were withdrawn at given intervals and
Although the chemical effects of ultrasound have been inten- extracted with 0.5 mL of pentane in capped vials. The/.5
sively investigated, the complex series of events preceding andaliquots of the pentane extracts were analyzed with a HP 5880A
following cavitation sti]l defies a coherent description in terms gas chromatograph (HP-5 column) operated in the splitiess mode
of fundamental physical and chemical processésom a ;. equipped with electron capture detector. The analysis of
practical point of view it would be useful, for example, to other organic products was carried out with a HP 7694
estimate the energy efficiency of sonochemical action under pe,ysnace sampler injector in tandem with a HP 5890 Series I
given conditions and, ultimately, to improve it. This consider- - Fp gas chromatograph equipped with a HP-624 capillary
ation is particularly relevant to the possible use of ultrasonic column (30 mx 0.32 mmx 1.8 um). Commercial chlorinated
degradation of persistent water contaminants in aquifers andorganic compounds: CE{99.9%, J. T. Baker reagent), CHCI

potable water suppli€sin this context it is of interest to LC grade), CHCI, (EM Science HPLC grade),,Cls (99.9%,

understand the physical basis of the dependence of sonochemic igma-Aldrich), GCls, (98%, Aldrich), CHCCl; (98%, Ald-

rates on molecular and acoustn;al field parame’tgrs. rich), and CHCICHCl, (98%, Aldrich) were used without
In this paper, we report experimental degradation rates for a fyther purification. Aqueous solutions were prepared with water

series of chlorinated hydrocarbora pervasive class of water  nyified with a MilliQ UV Plus system (18.2 & cm resistivity).
pollutants—-as a function of ultrasound frequency, in an attempt

to provide a stringent test of current sonochemical models and Results and Discussion

gain new insights into the mechanism of sonication. Crucial to ) ) )

this analysis is the realization that most organic vapors fully ~Experimental Results. Experiments were routinely per-
decompose under the extreme conditions prevalent in collapsingformed on solutions (initial concentrations for &, CHC,
bubbles’ The discussion leads us to deal with several funda- @nd CCk were about 0.15 mM, and ca. M for the other
mental issues such as the dynamics of bubble expansion ang®mpounds) sonicated & = 50 W. All solutes decay with
collapse, the extent of mass transfer across the bubble surfacdirst-order kinetics over three half-lives under present experi-
prior to collapse, and the distribution of bubble sizes in liquids Mental conditions. Decay rate constakits (s™*) measured for
continuously exposed to ultrasouffa910 As it emerges, the d_n‘ferent solutes at = _205, 358, 618, and 1078 kHz as
sonochemical degradation rates of volatile solutes can be actuallyfunction of the corresponding Henry's constaksare shown

estimated within experimental error from generally available In Table 1 and Figure 1. The nonlindary vs Hx™ dependences
information. found over a 25-fold variation oH values at constarit are

conveniently displayed in a scaled lelpg plot. Linear regres-

sions yield a meamrm = 0.33 £ 0.03 value at the four

frequencies. Rate constants are not very sensitive to, but increase
Sonications were performed on Ar-purged, aqueous solutionswith, f up to ca. 600 kHz and then decline.

(V = 605 mL) contained in a covered, jacketed cylindrical Decomposition Rates of Volatile Solutes in Cavitated

reactor coupled to an ultrasound generator (Allied ELAC Nautik) Liquids. Microbubbles present in media steadily exposed to

Experimental Section
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TABLE 1: Sonochemical Degradation Rate Constants insonation. Hence, we will assume th&t < 30 um, which is
(x10™* s7) at Different Frequencies and Solubility more than twice as large as resonance radii under the present
Parameters for Various Chlorocarbons s a
conditions?
. 535 I‘:’SS Eﬁg }(?_'78 H:n;y’snc;onsltinfs The bubble population in a liquid under continuous sonication
Species z z z z (Pa m? mol™) is actually maintained by a cycle involving bubble expansion,
CCly 73 82 92 65 2454 collapse, and fragmentation stagéNear the end of collapse,
CClIsCHs 5.4 8.8 9.7 6.3 2025 ; ; ; ; ;
the radial acceleration of the bubble shell vanishes and its motion
C.Cly 6.2 8.1 9.9 6.5 1621 . . .
CHCl 47 537 becomes unstabf8.Spherical bubbles are easily distorted and
C.Cls 41 63 7.3 45 250 break up, dispersing their contents into the solution. The
CH,Cl, 2.7 200 resulting fragments provide the nuclei for the development of
CCLHCCIH, 21 32 32 19 90 new bubbles. If all fragment sizes were produced with the same
aTaken from ref 13. probability, as would be expected for a mechanism of random
bubble fragmentation, and considering that the coalescence of
10° (x1000) any but the smallest fragments may be slower than reexpansion
1 v ___/J’TV in an intense sonic field, a steady-state regime would be
1 _V/ (x100) characterized by a bubble size distribution functioky/dR, =
109 A __——&XA AR, with n ~ 0. This dependence must be contrasted with the

—r—/ equilibriumdistribution in quiescent liquids, for whialh= —3

or —4 appliesta9.10

104 x10) . . - . . .
- 1 [ % Besides dynamic restrictions, energetic considerations may
QX | o—— limit the maximum bubble number densilys in a sonicated
< 40 liquid. Restrictions arise from the fact that the surface energy

- densityEs associated with the bubble cloud cannot exceed the
—.———"‘/’. energy densityEp = Ia/c (Ep = 14.1 uJ cnv2 in present

104 experiments) of the sonic field. In terms of the average bubble
b without rectified diffusion area[& O

100 ' T o0 - A R':E R,
Henry's constant (Pa m*/mol) S — ©)]
Figure 1. First-order rate constants.x for the decomposition of .[RB RngO

volatile solutes. Experimental data from Table M) 205 kHz; @)
x10, 358 kHz; &) x100, 618 kHz; ¥) x1000, 1078 kHz. Solid lines
calculated with eq 11 (see text). The straight line for the 205 kHz data
was calculated by neglecting tieN, term in eq 10.

the surface energy density is giveniBy= Ngo[$[] Therefore,
the conditionEs = SEp, with 8 < 1, linksn andNg. The bubble
volume fractionFg—an experimentally accessible parameter
ultrasound can either: (1) undergo periodic size oscillations, related to the effective mass density of a sonicated liethét
(2) expand during the rarefaction cycle of acoustic waves and could be sustained in sonochemical experiments can be evalu-
then collapse violently, (3) slowly dissolve, or (4) escape from ated from the expressioRs = Ng[Vg[) where Vglis the
the liquid due to the combined effects of mass convection and average bubble volume. The latter can be calculated prise
buoyancy’ The relative probabilities of the four processes are known. There is evidence theg generally increases withp. '
a function of bubble size and applied power. For example, It has been shown that the maximum radius a bubble can
bubbles smaller than the Blake radiBg («m): attain by acoustic expansion prior to cavitating collapse can be
estimated frorf?
= 1
TR R Y R~ (30000(F, - PP L + 0676, - P

4
will dissolve2P, is the acoustic pressure amplitudig, is the @
hydrostatic pressure, awd= 0.072 N nT! is the surface tension  or Ry (um) = 3589f (kHz) under present conditions. However,
of water at room temperature. Under present conditibns; not all bubbles can grow tBnax and undergo violent collapses
/A = 2.12 W cn2, Pa = (2pcla)*? = 2.5 atm p = 1000 kg because of the existence of a dynamic threshold: only bubbles
m~3is water density and = 1500 m s is the speed of sound  with initial radii R, < Rnay3 can reactRmax5 Thus, the bubble
in water),Py = 1 atm (1 atm= 10° Pa), we get minimum bubble  subpopulatiod Ro; Rs < R, < Rma/3} that is actually able to
sizes of abouRg > 0.36um.*2 On the other hand, very large  undergo cavitation and lead to chemical effects becomes
bubbles will move upwardly under buoyancy forces and increasingly sparser at higher frequencies (cf. Ragx O 1/f
eventually escape from the liquid. It can be shown that bubbles dependence in eq 4). Therefore, the density of bubbles that can

larger thanRe potentially undergo transient cavitatidds cav:
v, Rmad3
=\ ) R FoIR
rY N cav = NBRE—d ®)
wheren = 8.9 x 1074 kg m~! st is the water viscosity and fRB Ro dR,

= 9.8 m s2, will rise faster tharv,. The stationary density of
bubbles expelled by buoyancy from a stirred medium at speedsis necessarily smaller thaxs. On the other hand, the maximum
larger than, e.g.yp = 0.1 cm s will be small under mild rate rcav (bubbles cris™) at which bubbles can be expanded
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to Rmax also depends on ultrasound powiéraccording té 0.0014 _|_ |—|:| T J
rcav = (IV)/eg (6) 0.0012 |-——'|—_ |'_ i ‘
whereeg is the energy required to expand potentially cavitating 0_001O| = _‘
bubbles (i.e., those havirg, < Rna/3):327 | —J i o
0.0008 ==
L i A I ]
0.0006
(413)(Pp + Po)Ras + 470R 7 (7)
0.0004 F=_
As a consequence, the average frequéa@t which bubbles a
are excitedkg (1) = rcav/Nscav, is a strongly increasing 0.0002 05500 <;
function of f, because (1ycav O (1/eg) O (1/Rmad) O 3 (cf. et . o0 2‘@
egs 3, 6, and 7) and (Vg cav decreases withon account of 0000035 - s R
the narrowing of the subpopulation of cavitating bubbles (cf. 60 o —ilyy
the upper integration limit in the numerator of eq 5). Notice freque 20 . @cf’e
thatkg cannot obviously exceefdand, therefore, the efficiency 2y, &

of cavitation becomes limited by this factor at high frequencies. N

Recent calculations on the fate of volatile species in cavitating Figure 2. The landscape df-x as a function of andH, calculated
bubbles indicate that they are completely decomposed at the'™o™ €d 11 (see text).
high temperatures attained at the end of colldgdeHence, N
solute decomposition ratesy can be evaluated as the product Trial fits of (kL] calculated by means .Of eq 1lfat 205,
of the rate of generation of cavitating bubbiegy (eq 6), times 358, 618, and 1078 kHz, to the experlmgntal data for the
the total amount of solutdly contained in such bubbles. The Chlorocarbons of Table 1, were performed usir(ghe exponent
total number of solute molecules consists of those present within " Ro” Of the bubble radii distribution)y (the energy efficiency
initial nuclei, N, plus those admitted during the expansion stage of transient cavitation), anfl (the fraction of the acoustic field

ANm. Assuming liquig-vapor equilibrium, the former is given ~ €Nergy stored as surface energy of the bubble cloud) as

by” adjustable parameters. The results of calculations are shown in
Figures 1 and 2. Typical sets of parameters reproducing
4.7'L'R03HC experimental data are, e.§n = 0.5,¢ = 0.15,5 = 1} and{n
= T‘I’m (8) =0,¢=0.15,4=0.1}. The latter set implies a volume fraction

of Fg ~ 1 x 1074, i.e., close to the upper limit of the range
whereH is the solute Henry's constart,. is the solute bulk suggested for water in cavitation tud€swe found that the

concentration, an is the gas constant. During expansion, an ©NSet of thek_x falloff as a function off remains at about 600
additional mass of solute enters from the initially saturated KHZ largely through the interplay af and 3. The nonlinear

solution into the rarefied bubble. We evaluatsln, using the —x Vs H dependences at all frequencies, as well as the peak
high-frequency form of the first-order approximation to dynamic efficiencies aft ~ 600 kHz for all substra‘Fes are well accounted
rectified diffusion derived by Eller and Flyrfi:!2 for by the model. We also found that in order to reach peak
efficiencies at~600 kHz withn < 0 it is necessary to invoke
C., ORR) i much largerRe values. For example) = —1 requiresRe =
ANy = Crl =~ — — - J[8{ADIRR) R," + 250 um, which is considered implausible. By settiRg = 30
R, URR) um, calculations withn = —3 result in a monotonic, 4-fold

47DtR(R/R)T (9) increase ofk_x[between 205 and 1078 kHz. The= —3

equilibrium distribution is so slanted toward small sizes that
whereCg, = C [1 + 20/(P4Ro)] andD ~ 2 x 10 % cm? st nearly the same bubble pool is excited at all frequencies, despite
is the assumed common value of solute diffusion coefficients the fact that the conditioR, < Rmay/3 would allow for transient
in water at 300 K. Lower, approximate bounds to the reguired cavitation of larger bubbles at lower frequencies.
time averages oR were estimated for bubbles expanding at 14 symmarize, the physical reasons underlying the observed
corlstant velocity, '-eESR/Ro)D” 14 0.5 [RnalRo) — 1], UR/ behaviors are related to the fact that degradation rates are
Ro)*~ (1/5)[(RmaRo)® — 11/[(RmafRo) — 1]. Therefore, first- 40 a1ly proportional to the density of bubbles excited per unit

order decay rate constanksx for solute decomposition in e \which increases with frequency &sbecause much less
bubbles of radiusk, can be calculated from work is required to expand bubbles to smalRfa ~ 1/
— values-times the amount of solute accumulated within bubbles

Kox = @reav(N + AN)/C, (10) at the time of their collapse. Such an amount is generally
dominated by a leading terrAN; (the amount of solute
incorporated into the bubbtiuring expansion, eq 9) that roughly
decreases as1/2. The breakdown of the expectékl x(0 f
dependence at high frequencies is a consequence of the fact

whereg is the energy efficiency of cavitation, i.e., the fraction
of ultrasound energy actually utilized in bubble cavitation. It is
assumed thap is independent of. Average valuesk_x[Ji.e.,
those to be compared with experimental data, involve averaging

k_x over the bubble size distribution: that the intermittence at which individual bubbles are excited
cannot exceetl As a result, the  dependence gradually takes
Rmax3 over with the consequent slow down of decomposition rates. The
Jre " KXROOR, linear k dependence directl Is th
& = Rs (11) nonlineark-x vs Hx dependence directly reveals that rate
—X RmmJSRg dR, constants are not solely determined by equilibrium parameters.
Re Rectified diffusion contributes significantly to the composition
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of the bubble vapor prior to collapse, particularly for the less
volatile substrates. Further work is underway.
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