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ABSTRACT

Laboratory investigations of the ultrasonic process for destruction of low concentrations
of carbon tetrachloride (CC14) into nonhazardous end products were carried out in a bench-scale
batch reactor, equipped with a 600-W ultrasonic power supply. Process parameters studied
included irradiation time, concentration, steady-state operating temperature, pH, and the intensity
of applied ultrasonic-wave energy. High destruction efficiencies of greater than 99% were
achieved through this process, and the irradiation time and the intensity of applied energy were
identified to be the most important process parameters. The irradiation time required for a given
degree of destruction decreased with increasing intensity of the applied ultrasonic energy. In
addition, a detailed chemical reaction mechanism for the destruction of CC14 in water was
formulated. The agreement between the model and experimental results is generally good.

INTRODUCTION

Recently, the applications of high intensity ultrasound for the treatment of liquid and aqueous
hazardous waste have received considerable attention. In this process, the ultrasonic energy
(high-frequency sound) waves produce an alternating adiabatic compression and rarefaction of
the liquid being irradiated. If the rarefaction wave is sufficiently powerful, it can develop a
negative pressure large enough to overcome the intermolecular forces binding the fluid. As a
result, the molecules are torn apart from each other and form tiny microbubbles. These
microbubbles gradually grow during the compression/rarefaction cycles until they reach a critical
size. Subsequent compression then causes the microbubbles to collapse almost instantaneously,
thereby releasing a large amount of energy. Temperatures of the order of 5000 K have been
experimentally obtained (1), and pressures of the order of 1000 atmospheres have been calculated
(2).

The primary chemical reactions result, therefore, from the transient state of these high
pressures and temperatures, both during and immediately after collapse of the microbubbles (3,
4). Solvent and solute vapors in the cavity undergo direct thermal dissociation to yield CO2,
H2O, and radicals, such as hydroxyl and atomic hydrogen. Some of these radicals may
recombine to form new compounds. In the bulk liquid phase, secondary reactions between solute
molecules and radicals generated in the cavities also take place. These two reaction schemes



together are responsible for the chemical effect of ultrasonics upon the solution.

In this paper, we present the results of an investigation of the ultrasonic irradiation of CC14

in laboratory-simulated groundwater at various pH values, temperatures, and power intensities.
Kinetic data and selected chemical mechanisms are discussed and proposed. The objective of
this research is to development of an innovative process for the effective destruction of
chlorinated organics in soil and groundwater.

EXPERIMENTAL CONSIDERATIONS

Irradiations were carried out with an ultrasonic power supply (Sonics & Materials, VC 600)
with a continuously variable output from 0 to 600 W, operating at 20 kHz. Figure 1 shows the
schematic diagram of the experimental apparatus. The sonication vessel was a borosilicate glass
cell with a stainless steel collar, which could be screwed onto the horn of the ultrasonic probe
so that the probe could be immersed into the sample solution as sonication proceeded. The
temperature inside the reaction vessel was kept relatively constant by circulating cooling water
in a constant-temperature bath, which was continuously monitored by a thermocouple probe and
temperature readout.

All of the chemicals used, such as CC14, were certified ACS grade purchased from
Mallinckrodt, Inc.. The standard CC14 solution was prepared by stirring the neat liquid with
laboratory deionized water overnight, and was used to prepare all of the sample solutions for the
subsequent experiments. The analysis of CC14 was carried out by a gas chromatograph equipped
with an electron capture detector. The pH value of the sample solution in the pH-effect study
was determined by using a Cole-Parmer Chemcadet pH/ion/mv meter (model 5986-50), which
was calibrated with standard solutions of pH 4, 7, and 10 before use.

For a typical experiment, a 15-mL sample solution, which was diluted from the standard
solution, was prepared and irradiated for a desired length of time. After sonication ceased, the
irradiated solution was extracted, dehydrated, and then stored in a Teflon-sealed sampling bottle
for future treatment or analysis.

CHEMICAL KINETIC MECHANISM AND MODEL DEVELOPMENT

The chemical mechanism presented in Table 1 was developed by systematically considering
the major plausible elementary reactions of water, dissolved air (nitrogen and oxygen), organics
(CC14), and their related reactions in the field of ultrasonics (5, 6). The reactions are initiated by
the dissociation of water molecules in the collapsing cavitation holes (the 'Hot Spot')(Eq. 1).
Atomic hydrogen (H) and hydroxyl radicals (OH) are formed through this reaction, and initiate
the subsequent chain reactions (Eq. 1 to Eq. 10). In the presence of dissolved gases such as
nitrogen and oxygen, the dissolved molecules decompose in the collapsing cavitation holes to
form radicals, and participate in the chain reactions as described in Eq. 11 through Eq. 23. In
order to simplify the treatment, we will not consider here the secondary reactions of radicals that
are formed in the system.

The target contaminants, such as CC14, present in the water is either directly decomposed in



the cavities (Eq. 28) or oxidized by radicals (Eqs. 24 to 27). If the reaction does not proceed to
completion, the final products of the irradiation of the organics by ultrasound are water, carbon
dioxide, and/or some other chemical compounds.

On the basis of the chemical reaction mechanism proposed above, the primary pathway
appears to be the thermal dissociation in the collapsing cavitation holes, such as those represented
in Eqs. 1, 11, 19, and 28. The secondary reaction seems to be in the bulk-liquid phase, where
organic compounds and other molecules are oxidized by oxidants, such as the radicals generated
in the cavities. Therefore, to better clarify these reactions, the whole system can be divided into
two major areas: (1) the collapsing cavitation holes, in which molecule vapors may reach
supercritical conditions and decompose, and (2) the bulk-liquid phase under normal operating
temperatures and pressures, in which molecules are oxidized by radicals to form new products.
In a batch reactor with reactions undergoing the bulk-liquid phase, we assume a second-order rate
constant, in which the destruction rate of CC14 can be represented by the following equation:

-d[CCl4] / d t = k24[OH][CClJ + k^HHCClJ + k26[HO2][CCl4] + k27[O][CClJ (1)

The rate of disappearance of CC!4 equals the sum of the rates of all of the related reactions in
the mechanism. If the reaction takes place in the cavitation holes, it is reasonable to assume a
second-order rate constant again. In this case, the destruction rate of CC14 can be expressed by
a rate formula:

-d[CCl4] / d t = kc * k28[CCI4][M] - (2)

where M is any collision partner and kc is the system coefficient, which is a function of bubble
concentration, bubble radius, mixing extent of the system, etc., and can be obtained by a best fit
of the experimental data into the model.

RESULTS AND DISCUSSION

Exposure of CC14 solutions to ultrasound in the presence of dissolved air results in a decrease
of the [CC14] in the solutions. Greater than 99% removal efficiency was obtained in the current
experiment. Figure 2 shows the plot of [CC1J versus sonication time at various initial [CC1J.
Initial [CC14] as high as 8 ppm dropped to about 0.5 ppm after 6 minutes of irradiation, while
initial [CC14] of 1.6 ppm dropped to about 0.05 ppm at the same irradiation time. The
concentration of residual CC14 decreased exponentially with sonication time. In addition, the
decreasing rate apparently followed first-order kinetics within the current experimental
concentration range. An average first-order rate constant of k=0.7 min"1 was determined.

Temperature control in the reaction vessel is an important factor in maintaining a high
destruction rate of CC14 in the solution. In sonochemistry, one should not attempt reactions in a
solvent (here, water) that is near its boiling point (100°C), because the rarefaction cycle causes
the water to boil as a result of the reduced pressure generated; consequently, any cavitation
bubbles formed will fill with water vapor almost instantaneously. This water vapor could reduce
the extremes of temperature and pressure generated and thus decrease the direct destruction
efficiency of the organics. On the other hand, the secondary reactions occurring in the liquid



phase may be enhanced by operating the system at higher temperatures.

The effect of a steady-state temperature on the destruction efficiency of CC14 is shown in
Figure 3. About 80% removal efficiency was observed for 4 minutes of irradiation; removal
efficiency remained unchanged within a temperature range of 20-60°C. These results illustrate
that, with the temperature within this range, increasing the steady-state temperature of the
irradiation solutions seems to have little effect on the CC14 destruction efficiency. In other words,
manipulating the system at the optimum temperature range allows high removal efficiencies
within reasonable operation times.

Ultrasonic power intensity is also an important factor affecting the CC14 destruction rate. In
general, any increase in intensity will increase the sonochemical effect (7). However, it must be
realized that intensity cannot be increased indefinitely (8, 9). With an increase in power
intensity, the bubbles may grow so large during rarefaction that the time available for their
collapse is insufficient; consequently, the effective coupling of the ultrasonic energy to the system
is reduced.

Figure 4 shows the effect of power intensity upon the destruction of CC14. After 1 minute
of irradiation, the residual [CCIJ decreases with the increasing power intensity. More CC14

molecules are destroyed at higher power intensities. Within the current experimental range, the
destruction rate seems to have a linear relationship to the power intensity. Although threshold
intensity was not determined, it is estimated to be lower than the 0.95 W/cm2 shown in this
figure. The destruction rate is negligible if the power delivered into the solution is lower than
the threshold intensity.

The relationship between initial pH value and CC14 destruction is shown in Figure 5.
Residual [CC1J decreases with increasing pH value between pH 3 to pH 9 within the same
sonication period. Better sonication efficiency was observed at higher initial pH values; however,
such improvement increasingly diminishes as the pH is raised above 6. Since most of the
irradiations were conducted at near neutral conditions for groundwater treatment, the initial pH
value seems to have a minimal effect upon CC14 removal.

Modeling of ultrasonic chemical kinetics was also carried out on the basis of the proposed
mechanism described above. All of the reaction rate constants in the model can be obtained
either from published data (reactions 1 to 27 (10-13)) or from experiments (reaction 28). Reverse
reactions were not considered significant because no other chemicals have been added so far and
because the concentrations of the products for each reaction were assumed to be much less than
those of the reactants.

All of the elementary reactions proposed in the mechanism were transformed into a set of
differential equations that describes the time variance of species concentrations on the basis of
rate formulas (1) and (2), depending on whether these reactions take place in the bulk-liquid
phase or in the cavitation holes. The kc value in rate formula (2) was obtained by a best fit of
the experimental data to the model, which was determined to be 2.5 * 10" for the system. With
the initial concentration specified, these equations can be solved readily. Calculated results
showed that the model fits the experimental data relatively well at low fCCl4| (below 10 ppm).



Correlation coefficients greater than 0.99 were obtained. However, deviations were observed at
higher [CC1J (46.7 ppm). The predicted destruction rate was greater than that of the experiment.
The competition between molecules may need to be taken into consideration.

The sensitivity of each reaction in the model was also tested. The major reactions affecting
the CC14 destruction rate were found to be the dissociation of water molecules and the
decomposition of CC14 molecules in the bubble. In the bulk-liquid phase, the reaction between
OH radicals and CC14 was predominant, followed by the reactions of the atomic hydrogen, atomic
oxygen, and finally HO2 radicals.

CONCLUSIONS

This study demonstrates that the ultrasonic process is a promising and effective method for
the destruction of low concentrations of chlorinated organic compounds such as CC14 in water.
Removal efficiencies of greater than 99% were achieved through this process. For the treatment
of water containing CC14, the major reactions may be the bond-cleavage of water and of CC14 in
the collapsing cavitation hole. Under the current experimental conditions, physical operating
conditions, such as steady-state temperature and pH value of the irradiated solution, were found
to have little effect upon the CC14 destruction rate. However, the CC14 destruction rate was found
to be significantly affected by the intensity of the ultrasonic energy, with the destruction rate
increasing proportionally to the intensity.

Finally, mathematical modeling of ultrasonic chemical kinetics via a series of elementary
reactions appears to be both a possible and valuable predictive tool for further exploring the
means to control the complex ultrasonic process for the detoxification of groundwater.
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Table & Figure Captions:
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FIGURE 1. EXPERIMENTAL APPARATUS
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TABLE 1. PROPOSED CHEMICAL KINETIC MECHANISM

A. Water Dissociation:

1. .H2O—)))H+OH

2.

3. H+O2-^HO2

4.

5. OH+OH->H2O2

. 6. H+OH->H2O

.7. H+H O -»OH+H O

,8. H+H20o-^Ho+H0

9. OH+H2O2

10.

Q O ' ' ' Q Q

B. In the Presence of Nitrogen: •..

11. N2—)))2N

12. N+OH_^NO+H
13. NO+OH->HNO2

14. NO+OH->NO2+H

15. 2 2

16. N+H-^NH
17. .

18.



TABLE 1 (confd)

C. In the Presence of Oxygen:

19. O 2 — )))2O

20. H + O2->-OH + O

21. O+H.~>OH+H
2

22. O+HO-->OH+OQ ' v ^ ' ' ' O

23. O+H^O^->OH+HO
2 O Q

D. In the Presence of Organics (CCI4):

24. CCI4+OH-^products "'•

25. CCI4+H-> products

26. CCI4+HO2-^ products

27. CCI4+O-^ products

28. CC!4—))) products . '



FIGURE 2. [CCI4] DECREASE VERSUS SONICATION
TIME; [CCI4] = 8 ppm, 1.6 ppm, 0.53 ppm
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FIGURE 3. EFFECT OF STEADY-STATE
TEMPERATURE ON CCI4 SONICATION
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FIGURE 4. EFFECT OF POWER
INTENSITY ON CCI4 SONICATION
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FIGURE 5. EFFECT OF INITIAL PH
VALUE ON CCI4 SONICATION
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