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The kinetics of the sonolytic degradation of aqueous solutions of carbon tetrachloride and hexachloroethane
(C2Cl6) were investigated at six different frequencies over the range from 20 to 1078 kHz. The rates of
degradation of CCl4 and C2Cl6 were shown to increase with increasing frequency with optimal degradation
rates at 500 kHz. At 205 kHz, the relative rates of sonolytic degradation of the three chlorinated methanes
followed the order of CCl4 > CHCl3 > CH2Cl2. Hexachloroethane, which was formed as the primary
intermediate in the degradation of CCl4, was degraded at a rate comparable to that of CCl4 at all six frequencies.

Introduction

Ultrasound has been used for a wide variety of biological,
physical, and chemical applications.1-6 For example, chlorinated
hydrocarbons, which are often used as industrial degreasing
agents, are readily degraded to inorganic products during
aqueous-phase ultrasonic irradiation.3,6-9

The chemical consequences of the ultrasonic irradiation of
liquids are due to the phenomenon of acoustic cavitation.10 In
most liquids, cavitation is initiated by excitation of preexisting
microbubbles or other inhomogeneities in the fluid such as
suspended particles or gas bubble nuclei. The theoretical
maximum temperature (Tmax) and pressure (Pmax) obtained inside
a collapsed cavitation bubble can be calculated from eqs 1 and
2, if the bubble collapse is assumed to be an adiabatic process.11

Temperatures near 5000 K have been observed experimentally,
while pressures on the order of 1000 bar have been calculated.12

From the measurement of sonoluminescence during the cavi-
tational collapse of single, isolated bubbles, extreme tempera-
tures (e.g.,>103 K) and pressures (e.g.,>103 atmospheres) have
been reported.13-15

Dissolved organic compounds are chemically degraded during
the sonolysis of aqueous solutions as a direct consequence of
the extreme transient conditions of elevated temperature and
pressure obtained during cavitational bubble collapse. The three
main chemical pathways for compound degradation include (1)
hydroxyl radical oxidation, (2) direct pyrolytic degradation, and
(3) supercritical water reactions.16-18 In aqueous solution, water
vapor present in the bubble is homolytically split during bubble
collapse to yield H• and•OH radicals, while chemical substrates
present either within or near the gas-liquid interface of the
collapsing bubble are subject to direct attack by•OH.16,17

Volatile compounds such as H2S and CCl4 readily partition into
the vapor of the growing cavitation bubbles and then undergo

direct pyrolysis during transient collapse.3,17,19 In addition,
hydrolysis reactions have been observed to be accelerated by
several orders of magnitude in the presence of ultrasound. For
example, the acceleration in the observed rate of the hydrolysis
of p-nitrophenyl acetate has been attributed to the existence of
transient supercritical water during ultrasonic irradiation.20

Carbon tetrachloride (CCl4), which is one of the most
widespread chemical contaminants in the subsurface aquatic
environment, is difficult to treat with conventional technol-
ogies.21-30 However, the sonolytic degradation of CCl4 in water
has been shown of to be an effective means for its elimination
from contaminated water.3,7-9 In this regard, Hua and Hoff-
mann3 have proposed the following mechanism for the sonolytic
degradation of CCl4 in water ()))) sonolysis):

Dichlorocarbene formed in eq 5 self-reacts to form tetrachlo-
roethylene

or it reacts with water to form carbon monoxide and hydro-
chloric acid

C2Cl6 and C2Cl4, which are produced as intermediates during
the sonolytic degradation of CCl4, are also readily degraded
during aqueous-phase sonication. Chlorine atoms produced in
eq 3 rapidly self-react to form molecular chlorine, which
hydrolyzes readily to yield hypochlorous, HOCl, and hydro-
chloric acids
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Tmax ) T0{Pm(κ - 1)

P } (1)

Pmax ) P{Pm(κ - 1)
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(2)

CCl4 98
)))

Cl• + •CCl3 (3)

CCl4 98
)))

Cl2 + :CCl2 (4)

•CCl3 f •Cl + :CCl2 (5)

•CCl3 + •CCl3 f CCl4 + :CCl2 (6)

•CCl3 + •CCl3 f C2Cl6 (7)

:CCl2 + :CCl2 f C2Cl4 (8)

:CCl2 + H2O f 2 HCl + CO (9)

2Cl• f Cl298
+H2O

HOCl + HCl (10)
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In this paper, we present the experimental results of a detailed
investigation of the sonolytic degradations of CHCl3, CH2Cl2,
and CCl4 in aqueous solutions as a function of ultrasonic
frequency.

Experimental Procedures

The chlorinated hydrocarbons (CHCl3, CH2Cl2, CCl4) were
obtained in high purity and used without further purification.
The reagents were obtained from several sources: carbon
tetrachloride, CCl4, 99.9% (J. T. Baker); chloroform, CHCl3,
LC grade; dichloromethane, CH2Cl2, HPLC grade (EM Science);
hexachloroethane, C2Cl6, 98% (Aldrich); tetrachloroethene, C2-
Cl4, 99.9% (Sigma-Aldrich). Pentane (Omnisolv grade, EM
Science) was used as the analytical solvent for extraction and
GC analysis. Aqueous solutions were prepared with purified
water obtained from a Milli-Q UV Plus system (18.2 mΩ cm
resistivity).

Sonications at frequencies of 205, 358, 618, and 1078 kHz
were performed in a glass reactor using an Allied ELAC Nautik
ultrasound generator. At 20 kHz ultrasound was generated with
a Branson 200 sonifier, and at 500 kHz with an Undatim power
generator and transducer. Temperature was maintained constant
at 10 °C with a Haake A80 refrigerated bath and circulator.
The initial solution temperature is about 13( 3 °C. Replaceable
titanium tips on the 20 kHz transducers were polished, and the
transducer was tuned before each experiment in order to give a
minimum power output when vibrating in air. The tuning
process is a standard procedure to bring the transducer into
resonance as part of the complete probe assembly.31 Ultrasonic
irradiations at 205, 358, 618, and 1078 kHz were carried out in
a 605 mL reactor cell, while those at 20 kHz were performed
in a 95 mL reactor and those 500 kHz were carried out in a
483 mL reactor. The physical dimensions and characteristics
of each transducer and the corresponding reactor configurations
are summarized in Table 1 and shown schematically in Figure
1.

Sample aliquots were withdrawn from each respective reactor
with a 1 mL Hamilton syringe and filtered through a 0.45µm
nylon filter into a 2.5 mL glass vial containing 0.5 mL of
pentane. The glass vials were sealed with a PTFE/silicone
septum-lined threaded cap. A 0.5µL sample of the pentane
extract was injected into a HP 5880A gas chromatograph
equipped with an electron capture detector (GC-ECD) and
operated in the splitless mode using a HP-5 column for the
analysis of CCl4, CHCl3, H2C2Cl2, C2Cl4, and C2Cl6. The GC-
ECD was calibrated with chromatographic standards. Duplicate
measurements were made for each sample. All sample aliquots
were analyzed immediately after collection. The residual aque-
ous phase in the extraction vials was analyzed by ion-exchange
chromatography (IC) for Cl- using a Dionex Bio-LC system
equipped with a conductivity detector and a Dionex OmniPac
AS-11 column.

The ultrasonic power output was measured using standard
calorimetric procedures.31 The measured power densities given
in Table 2 were used to normalize the observed reaction rate
constants (vide infra).

Results and Discussion

Frequency Effects.Experiments were performed with initial
HxCCl4-x concentrations set at 0.20( 0.05 mM. Under these
conditions, the extent of degradation of CCl4 was found to be
greater than 99% after 90 min of sonolysis. Loss of CCl4 due
to vapor stripping was found to be less than 2% in separately
run control experiments in the absence of ultrasonic irradiation.
pH values after complete sonolytic degradation of CCl4 were
near 3.5, while the principle products were found to be OCl-,
Cl-, C2Cl4, and C2Cl6. The final concentrations of HOCl were
in the micromolar range at all frequencies.

The sonication of CCl4 followed simple pseudo-first-order
reaction kinetics, in which the slopes of standard linear
regressions of the observed ln [CCl4]t/[CCl4]o vs time data
corresponded to the observed first-order rate constants. To
determine the effects of frequency on the observed reaction rates,
the observed first-order rate constants at different frequencies
were normalized for differences in acoustic energy densities as
follows:32

wherekcorr,f and kobs,f are the corrected and the observed rate
constants at a given irradiation frequency,f. Pf is the power
density, in watts per unit volume at that frequency, andPfs is
the power density at the reference-state ultrasonic frequency,fs
(i.e., 205 kHz). Using the measured power densities as given
in Table 2, the rate constants for CCl4 degradation were
corrected relative to the reference standard. These values are
listed in Table 3.

As shown in Figure 2, the rate of CCl4 degradation appears
to increase from 205 to 618 kHz and then decreases slightly at

TABLE 1: Physical Dimensions of the Different Frequency
Transducers

frequency
(kHz)

emitting
diameter (cm)

emitting
area (cm2)

sonication
volume (mL)

20 1.27 1.27 95
500 5.70 25.5 483
205, 358, 618, 1078 5.48 23.6 605

Figure 1. Schematic representation of the reactor cells used in this
study: (a) for 20 kHz, (b) for 500 kHz, and (c) for 205, 358, 618, and
1078 kHz.

TABLE 2: Results of Calorimetry Measurements

frequency (kHz) power output (W) power density (W/cm3)

20 62 0.65
500 48 0.10
205, 358, 618, 1078 35 0.06

TABLE 3: Normalized Rate Constants for the Sonolytic
Degradation of CCl4 in Water at pH o ) 7, pH∞ ) 3.5, andT
) 286 K with [CCl 4] ) 0.2 mM

frequency (kHz) 205 358 618 1078 20 500

k [CCl4] (min-1) 0.044 0.049 0.055 0.039 0.025 0.070

kcorr,f ) kobs,f(Pfs

Pf
) (11)
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1078 kHz for the same reactor system. Furthermore, the
measured reaction rate in the 500 kHz reactor was found to be
substantially larger than that in the 20 kHz reactor. These trends
are comparable with those reported previously by Francony et
al.9 (i.e., an increase in observed degradation rate with an
increase in ultrasonic frequency). Since the geometry of the
reactor and the corresponding transducer may affect the observed
reaction rate, the following discussion will focus only on the
data obtained for the same reactor and transducer configuration
as a function of frequency, wheref ) 205, 358, 618, or 1078
kHz.

The higher degradation rate observed at 618 kHz may be the
result of differences in the relative lifetimes and the surface
area to volume ratios of the cavitation bubbles at this frequency
relative to the other frequencies. At 618 kHz, a stable cavitation
bubble will oscillate more frequently per unit time and, thus,
will result in more extensive mass transfer of volatile solute
(e.g., CCl4) between the vapor phase of the bubble and the bulk
liquid solution. As a result, the CCl4 degradation rate should
be enhanced due to a greater number of bubble events per unit
time and due to a more efficient mass transfer of reactive solute
from the liquid phase to the vapor phase. Once gas transfer has
taken place, CCl4 is subjected to pyrolytic reactions within the
vapor phase of the collapsing bubbles or within the hot
interfacial region of bubbles. As shown in eq 12, the resonant
radius of an acoustically cavitating bubble is inversely correlated
with the ultrasonic frequency.11,32

where F is the density of the solution,ωr is the resonant
frequency,Rr is the resonant radius,P0 is the hydrostatic
pressure, andκ (κ ) Cp/Cv) is the polytropic index. The relative
differences in the surface area to volume ratios as a function of
ultrasonic frequency are illustrated in Table 4. As a consequence,
the higher frequencies produce smaller cavitation bubbles with
higher surface area to volume ratios. Therefore, the net diffusion
of semivolatile reactants between the bubble and the liquid is
enhanced.32 At higher frequencies, more CCl4 vapor diffuses
into the vapor phase of the bubble and into the interfacial region,
where it is likely to undergo pyrolytic decomposition. In
addition, smaller bubbles produced at higher frequencies require
fewer acoustic cycles before they reach the requisite resonant
size. Given the greater number of acoustic cycles per unit time
at higher frequencies, rectified diffusion occurs more rapidly

before transient bubble collapse. Thus, a greater number of gas
nuclei can reach the resonance size more quickly than at lower
frequencies. The net effect is to produce a greater enhancement
of sonochemical reactions at frequencies up to 700 kHz.32

However, at 1078 kHz, the cavitation bubbles undergo a stable
mode of oscillation for longer times without transient collapse.
This results in decreased overall reaction rates as reflected in
the data shown in Figure 2 and Table 4.

Sonolysis of Chlorinated Methanes at 205 kHz.The
observed rates of sonolytic degradation of CCl4, CHCl3, and
CH2Cl2 at 205 kHz at an applied power of 50 W in water are
shown in Figure 3. In this series, the rate of CCl4 degradation
was found to be the fastest while CH2Cl2 was the slowest. Due
to a higher Henry’s law constant or larger vapor pressure, more
CCl4 should diffuse into the bubbles and undergo pyrolytic
decomposition as the bubbles collapse than will CHCl3 and CH2-
Cl2. For our particular case,KH ) γwVwPo with units of Pa m3

mol-1 whereγw is the activity coefficient of the chlorinated
hydrocarbon in water,Vw is the partial molar volume of water,
andPo is the vapor pressure of the pure organic liquid. A clear
relationship between the observed reaction rate constants and
the corresponding Henry’s law constants is apparent from the
data compiled in Table 5.33 Since the rates of pyrolysis for the
chlorinated methanes are rapid, we assume that molecules
diffusing into a bubble during a rarefaction cycle will be totally
degraded during the corresponding compression cycle. The
observed rate constants in this study are given for the following
generalized pyrolytic decomposition:

Figure 2. Variation of the CCl4 degradation rate constant with
ultrasonic frequency. Data points are the mean values obtained from
multiple experiments.

Rr
2 )

3κP0

Fωr
2

(12)

TABLE 4: Influence of Frequency on the Bubble Resonance
Radius and Surface Area to Volume Ratio

frequency
(kHz)

resonant
radius (µm)

surface area,
A (µm2)

volume,
V (nL)

A/V
(µm-1)

20 179 4.06× 105 24.3 0.017
205 17.5 3.87× 104 0.023 0.17
358 10 1.27× 104 0.0042 0.30
500 7.2 6.50× 102 0.00156 0.42
618 5.8 4.25× 102 0.00083 0.52

1078 3.3 1.40× 102 0.00016 0.90

Figure 3. Observed first-order kinetic plots for the degradation of CCl4,
CHCl3, and CH2Cl2 at 205 kHz.

TABLE 5: Sonication Rate Constants as a Function of the
Henry’s Law Constants at 205 kHz with T ) 286 ( 3 K

substrate H (Pa m3 mol-1) k (min-1)

CCl4 2454 0.044
CHCl3 537 0.028
CH2Cl2 200 0.016
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while the final observed reaction products for the decomposition
of CCl4, CHCl3, and CH2Cl2 were HCl and CO2. The growth
and disappearance of principal intermediates, C2Cl4 and C2Cl6,
obtained during the degradation of CCl4 and CHCl3 are shown
in Figure 4. The primary intermediate observed during CHCl3

sonolysis was C2Cl4, while in the case of CCl4 sonolysis, C2-
Cl6 was found to be the principal intermediate. The difference
in the relative behavior of these intermediates, depending on
the specific nature of the solute, suggests that somewhat different
mechanisms are operative. In the case of CHCl3 sonolysis, the
following mechanism is probable:34

In an alternative pathway, the pyrolytic decomposition of CHCl3

may proceed via a molecular elimination reaction to form
dichlorocarbene.35

Dichlorocarbenes may then self-react to give C2Cl4 as observed
by Hua and Hoffmann (3).

Since very small concentrations of C2Cl6 (i.e.,<2 nM) were
found during the sonication of CHCl3 compared to that formed
during CCl4 sonication, CHCl3 sonication appears to proceed
preferentially via eqs 21 and 22. On the other hand, the sonolytic
degradation of CCl4 has been shown to form the trichloromethyl
radical via the direct pyrolysis of a C-Cl bond.3 After formation,
the trichloromethyl radical self-reacts to give C2Cl6 or decom-
poses to form dichlorocarbene according to the reactions of eqs
23-25.

If most of •CCl3 were decomposed to:CCl2 during CCl4
sonolysis, then the concentration of C2Cl4 should have been
higher than C2Cl6 as was observed for CHCl3. However, C2Cl6

is the principal intermediate observed during CCl4 sonolysis.
In this latter case, the concentration of C2Cl6 is approximately
5 times greater than that of C2Cl4. This result indicates that the
rate of the trichloromethyl radical self-reaction is clearly faster
than the rate of•CCl3 decomposition. Consistent with this
argument is the fact that the rate constant for the self-reaction
of the trichloromethyl radicals is to be 1010 M-1 s-1.36

In a recent study, Kruus et al.6 reported on their observations
of the reaction intermediates produced during the sonication of
aqueous chloroform solutions at 900 kHz at an acoustic power
of 25 W and an applied power density of 0.17 W cm-3. With
an initial concentration of [CHCl3]o ) 4.2 mM, Kruus et al.
observed the formation of carbon tetrachloride (18µM),
tetrachloroethene (43µM), hexachloroethane (32µM), pen-
tachloroethane (17µM), trichloroethene (10µM), 1,1,2,2-
tetrachloroethane (3µM), and hexachlorobutadiene (4µM) after
10 min of sonication. In contrast, in our system, hexachloro-
ethane and tetrachloroethene were observed as the most
substantial reaction intermediates even though chromatographic
evidence for the occurrence of CCl4 and the other intermediates
observed by Kruus et al. was obtained. However, the concentra-
tions of these intermediates were barely above the detection
limits of the GC-ECD (e.g.,e1 nM). In addition, we observed
the attainment of maximum steady-state concentrations of C2-
Cl6 (1.5 nM) and C2Cl4 (130 nM) after 25 min of continuous
irradiation of a 0.2 mM chloroform solution at 205 kHz with
an applied power of 50 W and an absorbed power density of
0.06 W cm-3. For comparison, Kruus et al.6 reported that the
attainment of the maximum concentrations (vide supra) of all
intermediates occurred within the time frame of the first sample
aliquot (i.e., collected after 10 min. of irradiation).

Kinetic Analysis. A simple kinetic model can be used to
describe the rate of production and subsequent degradation of
C2Cl6 for the sonolyses of CCl4. Since the degradation of CCl4

was observed to be a pseudo-first-order reaction, the reverse
reaction of•CCl3 and•Cl radicals can be ignored. Furthermore,

CHxCl4-x 98
))) •CHxCl3-x + •Cl (13)

H2O98
))) •H + •OH (14)

CHCl3 98
))) •H + •CCl3 (15)

CHCl3 98
))) •Cl + •CHCl2 (16)

•H + CHCl3 f H2 + •CCl3 (17)

•H + CHCl3 f HCl + •CHCl2 (18)

•Cl + CHCl3 f HCl + •CCl3 (19)

•OH + CHCl3 f H2O + •CCl3 (20)

CHCl3 98
)))

:CCl2 + HCl (21)

:CCl2 + :CCl2 f C2Cl4 (22)

CCl498
))) k1 •CCl3 + •Cl (23)

2 •CCl3 98
k2

C2Cl698
))) k3

products (24)

•CCl398
))) k4′

:CCl2 + •Cl (25)

2:CCl2 98
k5

C2Cl498
))) k6

products (26)

Figure 4. Variations in observed C2Cl4 and C2Cl6 concentrations vs
time during CCl4 and CHCl3 sonolyses at 205 kHz with an applied
power of 50 W and an absorbed power of 35 W.
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we assume that all of the•CCl3 radicals yield C2Cl6. The
mechanism of eqs 23 and 24 yields the corresponding kinetic
expressions.

Integration of eq 27 yields

Assuming a steady state for•CCl3,37

we obtain

Substitution of [•CCl3]ss into eq 29 following by integration
under the boundary condition of [C2Cl6]t)0 ) [C2Cl6]t)∞ ) 0
yields

The concentration versus time data for the appearance and
disappearance of C2Cl6 compared to the numerical prediction
based on eq 33 is shown in Figure 5. The corresponding
observed and normalized rate constants (k1 andk3) for C2Cl6 as
a function of frequency are given in Table 6. As expected, the
rate constants,k1, for all frequencies are very close to those

given in Table 3 (which characterizes the total degradation rate
of CCl4). These kinetic results are consistent with a mechanism
involving CCl4 pyrolysis into•CCl3 and•Cl as the rate-limiting
step in CCl4 sonolysis. The degradation rate constant for C2-
Cl6, k3, is also larger at the higher frequencies and decreases
again at 1078 kHz. The calculated degradation rates for C2Cl6
in CCl4 solutions are faster than those in the absence of CCl4.
This may be due to the attack on C2Cl6 by the chlorine radicals
produced during CCl4 sonolysis other than•OH only3 or the
assumption of all•CCl3 self-reactions to give C2Cl6.

Since the final stable Cl-containing product of CCl4 sonolysis
is Cl-, we can simplify the overall reaction mechanism in the
following way:

The mechanisms yields the following kinetic equations:

Assuming a steady state for•Cl,

we obtain

Substitution of [Cl]ss along with eqs 30 and 33 into eq 39
followed by integration under the boundary condition of [Cl-]t)0

) 0, yields

From the data presented in Table 6, we know thatk1 andk3 are
nearly identical. If we assumek3 ) k1 + δ and take the limit of
δ f 0, we can simplify eq 42 to yield

If we further assume that the effect of the second term is small,
we can use the following equation as our fitting function for
the [Cl -] vs time data.

Based on the curve fitting of our data with eq 44, we obtained

Figure 5. Comparison of experimental and modeled [C2Cl6] vs time
during CCl4 sonolysis. Lines are the fitting results from eq 33.

TABLE 6: Reaction Rate Constants Obtained from Kinetic
Profiles of [C2Cl6] vs Time as a Function of Frequency at
286 ( 3 K

frequency (kHz) 205 358 618 1078 20 500

kCCl4 (min-1) 0.044 0.049 0.055 0.039 0.025 0.070
k1 (min-1) 0.045 0.056 0.066 0.045 0.020 0.058
k3 (min-1) 0.042 0.052 0.060 0.042 0.017 0.057

d[CCl4]

dt
) -k1[CCl4] (27)

d[•CCl3]

dt
) k1[CCl4] - 2k2[

•CCl3]
2 (28)

d[C2Cl6]

dt
) k2[

•CCl3]
2 - k3[C2Cl6] (29)

[CCl4] ) [CCl4]0e
-k1t (30)

d[•CCl3]

dt
) k1[CCl4] - 2k2[

•CCl3]
2 ) 0 (31)

[•CCl3]ss) x k1

2k2
[CCl4]

1/2 (32)

[C2Cl6] )
k1

2(k1 - k3)
[CCl4]0(e

-k3t - e-k1t) (33)

CCl498
))) k1 •CCl3 + •Cl (34)

2•CCl3 98
k2

C2Cl6 (35)

C2Cl698
))) k3

aCl- + other products (36)

•Cl + H2O 98
k4

HCl + •OH (37)

d[•Cl]
dt

) k1[CCl4] - k4[
•Cl] (38)

d[Cl-]
dt

) k4[
•Cl] + ak3[C2Cl6] (39)

d[•Cl]
dt

) k1[CCl4] - k4[
•Cl] ) 0 (40)

[•Cl]ss)
k1

k4
[CCl4] (41)

[Cl-] ) [CCl4]0[1 - e-k1t +
ak1

2(k1 - k3)
(1 - e-k3t) -

ak3

2(k1 - k3)
(1 - e-k1t)] (42)

[Cl-] ) [CCl4]0[(1 + a
2)(1 - e-k1t) -

ak1t

2
e-k1t] (43)

[Cl-] ) [Cl-]∞(1 - e-kCl-t) (44)
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the rate constants,kCl-, for Cl- formation as shown in Table 7
for all frequencies. As expected,kCl- is very similar to the rate
constantk1 (Table 7). The experimental and predicted [Cl-] vs
time profiles are shown in Figure 6, while a direct comparison
of the specific values forkCl- andkCCl4 is given in Table 7.

The total measured Cl- accounts for only 75% of the total
chlorine initially present in the CCl4. Weissler et al.2 reported
that Cl2 was produced during the sonolyis of CCl4 solutions.
The total oxidizing chlorine capacity of the released chlorine
corresponded closely to four Cl atoms per carbon tetrachloride
molecule. However, sonication reactions at higher initial
concentrations of carbon tetrachloride, [CCl4]0, are clearly more
complicated. For example, at higher initial concentrations of
CCl4, the initial pyrolysis product,•CCl3 will self-react to give
C2Cl6, instead of decomposing further via an additional C-Cl
bond breaking to produce:CCl2.

In this study, we have demonstrated that the rate of CCl4

sonolysis increases with increasing frequencies up to 618 kHz
and that the principal intermediate product, C2Cl6, shows a
similar frequency dependence. These results are consistent with
general predictions based on underlying physics of acoustic
bubble dynamics. At higher frequencies, stable cavitation
bubbles oscillate more frequently per second, which leads to
enhanced CCl4 degradation rates. If the cavitation bubbles were
to oscillate only in the stable mode without undergoing transient
collapse, the net observed reaction rate should be lower as
observed at 1078 kHz.

The sonolytic degradation rate constants for the chlorinated
methanes were found to increase with a corresponding increase
in their respective Henry’s law Constants (i.e.,KH,CCl4 > KH,CHCl3
> KH,CH2Cl2) in the orderkCCl4 > kCHCl3 > kCH2Cl2. This relative
order is consistent with the argument that the driving force for
diffusion into the bubbles is increased as the value ofKH is
increased.
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TABLE 7: Values of kCl- Obtained from [Cl -] vs Time
Profiles Compared to kCCl4 Values Obtained for the Same
Set of Conditions

frequency (kHz) 205 358 618 1078 20 500

kCCl4 (min-1) 0.044 0.049 0.055 0.039 0.025 0.070
kCl- (min-1) 0.042 0.042 0.049 0.031 0.024 0.056

Figure 6. Comparison of experimental and modeled [Cl-] vs time
during CCl4 sonolysis. Lines are the fitting results from eq 44.
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