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Foreword

This report presentsthe results of laboratoryresearchconducted duringFY 1991as partof
the project "UltrasonicProcess for Detoxifying Groundwaterand Soil." That project is being
carried out at Argonne National Laboratory for the U.S. Department of Energy, Office of
TechnologyDevelopment, to furtherthedevelopmentof an innovativeprocessfor the effective and
economic destructionof chlorinatedorganic compoundsin grot;ndwaterandsoil. Other project
tasks include (1) processdevelopment activities designed to acquireengineeringdata and develop
process designs in anticipation of large-scale field tests of the concept and (2) technical support
activitiesthatencompassreportingand technology-transferefforts.
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Development of an Ultrasonic Process for Detoxifying
Groundwater and Soil: Laboratory Research

by

J.M. Wu, H.S. Huang, and C.D. Livengood

Abstract

Argonne National Laboratory is conducting laboratory research to study the
effectiveness of a new technique in which ultrasonic energy is used to convert
chlorinated organic compounds into nonhazardous end products. Destruction
efficiencies of greater than 99% were achieved for the organic compounds in
aqueous solution. Key process parameters, such as solution pH values, steady-
state temperatures under operating conditions, ultrasonic-power intensities, and
oxidant concentrations, were investigated. In addition, a detailed chemical-kinetic
mechanism for the destruction of the organic compounds under an ultrasonic field
was developed and incorporated into a computational model. The agreement
between the model and experimental results is generally good.

1 Introduction

The objective of this project is to develop and demonstrate an innovative process for the
effective destruction of low concentrations of chlorinated organic compounds in soil and
groundwater. The process involves the use of intense ultrasonic-energy waves that transform the
chlorinated organic compounds into nonhazardous end products. The technical feasibility of the
concept was demonstrated approximately twenty years ago for the destruction of phenols in
wastewater from industrial facilities and recently by researchers using small batch-processing units
for the destruction of polychlorinated biphenyls (PCBs) in soil and sludges. During the earlier
small-scale tests, no systematic experiments were conducted on the destruction of low
concentrations of chlorinated organic compounds.

The important reaction mechanisms in the process are not well understood; moreover, the
engineering data needed fcc the design of a com_,aercial-scale continuous-flow facility are not
available. Preliminary cost estimates, however, indicate that the technology for ultrasonic
detoxification is less expensive than incineration for the treatment of soils and sludges
contaminated with PCBs. Furthermore, the technology may be more reliable and generate fewer
secondary environmental emissions than conventional technology. When fully developed, this
technology will provide a cost-effective alternative for detoxifying soils and groundwater and
reducing the amount of waste produced during the remediation of U.S. Department of Energy
(DOE) sites.



1.1 Background

Hazardous chemical wastes have been generated in the United States for over a century,
and radioactive mixed wastes have been generated for over forty years. Before the promulgation
of applicable regulations for the treatment and disposal of solid waste, man-made hazardous and/or
mixed wastes were disposed of in landfills, buried, or dumped into sewers, streams, or oceans.
Growing concerns about the effects of waste on terrestrial and aquatic ecosystems have prompted
the U.S. government and private companies to begin to develop technologies for improving the
management of the large amount of new hazardous and mixed wastes generated, as well as for
cleaning up existing (active and inactive) contaminated sites.

The contamination of groundwater and soil with chlorinated organic compounds has been
identified as a critical problem at many DOE sites. The most common contaminants are carbon
tetrachloride (CC14) and trichloroethylene (TCE), both of which are hazardous components as
defined in the Resource Conservation and Recovery Act (RCRA). Other organic compounds used
at DOE sites that may have contaminated soil and groundwater include nonvolatile and soluble
organic compounds (extractants and complexing agents) and insoluble organic compounds (PCBs
and pesticides); some of these compounds are also RCRA hazardous components. These sites
cannot be restored or delisted without adequate treatment of the groundwater and soil.

Commercial technologies for treating soils contaminated with organic compounds include
incineration and soil-gas extraction by the application of vacuum, steam, or forced air. However,
incineration is an energy-intensive process for low-concentration, organic-compound-contaminated
soils, and it may generate secondary pollutants. Soil-gas extraction is restricted to volatile organic
compounds and by the time required for the complete removal of organic compounds from a
specific site. Other technologies under development for the treatment of contaminated soil include
radio-frequency heating, electro-osmosis, supercritical water oxidation of excavated soils, soil
washing, in-situ or ex-situ biotreatment, and in-situ vitrification (EPA 1990).

Commercial technologies for treating groundwater contaminated with organic compounds
include pumping/stripping and pumping/carbon adsorption. Both technologies, however, produce
undesirable waste streams that require additional treatment to destroy the organic contaminants.
Other technologies under development for the treatment of contaminated groundwater include
in-situ biological (e.g., research and development under way at Pacific Northwest Laboratory and
Oak Ridge National Laboratory) and in-situ chemical treatment, ex-situ chemical treatment (e.g.,
wet-air oxidation, supercritical water oxidation, catelytic destruction), solar/photon destruction,
and surface biotreatment (EPA 1990).

1.2 The Ultrasonic Detoxification Process

Ultrasonic irradiation is one promising process for the treatment of liquid and aqueous
hazardous wastes. In this process, ultrasonic energy (high-frequency sound) waves produce an



alternating adiabatic compression and rarefaction (expansion) of the liquid media being irradiated.
Compression cycles exert a positive pressure on the liquid, pushing the molecules together, while
expansion cycles exert a negative pressure, pulling the molecules away from one another. During
the expansion cycle, a sound wave of sufficient intensity can generate cavities, which grow
gradually with the expansion and compression cycles. When a critical size is attained, the final
compression part of the wave violently collapses the cavities, creating extremely high local
temperatures (up to 5,000 K) and high local pressures (up to 500 atmospheres) (Suslick 1988,
1989, and 1990). Under such conditions, water decomposes into extremely reactive hydroxyl
radicals (OH) and hydrogen atoms (H). During the subsequent cooling phase, the hydrogen atoms
and hydroxyl radicals can recombine to form hydrogen peroxide (H202) and molecular hydrogen.
If organic compounds are present in the water, they are rapidly destroyed in this environment.
Inorganic compounds, in contrast, can be either oxidized or reduced. The intensity of cavity
implosion, and hence the nature of the reactions involved, can be controlled by such process
parameters as ultrasonic frequency, ultrasonic intensity per volume of liquid medium, static
pressure, choice of liquid, and choice of ambient gas (Suslick 1988, 1989, and 1990).

The use of ultrasonic energy to promote chemical reactions has been investigated for many
years. Thus, the literature contains many references to different types of reactions that have been
promoted by ultrasonic energy, including syntheses of a variety of organic compounds,
polymerization, and cleavage of aliphatic and aromatic molecules. The application of ultrasonic
irradiation to the treatment of hazardous chlorinated organic wastes started in the early 1980s. A
U.S. patent was granted in 1984 for a process by which halogenated aromatic substances (e.g.,
PCBs) were detoxified by means of ultrasonic energy (Suslick 1988). Results reported in this
patent and in subsequent tests in which small batch reactors with PCB-contaminated oils and soil
samples were used showed destruction efficiencies varying from 60% to greater than 99%. In
these prior tests, no systematic testing was conducted on chlorinated organic compounds other than
PCBs.

Figure 1.1 is a conceptual flow sheet for a process to treat groundwater that is based on
ultrasonic detoxification. The contaminated groundwater is directed into the ultrasonic irradiation
chamber, which is sized to provide a sufficient residence time to obtain the desired destruction
efficiency for the contaminants. After treatment, the cleaned water can be reinjected into the
ground. For the treatment of soils contaminated with chlorinated organic compounds, additional
unit operations (such as soil preparation, soil-water slurrying, and dewatering) will be required.

1.3 Report Organization

The experimental part of the project consists of two main tasks: laboratory research and
process development. The laboratory research is intended to improve our understanding of the
process kinetics and to identify novel process variations/concepts. This work is being carded out
at Argonm National Laboratory (ANL). The process development effort involves the systematic
acquisitio,, of the engineering data required to scale up ,he process from the bench scale to the
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demonstrationphase and to performengineering andeconomic evaluations of the process. This
workhas been conducted largely at Trinity EnvironmentalTechnologies, Inc. (TET), of Mound
Valley, Kansas, through a subcontract to ANL. This report presents only the results from the
laboratoryresearch effort conductedat ANL. A companion report containing the results fromthe
process developmentstudywill be preparedseparately.

The remainder of this report is organized into four sections. Section 2 describes the
laboratoryapparatusused in the experiments. Resultsfrom the experimentsarcgiven in Section3,
and the developmentof a reaction modelfor the destructionof the contaminantin thewaterphase is
described in Section 4. Finally, Section 5 presents the conclusions drawn as a result of the
laboratory experimentsandprovidesre,commendationsfor furtherlaboratoryresearch.



2 Laboratory Research

2.1 Experimental Apparatus

The initial configuration of the experimental sonication apparatus was designed for the
investigation of process kinetics for the destruction of chlorinated organic compounds and other
RCRA components in groundwater. The major apparatus principally consisted of an ultrasonic
power supply with a generator/converter and probe, a processing cell, and a temperature-
controlling bath. For environmental and safety considerations, most of these components were
located inside a well-ventilated hood. A diagram of the apparatus i; shown in Figure 2.1, and a
close-up of a typical processing cell is shown in Figure 2.2.

2.1.1 Ultrasonic Power Supply

The ultrasonic power supply (Sonics & Materials, VC 600) transformed line voltage of
50-60 Hz to a frequency as high as 20 kHz (20,000 cycles/s). This high-frequency electrical
energy was transmitted to the piezoelectric transducer within the converter, where it was changed
to mechanical vibrations. The proportion of electric energy converted, ranging from 0 to 600 W,
was adjustable and could be monitored through the output controller on the control panel, which
was located oo the front of the power supply. To optimize the performance of the power supply, it
was tuned to the converter/probe assembly. For safety, a minimum reading (usually less than 20
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on the power monitor) was consistendy held and recorded. If an unusual reading was observed
(usually higher than the minimum reading), the probe, tip, or accessories could have been loose or
out of resonance, and maintenance was necessary.

The mechanical vibrations generated by the converterwere intensified by the probe,
creatingpressurewavesdeliveredtothe mediumthrougha titaniumtip. The powerintensityat the
titaniumtip, therefore,wascapableof reaching500 W/cre2, comparedwith about1 W/cm2 for an
ultrasoniccleaningbath.

An alternate ultrasonic power supply (Sonics & Materials, VC 60) was used to study the
effect of power intensity on the destruction of organic compounds. The major improvement with
this apparatuswas the addition of a wattmeter, which displayed the actual, instantaneous ultrasonic
power delivered into the sample solution. With the use of this apparatus, converter and probe
losses were automatically deducted so that the effect of power intensity could be accurately
investigated.



2.1.2 ProcesslngCell

The sonicationprocessingcell, as shown in Figure2.2, was a borosilicateglasscell with a
stainless-steelcollar. Thecollar could be screwed onto thehornof the ultrasonicprobeso thatthe
probe could be immersed into the sample solutionas sonicationproceeded. The reactionvessel
had side arms so thatthe chemical reagents (such as H202, which served as an oxidant in the
subsequentexperiments)could be introducedinto the reactorand gas samples couldbe directed to
a gas-analysis system. Before the experiments began, the reaction vessel was immersed in a
constant-temperaturebath. The temperatureinside the reactionvessel was keptrelativelyconstant
by cool water thatcirculated in the constant-temperaturebath, and the vessel was continuously
monitoredby meansof a thermocoupleprobeandtemperaturereadout.

Forhigh-temperatureexperiments(>35"C),sonication was conducted in a stainless-steel
sealed reactor. This 50-mL sealed accessory had two ports located above the liquid level, and
these ports permitted the capture of evaporatedgases and volatilized organic vapors that were
released as a result of the high temper_,tureduring the experiment. The reactor was also
constructedfor safe ultrasonictreatmentat the highpressures(up to 100 psi [7 bar]) thatmight be
generatedduringirradiationat high temperature.

2J.3 Temperature-ControllingBath

The temperature-controllingsystem consisted of a 12-L-capacity circulatorbath (Haake,
model D1) witha heater/refrigerator(Cole-Parmer,model 01283-70) and temperaturesensorthat
maintained the desired temperature. A powerful circulator pump ensured a uniform bath
temperature. According to the manufacturer'sinformation, this system could maintain a
temperaturerangingfrom-10 to 100"C;tapwateror siliconeoil (if necessary)was usedas coolant,
andthe temperaturecould be decreasedto -50"Cbyapplyingarefrigeratedchiller. The accuracyof
the temperaturecontrolwas :£-0.2"C.If the temperaturewent too high(beyond 130"C),thepower
of the systemwouldcut off automatically,therebypreventinginjuryto the operatoranddamageto
the circulatorbath. The cutoff circuit was independentof the primary controlsystem, so if the
electroniccontrols failed, the safety system wouldstill shutoff the power.

2.2 Experimental Materials

Carbon tetrachloride (CCI4), sulfuric acid (certified ACS grade, Mallinckrodt, Inc.),
hydrogenperoxide (30%,analytical grade,Mallinckrodt,Inc.), and n-hexane(certifiedfor trace
environmental analysis by capillary gas chromatography and gas chromatography-mass
spectrometry,Bardick & Jackson) were used as received from the suppliers. To remove trace
impurities, sodium sulfate(certifiedACS grade, Mallincla'odt,Inc.) was washed with n-hexane
and dried overnight in an oven (104"C) before use. The materials were stored in completely
labeled bottlesthatwereplacedinsidea well-ventilatedhood.



A standard CCI4 solution was prepared by stirring the neat liquid (gas chromatography
purity >99.9%) liquid with laboratory deionized water overnight. The solution was then
equilibrated for at least 24 h in a screw-capped glass container (saturated concentration of CC14at
room temperature was assumed to be 800 mg/L). This standard solution was then used to prepare
all of the sample solutions for the subsequent experiments.

2.3 Analytical Methods

Analyses of organic compound concentrations in the early experiments (those kinetic
studies with initial concentrations of CCI4 higher than 10 mg/L) were carried out by using a gas
chromatograph (GC) (Gao-Mac 750P) with a flame ionization detector (FID). A 6-in. glass
column packed with a 80/120 Carbopack B/3%, SP-1500 stabilizer was used after it had been
conditioned at 230"C for more than 15 h. Immediately after the experiment, a 1-_L sample
solution was directly injected into the GC and analyzed so that the organic compounds would not
be volatilized. Because of the detection limits of the FID, CCI4 concentrations lower than 5 mg/L
were not easily detected by this method.

An alternative GC (Varian 3700) equipped with an electronic capture detector (ECD) was
then used for the analysis of chlorinated organic compounds in subsequent experiments. The ECD
is much more sensitive to chlorinated organic compounds than the FID; therefore, lower
concentrations of these compounds were detectable. A 10-in. stainless-steel column with the same
packing as previously used in the Gao-Mac 750P was employed. Sample solutions were prepared
by following the U.S. Environmental Protection Agency's (EPA's) recommended procedures for
analyzing chlorinated hydrocarbons by gas chromatography (Federal Register 1979). Immediately
after the experiment, irradiated sample solutions were extracted by using n-hexane and dehydrated
by using sodium sulfate before analysis. Because the solutions were considered to be sufficiently
clean for the GC analysis, no additional cleanup procedures to remove impurities in the analyzing
solutions were needed.

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) that was calibrated before use with
standard solutions of pH 4, 7, and 10.

2.4 Safety and Other Considerations

Laboratory safety was a primary concern in the setup of the experimental facility and in the
performance of the sonication experiments. The principal chemical material used in the experiment
(CC14) as a major contaminant is a colorless, highly volatile organic compound, which could be
adsorbed through skin, cause irritation, and represent a cancer risk under exposure (2.7 _g/L of
CC14 is estimated by the U.S. EPA to pose a cancer risk equivalent to 10-5 per occurrence).
Concentrations of 2,000 ppm by volume and above can result in a severe toxic effect within



60 rain in humans who lack proper protection. At concentrations higher than 50 mg/L, CCI4 has
an ether-like odor, which makes it detectable by smell.

In addition to safety concerns about CC14,we were concerned about suspected intermediate
products, such as hexachloroethane (CC13CC13) and perchloroethylene (CC12CC12), possibly
generated in the sonication process. The noise produced by harmonics emanating from the vessel
walls and the fluid surface during sonication was also of concern early in the experimental process,
but the noise level was subsequently determined to be acceptable and safe for the operator.

Ali components of the experimental apparatus, excluding the power supply, were installed
in a ventilated hood. The gases volatilized from the organic compounds (or produced as a result of
the breakdown of these compounds) were continuously vented and exhausted. The transparent
window of the hood provided double protection, thereby preventing the released gases from
reaching the operator.

After the whole system was assembled, it was tested to ensure that the components and
assemblies functioned as designed. Fifteen milliliters of laboratory deionized water was used as
the sample solution, placed in a glass processing cell, and irradiated for 60 rain, which was much
longer than the estimated sonication time for the subsequent experiments. The test results were
satisfactory, and the components functioned normally.

Although we considered our arrangement capable of reliably controlling the temperature of
the cooling water and irradiated solution, temperature readouts and thermocouples were used to
ensure that the temperatures were within the desired range for each experiment. For high-
temperature experiments, such as those higher than 35"C, the glass processing cell was replaced
with a stainless-steel reactor. The stainless-steel reactor not only provided us with a leak-proof
chamber with which we could eliminate the volatilization of organic compounds at high
temperature, but it also gave us a pressure-resistant environment for safe operation. According to
the manufacturer, the stainless-steel reactor can withstand a total pressure of up to 100 psi (7 bar),
which is much higher than the calculated operating pressure that could be reached during the
experiments.

2.5 Experimental Procedure

Because CCI4 has been identified as a highly volatile, toxic organic compound, and
because it may be fatal or represent a cancer risk if it is swallowed, inhaled, or absorbed through
skin, proper protective equipment (such as gloves, safety eyeglasses, and laboratory coat) should
be worn during an experiment in which CCI4 is used. In addition, ali of the experiments should be
operated in a ventilated hood to prevent the release of toxic gases.
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On the basis of safety considerations and experimental objectives, a detailed experimental
procedure was developed for the operation of this apparatus. The procedure, provided in full in
Appendix A, is summarized here.

Temperature was one of the primary controlling parameters for the experiment. Prior to
irradiation, cooling water in the temperature-controlling bath was circulated until a desired
temperature was reached and maintained. A 15-mL sample solution, which was diluted from the
standard CCI4 stock solution, was prepared for each experiment. If necessary, the pH value of the
sample soiution was adjusted and measured. This solution was then carefully transferred to the

' processing cell and irradiated for a desired period. The irradiation time was preselected and
accurately programmed to ensure repeatability. The intensity of the power that was delivered to the
solution was regulated b), adjusting the controller on the power supply panel. The temperatures
inside and outside the processing cell were continuously monitored throughout the experiment.

After each sonication experiment, the processing cell was cooled to 25°C to eliminate
temperature effects (e.g., the different organic vapor pressures generated in the reactor at different
temperatures). Then, a 10-mL sample solution was withdrawn and extracted with n-hexane. After
the extraction, the solution was dehydrated by using sodium sulfate and stored in a sampling bottle
sealed with Teflon TM for future treatment or analysis. A calibration curve based on aqueous
samples of known CCI 4 concentrations was developed by using the same extraction/dehydration
protocol. This curve was rechecked before each experiment and routinely confirmed during the
analyses.

Upon the conclusion of the experiments, the cooling water was kept circulating until it
reached room temperature, and then the water was drained and the main power was turned off.
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3 Experimental Results and Discussion

3.1 Effect of Sonication Time

The first series of experiments was conducted to demonstrate the technical feasibility of
destroying low concentrations of CCI4 under ultrasonic irradiation. The operating temperature was
25°C, and the initial concentrations of CCI4 were varied from 4 to 10 mg/L, approximating typical
conditions for contaminated groundwater. The irradiated sample solutions were sent to the
Argonne Analytical Chemistry Laboratory (ACL) where they were analyzed by using a GC/MS
system equipped with a purge and trap sample-conditioning subsystem. A typical result is shown
in Figure 3.1. The concentration of CCI4 decreased exponenti_ly with an increase in sonication
time; within 10 min of sonication, the concentration of CCI4 dropped to about 12 lag/L, and in
15 min, it dropped to an undetectable level (2 ppb). Because the removal efficiency of CCI4 was
calculated to be greater than 99.5% in 10 min through this process, sonication appears to be
feasible for the removal of CCI4 from water.

To further verify the feasibility and study the reaction kinetics for organic compounds in an
ultrasonic field, more experiments were performed with various initial concentrations of CCI4,
ranging from low (<5 rag/L) to high (>100 rag/L). Again, the experimental temperature was
maintained at 25"C. Irradiated water samples were analyzed by using the methods described in
Section 2.3. The results were in excellent agreement with those previously obtained and analyzed
in the ACL. Upon exposure of CCI4 solutions to ultrasound in the presence of dissolved air, the
CCI4 in the solutions decreased. Greater than 99% removal efficiency of the CCI4 was achieved in
the experiments. Figures 3.2-3.4 show plots of CCI4 concentration versus sonication time at
various initial CCI4 concentrations. For initial CCI4 concentrations as high as 130 ppm (Figure
3.2), the residual concentration decreased to about 5 ppm after 5 min of irradiation, while for an
initial CC14 concentration of 1.6 ppm (Figure 3.4), the refidual concentration decreased to about
0.05 ppm within the same irradiation period. The concentration of CCI4 decreased exponentially
with sonication period. At higher initial CCI4 concentrations within the same sonication period,
greater amounts of CCI4 decreased; however, the destruction efficiency was about the same.

First-order plots of the natural log of CCI4 concentration versus sonication period for
various initial CCI4 concentrations are shown in Figure 3.5. The ultrasonic degradation of CCI4
apparently follows first-order kinetics within the current experimental concentration range. An
average first-order rate constant of k = 0.7 min-1 was determined on the basis of the slopes of
these plots. Chen, Chang, and Smith (1969) reported that at low concentrations, the destruction of
organic compounds should follow a first-order reaction, but at higher concentrations, the
destruction of organic compounds should become a zero-order reaction.
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3.2 Effect of Steady-State Operating Temperature

The temperaturein the reaction vessel was an importantfactor in maintaining a high
destructionrate of organiccompoundsin the solution. Chen and Kalback (1967) have reported
thatin sonochemistry,one should notattemptreactions in a solvent (here,water)that is nearits
boiling point (100"C),because the rarefactioncycle causes the water to boil as a result of the
reducedpressuregenerated. Consequently,any cavitation holes, or cavities, that areformedwill
fill with water vapor almost instantaneously. The water vapor could reduce the extremes of
temperature and pressuregenerated, thus decreasing the direct destructionefficiency of the organic
compounds. On the other hand, the secondary reactions occurringin the liquid phase may be
enhancedbyoperatingthe systemat highertemperatures.
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The effectof a steady-statetemperatureon thedestructionefficiencyof CC14is shownin
Figure 3.6. A removal efficiencyof about80% wasobservedfor 4 min of irradiation;the removal
efficiency remainedunchangedwithin a temperaturerangeof 20-00"C. Theseresults illustrate
that, within this temperaturerange, increasingthe steady-statetemperatureof the irradiation
solutionsseemsto havelittle effect on CC]4destructionefficiency. In other words,operatingthe
systemin the optimal tempcratu_ rangewill yield high removal efficiencieswithin reasonable
operation times.

3.3 Effect of Power Intensity

Ultrasonic power intensity is also an important factor affecting the destruction rate of
organic compounds. In general, it has been reported (Chcn and Kalback 1967) that destruction
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commenceswhen theapplied intensity is abovea critical level,and anyincreasein intensitywill
increasethesonochcmicaleffect. However, it mustberealizedthat intensitycannotbe increased
indefinitely(Rozenberg1965;FoglerandBarnes1968). With an increasein powerintensity,the
cavities may grow so large during rarefaction that the time available for their collapse is
insufficient,andtherefore,theeffective couplingof theultrasonicenergyto thesystemisreduced
(Mason 1990).

Figure 3.7 shows the effect of power intensity on the destruction of CCI4. After I min of
irradiation, residual CC14 decreases with increasing power intensity. More CC14 molecules are
destroyed at higher power intensities. The CCI4 destruction rate versus power intensity is shown
in Figure 3.8. Withi, the current experimental range, the destruction rate seems to have a linear
relationship to the power intensity. Although threshold intensity was not experimentally
determined, it is estimated to be lower than the 0.9 W/cre 2 shown in Figure 3.8. The destruction
rate would be negligible if the power delivered into the solution were lower than the threshold
intensity.
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3.4 Effect of Initial pH Value

The relationship between initial pH value and CCI4 destruction is shown in Figure 3.9.
Residual CCI4 decreases with increasing pH value between 3 and 9 for the same sonication period.
Better sonication efficiency was observed at higher initial pH values; however, the rate of
improvement diminished as the pH was raised above 6. Because most of the irradiations were
conducted at near neutral conditions for groundwater treatment, any variations in initial pH would
have had a minimal effect on CCI4 destruction.

3.5 Effect of Oxidant Addition

Such oxidants as ozone and hydrogen peroxide have been widely used alone, in
conjunction with suitable catalysts (Fe+2 used in the Fenton reaction), or with ultraviolet (UV) light
to effect the destruction of organic compounds in water. The oxidation intensities of different
potential oxidants are given in Table 3.1. Of the oxidants listed, the hydroxyl radical (OH) is the
second-strongest oxidant. Hydrogen peroxide was added to the irradiated water samples to study
the effect of an oxidant in an ultrasonic field. With sonication, H202 is known to decompose in
the cavities to yield OH radicals. The radicals diffuse into the bulk liquid and increase the radical
concentrations in the solution, thus enhancing the destruction rate of organic compounds.

Figure 3.10 shows CCI4 destruction versus H202 dosages (as a [H202]/[CC14] ratio) after
2 min of irradiation. Initial CCI 4 concentrations as high as 6.5 ppm were reduced to
approximately 0.9 ppm without the addition of any oxidant. As the H202 dosage was increased to
20:1, the CCI4 concentration slowly decreased to about 0.7 ppm. This decrease is insignificant
when compared with the addition of H202 dosages. Figure 3.11 shows CC14 destruction versus
time with the addition of only H202 and without ultrasonics. Only slightly decreasing amounts of
CCI4 were observed after a reaction time of 60 min, and the effect was negligible.

These results illustrate that the addition of the H202 oxidant has a small effect on the CCI4
destruction rate, either with or without ultrasonics. This phenomenon can be explained by
comparing the CCI 4 reaction-rate constants between the bulk-liquid phase (less than
107 M-1 min "1) and the cavities (around 1012 M-1 min-1). The CC14 is relatively inactive to
radicals because ali of the four free electrons are captured by chloride ions and form only single
bonds (C-C1) in the molecule. However, the single bond between C and CI provides low
dissociation energy (only about 80 kcal/mole), thus making it easier for the bonds to cleave in the
ca-,ities. Therefore, the bulk-liquid reaction-rate constant for CC14 is about five orders of
magnitude lower than that in the cavities. This difference makes the reactions in the cavities
predominant; therefore, the addition of oxidants has only a minimal effect on the whole system.

For other organic compounds (such as TCE and benzene), the double bonds between the
two atomic carbons (C=C) are electron-dense, thus yielding much higher reaction-rate constants
with the hydroxyl radicals (as compared with the single C-C bond in saturated hydrocarbons, such
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as CC14). Consequendy, under ultrasonic irradiation, the addition of H202 into water containing
TCE or other unsaturated hydrocarbons may result in a substantial increase in the destruction rate.
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TABLE 3.1 Oxidation Potential and Relative
Oxidation Power of HydroxylRadical and
Other Oxidants

Oxidation Relative
Potential Oxidation

Oxidants (V) Powera

Fluorine 3.06 2.25
Hydroxyl radical 2.8 2.06
Atomicoxygen 2.42 1.78
Ozone 2.07 1.52
Chlorinedioxide 1.96 1.44
Hydrogenperoxide 1.77 1.31
Perhydroxyl radicals 1.70 1.25
Permanganate 1.67 1.24
Hypobromousacid 1.59 1.17
Hypochlorousacid 1.49 1.10
Chlorine 1.36 1.00
Bromine 1.10 0.80
Iodine 0.73 0.54

aBased on chlorineas reference(= 1.00).
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4 Development of Reaction Model

4.1 Detailed Chemical Mechanism

The modeling of chemical kinetics with a large set of elementary reactions is a valuable tool
in the analysis of the complex processes that underlie the phenomena of combustion or pyrolysis.
The increasing availability of fundamental rate-constant data (Margulis and Didenko 1984), the
development of computational methods for solving large systems of "stiff" differential equations,
and the phenomenal growth in the power and availability of desk-top computers have spurred the
increased application of detailed kinetic modeling. A model of this kind n after being validated by
experimental results -- could be a valuable predictive tool for exploring measures to improve
complex chemical processes.

Detailed kinetic modeling is typically accomplished by assembling a multistep mechanism
of elementary reactions with the fundamental thermochemical and rate constants that describe these
elementary reactions. This information is thus transformed into a set of differential equations that
describe the time variance of species concentrations. With the starting concentrations specified, the
set of differential equations can readily be solved analytically or numerically.

The chemical mechanism presented in Table 4.1 was developed by systematically
considering the major plausible elementary reactions of water, dissolved air (nitrogen and oxygen),
organic compounds (CC14), and their related reactions in the ultrasonic field (DOC 1972; Glaze and
Kang 1989; Margulis 1974). The reaction numbers specified in the text correspond to those
provided in Table 4.1. The symbol ")))" in reactions 1, 11, 19, and 28 represents ultrasonic
irradiation. The reactions are initiated by the dissociation of water molecules in the cavitation holes
(reaction 1). Atomic hydrogen (H) and hydroxyl radicals (OH) are formed as a result of this
reaction. These radicals recombine to form water or hydrogen molecules (H2) or react with
oxygen molecules (0 2) to yield hydroperoxide radicals (HO 2) and H20 2 (reactions 2-6). The
radicals further react with the H20 2 produced in the reactions to form H2 molecules, water, and
other radicals (reactions 7-10). To simplify the treatment, we will not consider the secondary
reactions of H and OH with the H20 2 that is formed in the process.

In the presence of dissolved nitrogen, nitrogen molecules (N2) decompose in the cavitation
holes (reaction 11) to form atomic nitrogen (N). After a series of reactions, N reacts with the OH
radicals produced from the dissociation of water and related reactions to yield nitrate and nitrite
(reactions 12-15). Atomic nitrogen also reacts with H and 0 2 molecules to regenerate N2 and H2
molecules and produce nitric oxide (NO) and 02 radicals (reactions 16-18).

Oxygen molecules dissolved in the water also decompose in the cavitation holes
(reaction 19) to produce atomic oxygen (O) and compete with reaction 2, leading to the formation
of hydroxyl radicals (reaction 20). Atomic oxygen then reacts with H2 molecules, H20 2, and
HO2 to form 0 2 molecules and other radicals, such as H and OH (reactions 21-23).
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The target contaminant, CCI4, present in TABLE4.1 ProposedChemical-
the water is either directly decomposed in the Kinetic Mechanism
cavities (reaction 28) or oxidized by radicals

(reactions 24-27). If the reaction does not A. Water Dissociation:
proceed to completion, the final products of the
irradiation of CCI4 by ultrasound would include 1. H20 --, )))H+ OH
water, carbon dioxide and/or some other 2, H+H-_H2

intermediate chemical compounds. 3. H+ 0 2 _ He2
4. He2+ He2_ H202+ O2
5. OH+OH-_H202
6. H+OH-,H20

4.2 Development of Mathematical 7. H +H202_OH + H20
Mod el 8. H+ H202--,H2+ He2

9. OH+ H202-_He2+ H2O

On the basis of the chemical-kinetic 10. OH+ H2_ Hie + H

mechanismproposedabove,theprimary reaction B. In thePresenceof Nitrogen:
pathway appears to be thermal dissociation in the
cavities, such as those represented in reactions 1, 11. N2 -_ ))) 2N
11, 19, and 28. The high temperatureand the 12. N+OH_NO+H
high pressure in the cavities provide the activity 13. NO+OH-_HNO2
energy required for bond cleavage. Water, 14. NO+ OH-, NO2+ H
nitrogen, oxygen, and carbon tetrachloride 15. 2NO2+ H202--,HNO2+ HNO3
moleculesdecompose in thesecavitiestodirectly 16. N + H -_ NH
form the radicals. The radicalsthen either react 17. NH+ NH--, N2 + H2

with each other to form new molecules and 18. N +02 -_NO+ O

radicalsor diffuse intothebulk liquid to serveas c. InthePresenceofOxygen:
oxidants. The secondaryreactionseemsto be in
the bulk-liquid phase, during which oxidants 19. 02-, )))20
(suchas theH and OH radicalsgeneratedin the 20. H+02 -_OH+ O
cavities)oxidizeCCI4 andothermolecules. 21. O + H2-_OH+ H

22. O+ He2_ OH+ 02
23. O+H202-, OH+ He2

To better clarify these reactions, the
whole process can be divided into two major D. In the PresenceofOrganic
areas: (1) the cavities,withinwhich temperature Compounds(CCI4):
andpressurearcextremelyhighandthe molecule
vapors reach supercritical conditions and 24. CCI4+OH-_products
decompose,and(2) thebulk-liquidphase,where 25. cci4 + H -_ products
under normal operating temperatures and 26. CCI4 + He2 _ products

27. CCI4+ O _ products
pressures, the radicals oxidize the molecules to

28. CCI4_ ))) products
form new products. In a batch reactor with
reactions occurring in the bulk-liquid phase, we
assume a second-order rate constant, whereby
the destruction rateof CC14can be represented by
the following equation (the general second-order
reaction-rate formula):
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-d[CCl 4] / dt = kliquid= k24[OH][CCI 4] + k25[H][CCI4] + k26[HO2][CCI 4]
+ k27[O][CC14] (l)

The total disappearance rate of CC14equals the accumulated rate of ali of the related reactions in the
mechanism. If the reaction takes piace in the cavities, it is again reasonable to assume a second-
order rate constant. In this case, the destruction rate of CCI4 can also be expressed by a similar
rate formula:

-d[CCl 4] / dt = kcavity= kc x k28[CC14][M] (2)

where M is any collision partner and kc is the system adjustment coefficient, which is, for
example, a function of cavity concentration, cavity radius, and mixing extent of the system. This
coefficient is assumed to be a constant if ali of the experimental conditions (such as reaction vessel
size, steady-state temperature, and power intensity) are unchanged. The coefficient can be
obtained by a best fit of the experimental data to the model. Because the reaction occurs in the

cavity, [CC14]in the kcavityformula represents the concentration of CC14 in the vapor phase. If we
assume an ideal gas and Rault's law to be valid in this case, this value can be calculated by
applying Henry's law.

In addition to CCI4, the net reaction rates for ali the other compounds in the process can be
expressed in similar rate formulas, or differential equations, that describe the decreasing or
increasing concentrations in the ultrasonic field. If ali of the reaction-rate constants are available,
the differential equations can be solved simultaneously to obtain the individual concentration profile
for each species as a function of irradiation time.

4.3 Computer Simulation and Results

Computer simulation of ultrasonic chemical kinetics was carded out on the basis of the
proposed mechanism described above. With second-order reactions, the reaction-rate constants in
the model were obtained either from published data (reactions 1 to 27 [Margulis and Didenko 1984;
Tsang amd Hampson 1986; Baulch et al. 1981; Johnston 1966]) or from experiments
(reaction 28). Once determined, these constants cannot be used as variables; therefore, no
adjustable parameters are included in the model. Reverse reactions were not considered significant
because (1) no other chemicals have been added in the experiments so far and (2) the
concentrations of the products for each reaction were assumed to be much less than those of the
reactants.

Ali 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 the

rate formulas kliquidand kcavity,depending on whether these reactions take place in the bulk-liquid
phase or in the cavitation cavity. The kc value in the kcavityequation was obtained by a best fit of
the experimental data and was determined to be 2.5 x 10-11 for this system. With the initial
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concentrationspecified,onecan readilysolve theseequations. Theresultsareshownin Figures
4.1 and 4.2. The results illustrate that the model fits the experimental data relatively well at low
CCI4concentrations(below10ppm). Correlationcoefficientsgreaterthan0.99 wereobtained,
although deviations were observed at higher CCI4 concentrations (46.7 ppm). The predicted
destructionratewas greaterthan that observed in the experiments,perhapsbecausethe organic
vaporpressurein thecavityincreasedwithincreasingCCI4concentration;therefore,Henry'slaw
may have no longer applied at that high concentration. In these cases, the activity for each
compoundin thecavitymayneedto be takenintoconsideration.
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The sensitivity of each reactionin the model was also tested. Resultsrevealed that the
concentration of dissolved nitrogen in the system has a minimal effect on the rate of CCI4
destruction, an effect that is neglected. The major reactions affecting the CCI4 destruction rate
were found to be the dissociation of water molecules and the decomposition of CCI4 molecules in

_" the cavity. In the bulk-liquid phase, the reaction between OH radicals and CC14 predominated,

i followed by the reactions of the atomic hydrogen, atomic oxygen, and finally HO2 radicals.
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5 Conclusions and Recommendations

J

5.1 Concluslons

Initial experimental results from the first-year laboratory-research studies conducted at
Argonne confirmed the feasibility of using the ultrasonic process for the destruction of low
concentrations of CC14 in water. Reduction efficiencies of greater than 99.5% were achieved
following about eight minutes of irradiation. Subsequent experiments were then carried out to gain
an improved understanding of the reaction kinetics of this process. On the basis of the results of
tbes¢ experiments, the following conclusions were drawn:

1. At low CCI4 concentrations (under 100 ppm) in water, the rate of CCI4
destruction was found to be first order with respect to CCI4 concentration.

2. The rate of CCI4 destruction was found to be strongly affected by the intensity
of the ultrasonic energy applied, with the destruction rate increasing
proportionally to the intensity.

3. Other process parameters, such as temperature and initial pH value of the
solution, were found, within the ranges investigated, to have little effect on
CCI4 destruction rate.

4. The addition of small amounts of hydrogen peroxide to the solution had little
effect on CC14destruction rate, suggesting that the destruction of CCI4 in water
under ultrasonic irradiation is dominated by the high-temperature dissociation
reactions within the collapsing cavities.

5. A detailed kinetic model of the destruction of CCI4 in water was developed; this
model consists of a series of elementary reactions. The calculated results from
the model agree reasonably well with the experimental results, suggesting that
modeling could be a useful tool in the scaleup of the process.

5.2 Recommendations

To further develop and broaden the applicability of the ultrasonic detoxification process, the
following research is recommended:
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1. Experimental studies on progressively larger continuous-flow systems should
be undertaken to generate data and develop correlations/models that would be
useful for the design of a commercial system.

2. Bench-scale experiments should be performed to investigate the effect of adding
suitable catalysts, homogeneous and/or heterogeneous, on the enhancement of
destruction rate under ultrasonic irradiation.

3. Experimenta_ and modeling work should be undertaken on water samples
containing other hazardous chlorinated and aromatic organic compounds, such
as TCE and benzene.

4. Experimental and modeling studies should also be extended to other types of
waste, including soils and mixed wastes.
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Appendix: Procedures for Starting Up and
Shutting Down an Experiment

Startup:

1. Check the hood for properair flow: >170 ft/min face velocity.
2. Turn on the water circulatorpump.
3. Select the desired cooling-water temperature.
4. Turn on the temperature readout and monitor the rising temperature until the desired

temperature is attained and remains unchanged. (Note: The heater should automatically rum
off after the cooling water reaches the selected temperature.)

5. Turn on the ultrasonic power supply and allow the system to warm up for 30 min.
6. Check the power supply and the converter/probe to see if they are prol_dy assembled.
7. Tune-up the power supply to get optimal performance.
8. Select the proper duty cycle.
9. Adjust the output control.

10. Select the desired sonication time.

11. Conduct one test run with ali the selected settings by using deionized water as the sample
solution.

12. Start the experiment.

Shutdown:

1. Turn off the ultrasonic power supply.
2. After the temperature of the cooling water returns to room temperature, turn off the circulator

pump.
3. Drain the cooling water.
4. Turn off the temperature readout.
5. Close the hood.
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