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Abstract
Sonochemistry, the production of acoustic cavitation using ultrasound in order to affect
chemical reactivity,1 is a growing area of interest, especially with regard to environmental cleanup and the fabrication of compounds on the nanoscale.* Previous research has been performed
with dual-frequency systems; however, these systems are neither capable of frequency variation
nor do they account for power matching. This project studies the efficacy of a prototypical
variable frequency heterodyne sonication system that does not suffer from such constraints. This
machine uses two transducers that are capable of producing frequencies between 250 kHz and
600 kHz; as they are set coaxially, a third frequency (called the heterodyne) is generated upon
interactions of waves from each transducer. Heterodyne sonication is characterized through
measuring the degradation of Orange II (acid orange), an azo dye used in the textile industry that
has become a marine pollutant due to runoff. The factors required for highest efficiency of this
prototypical system are elucidated and reported. This thesis attempts to discover a mathematical
relationship between incident and heterodyne frequency in terms of efficacy of degradation, as
well as to find an environmentally safe way of degrading acid orange in order to combat the
effects of factory runoff of the azo dye.

*

Casadonte, D.J; Li, Z. Texas Tech University, unpublished results.
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Plan of the Thesis
Given that sonochemistry is a relatively new field, and the application of the heterodyne
in sonochemistry even newer an advancement, this thesis will be organized in a specific manner
that seeks to introduce the material to both a non-chemical and chemical audience in the best
manner conceivable. To begin with, the very basics of the project itself will be introduced.
History of the field of sonochemistry will follow, and afterwards, a discussion on the theory
involved in sonochemistry. This latter section, therefore, will likely be helpful most to those with
no prior, or with a limited, knowledge of sonochemistry. A brief description of current
sonochemical systems available will be included, followed by the environmental concerns to
which this project is related, as well as a discussion on the current methods of combating these
issues.
These background materials, which seek to provide a developed knowledge of both the
theory of the field and its current realizations, will be followed by the experimental parameters of
the project, the results reached, and a discussion on the relation of this project to the
sonochemical field.
Additionally, a glossary is located on page 28, should further definition of a term be
necessary.
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Chapter 1: Introduction
Sonochemistry is a growing area of interest, especially with regard to environmental
clean-up and the fabrication of compounds on the nanoscale.* This type of chemical reaction
utilizes ultrasound in order to affect chemical reactivity1 through the production of cavitation
bubbles (a concept which will be explained in greater detail in the Theory portion). Cavitation
dynamics are dependent upon a number of different variables, most notably frequency and
power. Manipulation of these aspects could greatly enhance or decrease sonochemical efficiency;
such is the focus of this thesis.
The field of sonochemistry is currently dominated by research utilizing single frequency
sonication; however, we theorize that cavitation efficiency would increase upon the simultaneous
inclusion of other frequencies. While the field of sonochemistry has greatly expanded in the past
twenty years, little research in the field of multifrequency sonication has been performed. The
type of sonication being proposed uses a system of two opposing coaxial transducers so that the
ultrasonic waves produced interact within a glass sonication cell to form the third wave of the
heterodyne. However, it is also necessary to account for power matching between the
transducers. Beyond the machine created by this lab, we are unaware of any current
multifrequency sonication devices that do so; therefore, this project seeks to characterize
heterodyne sonochemistry in a way not currently present in the field.

*

Casadonte, D.J; Li, Z. Texas Tech University, unpublished results.
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We are particularly interested in determining if a consistent, measurable relationship
exists between incident frequency (this being the original frequencies input) and heterodyne
frequency with regard to chemical efficacy. It is our hypothesis that the heterodyne effect will
improve the efficiency of sonochemical reactions, especially with regard to degradation of
environmental contaminants.
The heterodyne effect is characterized by monitoring the degradation of acid orange (also
known as Orange II), an azo dye used in the fabric industry that has become a marine pollutant.
Current attempts at degrading this dye and other related colorants (such as Orange 7) can result
in carcinogenic and mutagenic products.2 Further, the use of this azo dye as a colormetric
compound interferes with photoactive organisms, fundamentally negatively affecting the food
chain. Therefore, this project seeks not only to expand the understanding of the field of
sonochemistry, but also positively influence the environment by proposing a safe and efficient
way of eradicating a pollutant.
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Chapter 2: History
While the field of sonochemistry has gained much notoriety in the past twenty years, the
chemical effects of ultrasound were observed over one hundred years ago: John Thornycroft and
Sydney Barnaby published the first article concerning cavitation in the pitting of submarine
propellers in 1894.3 They hypothesized that bubbles generated from the turning of a propeller
were rapidly imploded due to water pressure, causing severe vibrations. That cavitation bubbles
were most greatly influenced by pressure was confirmed by Lord Rayleigh in 1917.4
Sonochemistry itself, being the application of these ideas to the chemical field, was born
as an area of study due to the efforts of William Richards and Alfred Loomis in 1927. Building
from the foundation of cavitation observed in submarine signaling, Richards and Loomis began
applying high intensity sound waves in chemical settings. The authors, reporting mainly on the
process of heat radiation due to sound waves, demonstrated that mercury thermometers and
thermocouples are suspect to the effects of cavitation as well. As such, these devices for
measuring temperature changes cannot be accurately applied to sonochemical experiments. In
this manner, their publication not only laid the scientific groundwork for sonochemical research,
but it determined many fundamental principles and structural requirements for the study of
ultrasound. Loomis, in conjunction with Wood, applied ultrasound to biological research as
well.5 In the 1930s, sonochemistry was further applied to polymer degradation in both biology
and chemistry.5
Theoretical discussion seeking to characterize sonochemistry began expanding in the late
1940s. As reported by Noltingk and Neppiras, Knapp and Hollander tracked the lifespan of a
cavitation bubble using high-speed cinematography in 1948.6 The following year, Plesset
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developed an equation to describe bubble motion in a changing-pressure field.5 The research of
this decade helped to cement Rayleigh’s 1917 findings, as well as to begin expansion of his
mathematical conclusions. Noltingk and Neppiras went on to examine ―what exactly occurs
during ultrasonically induced cavitation‖6 in 1950, seeking to define more complex equations
regarding sonochemistry. Weissler also sought to characterize the effects of frequency, intensity,
pressure, temperature, and cavitation in the sonochemical setting;7 his research demonstrated an
inverse relationship in reaction rate and ambient reaction temperature. Griffin demonstrated that
gaseous particles must be present for ultrasound to affect reactions8, and Fitzgerald et al.
observed that reactions take place at ―hot spots‖ within bubbles.9 Other notable papers of the
1950s reported sonolysis of an organic liquid (Scultz and Henglein) and the effects of bubbleinduced microstreaming (Elder).5 However, given the lack of commercial machinery available,
reproducibility of results was an issue during these years of the field.1
The 1960s saw an increase in publications regarding sonochemical effects in biological
systems, as well as an increase in the utilization of ultrasonic cleaning baths in the laboratory
setting.5 Bubble asymmetry, causing a high-speed microjet to form on one side and puncture the
bubble, was first experimentally observed by Naude and Ellis in 1961.10 Three years later, Flynn
defined a difference between ―stable cavitation‖ and ―transient cavitation,‖ the latter being the
most chemically effective manner of bringing about chemical reaction.11
A decided lull in sonochemical publications characterized the field in the 1970s,5 but this
changed dramatically in the 1980s. The term ―sonochemistry‖ appeared in written use for the
first time, and a number of scientific organizations held conferences on sonochemistry or
founded groups dedicated to the subject,1,5 many of these seeking to increase interest in the field,
both in research and in development of new sonochemical equipment. In a popularly referenced
5

1985 paper, Margulis put forth the hot-spot and electrical theories, which attempt to explain how
chemical effects are created by cavitation.12 The hot spot theory postulates that extreme
temperatures and pressures are reached inside the bubbles, while the electrical theory states that
enormous electrical field gradients are formed across the bubble surface, allowing for bond
breakage when collapse occurs. This latter theory, however, was disproven as a viable theory in
1996 by Lepoint-Mullie et al.13 Ultrasonics Sonochemistry made its debut as the journal
dedicated to the subject in 1994.5
Currently, numerous and varied applications of sonochemistry exist, including
electrochemistry,1 ultrasonic cleaning of materials, oil emulsification,15 chemical synthesis,16*
wastewater treatment,17-19 and biotechnology.1 The field has reached limitations, unfortunately,
in efficient reactor design, non-uniform cavitation, and scale up.14 One method of improving
sonochemical reactor design and efficiency may be the application of multifrequency sonication.
The first publication regarding a dual-frequency system appeared in 1985,12 which
spurred the development of multifrequency applications as a subset of the field. In observing a
dual-frequency system, Kawabata and Umemura reported an acoustic threshold optimal value
under multifrequency sonication one-tenth that of single frequency.20 Similarly based research by
Brotchie et al. demonstrated that low power outputs of ultrasound increase the intensity of
sonoluminescence (the emission of light due to ultrasonic excitation); such findings were
explained as effects of greater bubble temperature and concentration.21
While the application of multifrequency sonication has much expanded, we are unaware
of any machines capable of variance in frequency. Additionally, we are unaware of any
*

This paper is the first of an eighteen paper series on the application of ultrasound in organic
synthetic processes.
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multifrequency sonication machines that allow for power matching.22 This concept will be
explained in the Current Systems and Methodologies section and is related to the concept of
impedance across the circuit. If the machinery used does not correct for impedance, data related
to changes in efficiency may actually be resultant from the circuitry instead of the sonochemistry
involved.

7

Chapter 3: Theory
In sonochemistry, the ultrasonic frequency range utilized is between 20 kHz and
500 MHz, above the range of human hearing. Frequency and intensity (or power) of ultrasound
are inversely related; therefore, diagnostic ultrasound (the type used in medical imaging) takes
place at the higher end of the range, whereas sonochemistry utilizes low-frequency, highintensity ultrasound in the kHz range. Therefore, while sonochemistry induces acoustic
cavitation, the application of ultrasound in medical diagnostics, such as sonograms, does not
pose a threat to human life.

Figure 1: Sound Motion in a Liquid Medium. As illustrated, bubble dynamics respond to
cyclic changes in sound waves.23
When sound waves interact in an aqueous environment, the molecular structure of the
liquid oscillates (i.e., is compressed and stretched). This phenomenon generates areas of negative
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pressure. When the amount of negative pressure is large enough, voids will form in the liquid
(this process is referred to as reaching the cavitation threshold). These bubbles can then grow and
shrink in response to sound wave interaction; that is, as the rarefaction and compression cycles of
the waves continue (see Figure 1), the bubble will oscillate accordingly. Eventually, the bubble
may reach an equilibrium between its own frequency and that applied to the liquid in both the
rarefaction and compression cycles (differences in the bubble must be equal during both cycles);
such equilibrium is referred to as stable cavitation.* Transient cavitation, on the other hand,
refers to a rapid bubble collapse following an expansion to twice the original size of the bubble.
This particular type of cavitation is the more efficient of the two for effecting chemical reactions.
Within the bubble, temperatures as high as 5000K† and pressures as high as 500 atm4 can be
reached. As the collapse is adiabatic, no heat is transferred to the environment, and therefore
specialized machinery to contain the high temperatures is not required. This collapse also
releases free radicals (these having unpaired electrons, causing them to be highly reactive
species), which help to accelerate the rates of chemical reactions.
Many factors affect the efficiency of sonochemical activity: frequency, intensity, pulse,
solvent characteristics, the presence of bubbled gas, and external temperature and pressure of the
system.1 Leaving aside frequency for a short time, we will discuss the remaining factors. A
minimum intensity of ultrasound is required for the cavitation threshold to be reached; reaching
the threshold may depend on the viscosity of the liquid1 or the ambient temperature of the
reaction. While greater intensities relate to greater cavitation events, intensity cannot be
increased indiscriminately, given equipment constraints (the transducers may eventually
*

For mathematical equations defining the bubble under either stable or transient cavitation,
please refer to the 1999 paper by Thompson and Doraiswamy listed in Literature Cited.
†
To put this into relative terms, the temperature of the surface of the sun is approximately
6000 K; therefore, these bubbles can be considered nanoscopic suns.
9

fracture), the possibility of decoupling, or conglomeration of bubbles. Decoupling, or a lack of
interaction between the transducers and the aqueous media, would result in a decrease in
efficiency. As this is the opposite of the desired effect, decoupling must be evaded. A bubble
conglomeration would form an obstacle to acoustic transfer, again decreasing the efficiency of
reaction.
Pulsed ultrasound, to be contrasted with continuous wave experiments, varies the
intensity of ultrasound used during experimentation. Various applications of power-modulated
pulsed ultrasound have demonstrated increased sonochemical activity,24,25 though this is a
relatively new application of pulsed ultrasound.
A variety of characteristics inherent to the chosen solute can affect the sonochemical
activity of the system. Logic dictates that higher solvent viscosity increases the cavitation
threshold as it becomes more difficult to reach great enough negative pressures to form bubbles;
therefore, a higher solvent viscosity decreases the efficiency of the system. Low surface tension
may correlate to lower cavitation thresholds.1 Solvents with lower vapor pressures (and
therefore, those that are more volatile), should form bubbles faster, leading to cavitation that
occurs with a smaller input of power.
The presence of dissolved or bubbled gases in the media will increase the amount of sites
for cavitation, decreasing the cavitation threshold. However, if these gases are highly soluble,
they may enter the bubble, causing the intensity of collapse to decrease.1 Thompson and
Doraiswamy also note that should the thermal conductivity of the gas be significant, the small
amount of heat lost during collapse (this amount being small enough for collapse to be modeled
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as adiabatic, but high enough in such a case to be significant) will increase, negatively affecting
the efficiency of the reaction.5
Ambient reaction temperature, while capable of lowering the cavitation threshold, would
also lead to less effective collapses due to vapor presence. Additionally, the rate of bubble
creation would be higher, and a conglomeration of bubbles would likely result. A higher system
pressure must be overcome by a higher acoustic intensity; however, collapse will also have a
larger intensity, increasing the sonochemical effect. This effect is not unlimited.26
As previously mentioned, high frequencies of ultrasound have been shown to correlate to
lower intensities of sonochemical cavitation. At such levels, both rarefaction and compression
cycles are truncated; a shorter rarefaction cycle decreases the efficiency of initiating cavitation,
while a shorter compression cycle does not leave enough time for the bubbles to collapse.5
Therefore, more violent cavitation events occur at lower frequencies. However, the greater
amount of cavitation events may allow a higher concentration of free radicals into the system, the
combined effect of which may accelerate the bulk reaction.27
Returning to the hypothesis that multiple frequency inputs will positively impact the
sonochemical effect, let us discuss the theory involved in the application of heterodyne
frequency. If two frequencies were to be input into a system, an additional frequency, which is
the difference of the two, would result upon the interaction of the two waves (see Figure 2). This
third frequency, referred to as the beat or heterodyne frequency, would have a frequency the
difference of the two incident frequencies. For example, if one transducer produced a frequency
of 25 kHz and an opposing transducer produced a frequency of 400 kHz, the heterodyne
frequency would be measured as 375 kHz. Bubbles resonating at one of the three frequencies
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would be out of resonance with the other two; this would allow for more sites of bubble
formation and greater oscillations within bubble shape and size.3 More violent cavitation would
result at greater occurrences. These effects, in turn, would increase the efficiency of the
sonochemistry involved overall.

Figure 2. Schematic of wave interaction. The smaller waves are resultant of the incident
frequencies; the larger is the heterodyne. As can be seen, a maximum of the heterodyne
(which is twice that of an incident wave) coincides with a minimum of one of the incident
frequencies, and this allows for bubbles to oscillate out of resonance with one another at
highly distinct frequencies.
The heterodyne effect, as seen above, is that which we seek to characterize. We attempt
to demonstrate that inclusion of the heterodyne frequency does indeed lead to an increase in
sonochemical efficiency.
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Chapter 4: Environmental Concerns
Azo dyes are used ubiquitously in the textile industry for their intense colors, especially
in the hues of red, orange, and yellow. Orange II is one of these dyes, and, like many azo dyes, it
has become a serious marine pollutant in countries lacking in pollution oversight. When the bond
between the nitrogen atoms is cleaved, more than twenty various carcinogenic products may
result; 28 as such, the presence of such compounds in sources of drinking water adversely affect
human populations.29 In 2007, Hong Kong environmental protection officials reported a hidden
pipe from a Chinese textile factory supplying WalMart, Lands’ End, and Nike dumping around
22,000 tons of dark red, contaminated water into a nearby river. This scenario is repeated
throughout the country to the effect that over 300 million Chinese citizens—the population of the
United States—have no avenue to clean drinking water30 as a result of azo dyes.
There are multiple research methods in the field to degrade azo dyes, given the great
environmental concern over the effects of such dyes. Methods focus on advanced oxidation
technologies,31 such as biological treatment, light-degradation, and methods utilizing activated
carbon or zero-valent iron.32
Previous single-frequency sonochemical research has explained the degradation of
Methylene Blue33 and Orange II, but there are no studies involving concurrent dual-frequency
ultrasound. Using this methodology to degrade such contaminants may increase the efficiency of
degradation, and as such, factories may be more likely to adapt environmental protection
measures regarding azo dye degradation.



An azo group is formed by two double bonded nitrogen atoms. Azo compounds are present in
60-70% of dyes.34
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Chapter 5: Current Systems and Methodologies
Most sonochemistry utilizes single-frequency equipment, likely a probe attached to a
power generator. The tip of the probe emits ultrasound directly into an aqueous solution, which
is kept air tight by attaching a (normally rounded) glass sonication cell onto the threads where
the probe tip attaches to the sonicator. Alternatively, such a cell may be immersed into an
ultrasonic cleaning bath filled with water. These two types of sonicators (the probe and the bath)
are commercially produced, and are the main types of sonochemical equipment seen in labs.
Alternatively, labs may choose to construct their own sonicators by connecting transducers to
power generators in a manner to allow a solution to come into contact with the transducers.
Dmitrieva and Margulis suggest coaxial transducers in their initial study of dualfrequency sonication. Since that time, while many labs have followed this approach, many others
have redesigned the experimental setup by placing transducers in different positions in order to
determine the most efficient manner of transducer placement. However, none of the body of
literature reports a multifrequency system capable of power matching.
Power matching is required to equalize impedance across the circuit. Impedance is given
by the symbol Z, where Z = R + iX. R is the real part of the impedance, and X is the imagined
portion, known as the reactance. Impedance is the alternating current (AC) analog to direct
current (DC) resistance, or opposition to current flow. AC impedance has frequency and phase
aspects, as well as amplitude, while DC resistance does not have frequency or phase. Without
equalizing impedance, the power of the transducers may (and likely, will) vary when different
frequencies are used, adding another variable to the experiment. In any experiment, one would
prefer to determine the effects of one variable at a time. If, as frequency varies, the power
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changes as well, two parameters are varying concurrently. Changes in efficacy and chemical
characteristics may, therefore, be due not to the presence of the heterodyne frequency, but to
differences in the acoustic power of the transducers.
The power matching circuitry in the instrumentation used in this study allows us to
perform sonochemistry between different transducers operating at different frequencies with the
same power. Therefore, our system is capable of operating at various frequencies, which is novel
for the field. As this sonication system is the only in our knowledge to account for power
matching, results determined in this study may well characterize heterodyne frequency more
fully than previously determined.

15

Chapter 6: Experimental
The prototypical machine is diagrammed in Figure 3. It includes power suppliers, pulse
and frequency generators, and impedance matching circuitry. The transducer systems, which can
operate either independently of one another or synchronously, are capable of generating
frequencies between 0 and 600 kHz. While the machine is capable of pulsated ultrasound, this
project does not utilize it; its application may be an area of future research. The power suppliers
and impedance matching circuits are connected to the piezoceramic (―piezo‖ from the Greek
piezein, meaning ―squeeze‖ or ―press‖) transducers, which are responsible for transferring
electrical energy to acoustic energy. The transducers are surrounded by oil for cooling; the
cooling system includes a pump (controlled by a variable transformer) as well as a copper coil,
which is placed in ice water in order to cool the oil.
Ultrasonic waves are sent from the transducers through the glass cell containing the
material to be sonicated. The glass cell is surrounded by a cooling jacket and has inlets at the top
and bottom; it holds approximately 365 mL. Fans are also used to ensure that the machine and
fuel pump are cooled accordingly.
For each experiment, the frequencies involved were power matched, which is necessary
as some power in each generator is reflected at the transducers. To determine the acoustic power
produced by the transducer, the change in temperature of a known amount of water is measured
over a ten minute sonication period. This process includes monitoring the temperature every 30
seconds with only one transducer operating, the cooling oil running, and the cooling jacket for
the sonication cell turned off. An alcohol, rather than a mercury, thermometer must be used, as
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mercury itself cavitates, giving inaccurate readings. A similar problem occurs if thermocouples
are used.

Figure 3. Block diagram of the machine. The power generators drive the transducers;
the lossless reactive matching circuit is responsible for power matching. The
transducers may be varied independently of one another, as may the initial power input
into the system.

At the end of this period, the change in temperature is found by constructing a graph of
temperature versus time and finding the slope of the temperature increase. The value of the slope
is then input into the mathematical relationship for specific heat:
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Where P refers to acoustic power, m refers the mass of water, c refers to the specific heat
of water (the amount of heat it would take to raise the temperature of water one degree Celsius),
T indicates the change in temperature, as measured in Kelvin, and t indicates the change in
time. Transducer A is tested first alone, then Transducer B alone, until the acoustic power for
each frequency of each transducer is the same—therefore, power matched. This process of power
matching is the rate determining step of experimentation, as it can take four to five days. An
example table demonstrating various power matching settings for Transducer A is below (Table
1). Ls and Lp refer to specific designations of the machinery, and T0 indicates the initial
temperature of the system. Previous studies in our lab have demonstrated that power match
settings may differ slightly depending on the initial temperature of the system.*
Generator Setting (W)
18
18
17-19
17-19
14
10 (-) 12
10 (-) 12
10 (-) 12
10 (-) 12
10 (-) 12
10 (-) 12
9 (-) 11
9 (-) 11
9 (-) 11
9 (-) 11
9 (-) 10
8 (-) 10
8 (-) 10
4 (-) 5

Ls
55
55
57
35
35
42
38
35
36
36
28
38
38
28
48
35
38
42
35

Lp
169
169
173
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160

T0 (Celsius)
20.57
20.75
19.89
20.6
20.95
20.66
20.88
20.63
19.8
20.21
20.89
20.52
20.67
20.55
21.51
21
21.07
20.79
21.05

Output (W)
7.9
7.8
8.2
7.2
6.7
5.2
5.3
4.4
4.7
4.7
3.9
3.8
3.9
3.5
3
3.8
4.1
3.8
2.4

Table 1: Power Match Settings for Transducer A at 550 kHz.

*

Casadonte, D.J.; McCoury, J.; Texas Tech University, Unpublished Results.
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Throughout these experiments, Transducer B was kept constant, while Transducer A was
varied to effect a different heterodyne. That is to say, Transducer B produced an incident
frequency that was constant between all experiments, while the incident frequency of Transducer
A, which remained constant in a given experiment, differed between experiments.
After the frequencies were power matched, the efficacy of the heterodyne frequency was
determined. Orange II was purchased from Aldrich Chemical Company in solid form; the dye is
diluted using distilled water into a 10-5 M solution that may be sonicated. Experiments were run
under air. The dye is sonicated for 135 minutes (resulting in ten data points), and aliquots are
taken by syringe through the top of the sealed cell (this opening is equidistant from both
transducers) every 15 minutes to be measured for absorbance. Quartz cuvettes are used, and the
absorbance between wavelengths of 300 and 700 nanometers is measured using a Shimadzu UV2401PC UV-Vis Recording Spectrophotometer. From these readings, graphs are generated to
determine rates of degradation through manipulation of Beer-Lambert’s Law (A= εbC, which
relates absorbance and concentration, making it possible to quantify degradation in terms of
amount of dye present).
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Chapter 7: Results and Discussion
Besides an analysis of the heterodyne effect, part of this study has been dedicated to
improving the design of the heterodyne sonicator. In this particular case, most issues have
centered on maintaining good flow rates in the cooling oil circuit. To this end, the fuel pump has
been disconnected, reconnected, dismantled, repaired, replaced, and yelled at repeatedly. The
hosing of the oil cooling circuit was replaced with thin-walled Tygon tubing, but the higher
flexibility in the tube has proven detrimental to oil flow given the high power of the fuel pump.
To combat this issue, a variable power transformer has been added into the system, which
resolved the high pressure situation within the circuit.
The deuterium lamp within the UV-VIS Spectrometer was replaced in order to generate
absorbance spectra with less noise. The equipment replacement meant that all experiments
needed to be repeated, as this would eliminate the possibility of any differences in readings being
due to differences in equipment instead of chemical properties.
We began heterodyne experimentation measuring a heterodyne of 300 kHz, created by
the interaction between 300 kHz ultrasound from Transducer B and 600 kHz ultrasound from
Transducer A. After power matching the transducers to 4.5 W (an arbitrary designation), the
heterodyne effect was used to degrade acid orange. Absorbance spectra of heterodyne
experiments for 300 kHz, 250 kHz, 200 kHz, 150 kHz, and 100 kHz follow (Figures 4-8).
Degradation is clearly occurring in all circumstances. Noise present in the 300-375nm
region is likely due to issues with the deuterium lamp. This noise is also little distinguishable
from the actual data in the 300 kHz, 250 kHz, and 200 kHz experiments, leading to low rate of
degradation correlations, as can be seen on the following page (Figure 9).
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Figure 4: Absorbance Spectrum for 300 kHz Heterodyne Frequency

Figure 5: Absorbance Spectrum for 250 kHz Heterodyne Frequency
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Figure 6: Absorbance Spectrum for 200 kHz Heterodyne Frequency

Figure 7: Absorbance Spectrum for 150 kHz Heterodyne Frequency

22

Figure 8: Absorbance Spectrum for 100 kHz Heterodyne Frequency

Acid orange degradation occurs along first-order kinetics, meaning that the rate of
reaction depends only upon the concentration of acid orange present. According to kinetics, a
plot of the log of the concentration of the reactant against time will result in a line whose slope is
the rate of degradation of the reaction. As such, the rate of degradation for the 300 kHz
heterodyne is .0004 min-1. Therefore, the heterodyne of 150 kHz is over twenty times more
efficient than that of 300 kHz. This relationship is visually diagrammed in Figure 10.
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First-Order Kinetic Plot for Heterodyne
Degradation of Acid Orange
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Figure 9: First-Order Kinetic Plot for Heterodyne Degradation of Acid Orange
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Figure 10: Effect of Heterodyne Frequency on Acid Orange Degradation Rate
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A possible explanation for such a great magnification of degradation efficiency may be
that the phase relationship is such that the other waves present in the system will be out of phase
with the 300 kHz incident wave (see Figure 11, below). The 150 kHz heterodyne wave (red) is
oscillating at a rate half the incident frequency. In the case of the 450 kHz incident frequency
(this being the frequency of Transducer A that is varied for each new heterodyne tested) is
additionally three times that of the 150; therefore, every third wave of the heterodyne will be out
of phase with this incident wave.

Heterodyne and Incident Phase Relationship
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0.5
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0
0
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-0.5
-1
-1.5
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Figure 11: Heterodyne and Incident Phase Relationship

Near each transducer, the cavitation bubbles oscillate at the frequency produced by the
transducer. When the heterodyne wave reaches these bubbles, the heterodyne wave will be
significantly out of phase with the incident waves—and therefore, significantly out-of-phase with
the oscillation of the bubble. As previously mentioned, such out-of-phase interactions would lead
to a greater out-of-phase collapse. The other frequencies would have similar effects, though these
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would be mitigated as phase differences will be smaller. This is especially true for the 300 kHz
incident frequency, as the heterodyne itself travels in the same path as Transducer B’s incident
frequency. A heterodyne of the same frequency as one of the incident frequencies leads to phase
coherence (where both phases are equal), and therefore has no effect on bubble oscillation. This
theory is confirmed by the extremely low (almost zero) rate of degradation shown for the 300
kHz heterodyne in Figure 10.
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Chapter 8: Conclusion
We have demonstrated an increased sonochemical effect through the application of the
heterodyne frequency, as well as an efficient methodology of degrading acid orange. We can
theorize as to why the 150 kHz heterodyne has the maximum effect, but we also propose that
further study will be necessary in fully characterizing the heterodyne. It may be the case that the
relationship seen here between heterodyne and incident frequency is true for each incident
frequency, but this will take exhaustive testing of some hundred various experiments.
These experiments provide for the possibility that ultrasound may be used in the future as
a preferred methodology for the clean up of acid orange on the industrial scale.

The

development of advanced oxidative technologies such as these for environmental remediation
may also provide for a safer, cleaner environment—one that is freer of toxicants and pollutants,
as the degradation products of this type of experimentation would likely pose no threat to human
or environmental health. The costs to taxpayers of further research may be obviated in terms of
reductions in the cost of healthcare and the human resources incurred in gross environmental
cleanup.
As previously mentioned in Chapter 2 on page 6, the issue of scale up of sonochemical
equipment is an obstacle to the application of sonochemistry in the business field. One of the
current impediments concerning the deployment of sonication and especially heterodyne
sonochemistry in large-scale environmental clean up is the lack of industrial sonication systems
that are capable of handling thousands of gallons of waste per hour. Ultrasonic scale up is not a
linear process, and, as such, is not simply amenable to transformation to plant scale through
normal chemical engineering design. Work is currently underway, especially in Europe, toward
the development of industrial-scale sonication systems that can compete with hydrocarbon
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burning for the remediation of organic contaminants. The current industrial systems are only
break-even with regard to industrial burning, given the lack of efficiency of the conversion of
electrical energy to acoustic energy.* Advances are being made all the time, and we anticipate
that industrial sonicators with greater than break-even energy capacity will be on the market
within the decade. The use of heterodyne sonochemistry, as this study suggests, can be a
potentially valuable addition for the improvement of the sonication process, especially on the
industrial scale.

*

Casadonte, D.J; Flores, M. Texas Tech University, unpublished results.
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Glossary
Absorbance, A- the amount of light entering a liquid as related to the amount of light leaving it
(i.e., the amount of light transmitted by the substance); mathematically,

,

where I0 is the amount of light entering the sample and Iλ is the amount of light leaving
the sample. Absorbance is related to concentration by Beer-Lambert’s Law, A = εbC; 19,
20
Aliquot- largely a synonym for ―sample,‖ aliquot refers specifically to a small amount of a
reaction removed for analysis, 19
Cavitation- the process of creating voids (bubbles) due to the accumulation of negative pressure
cycles produced by soundwaves, ii, 2, 4-6, 8-11
First-Order Reaction- a reaction whose rate is dependent only upon the concentration of one
reactant, 23
Frequency- the number of waves passing a particular point in a specific unit of time, ii, 2, 6, 8,
9, 11
Heterodyne- a third wave generated by the interaction of two other waves, ii, 2, 3, 11, 12, 14
Incident- the frequency initially input into the system that is held constant during heterodyne
experiments; in this project, an incident wave of 300 kHz was used on Transducer B,
while the second frequency was varied on Transducer A to create the heterodyne, ii, 2,
11, 12, 19
Nanoscale- 10-9 of a specific unit of measurement (i.e., a nanometer is 10-9 meters); part of the
quantum realm, wherein quantum physics can be studied, ii, 2
Power Matching- process of determining the correct settings of the system such that the actual
power produced by the transducers is equal, 2, 7, 14, 15, 18
Radical- a species without a full electron shell, making the species highly reactive as it seeks to
fill the shell through molecular or ionic interactions, 9, 11
Sonochemistry- the application of ultrasound to the chemical field, or, using sound to drive
chemical reactions, ii, 2, 4, 8, 18
Sonoluminescence, SL- the emission of light associated with some sonochemical reactions, 6
Transducer- any device that converts energy of one type to another; here, the term refers
specifically to equipment that transfers electrical energy to acoustic energy, ii, 2, 11, 14,
16, 18
29

Ultrasound- sound with frequencies above the range of human hearing, ii, 2, 6, 8, 10
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