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ABSTRACT 

The effect the frequency of ultrasound exerts on chemical s\ stems has been wideK 

ignored. This may be due, in part, to the difficulty in obtaining commercial ultrasonic 

transducer systems of other frequencies and to the belief that there is no frequency effect 

However, the physics of the cavitation process implies that a frequency effect should be 

expected for systems undergoing cavitation at constant power and temperature. 

On passage of ultrasonic waves through a liquid medium, the liquid is exposed to 

alternating compression and rarefaction c\cles. During the rarefaction cycle, a void is 

formed containing the liquid vapor, dissolved gases and volatile solutes. During the 

compression cycle, the cavity is compressed resulting in high temperatures and pressures 

within the bubble 

Three sites for chemical reactions exist during a cavitational event They are the 

gas phase at the center of the collapsing cavity, the interfacial region - a thin shell of 

superheated liquid surrounding the vapor phase, and the bulk liquid solution. 

Chemical reactions are initiated principally bv pyrolysis within the gas phase or at 

the bubble interface and bv the attack of free radicals (also generated in the gas phase) at 

the interface or in the cool bulk solution. The frequenc\ of the irradiating uhrasound will 

effect the physical properties of the collapsing bubbles, and hence the chemistry that 

occurs thereafter. 

An ultrasonic generator capable of operating at a range of frequencies from 20 

kHz to 500 kHz has been built and used to investigate the effect of ultrasonic frequency 

at constant power, on three different aqueous chemical systems, these include potassium 

iodide oxidation, Rhodamine 6G (a laser dye. named also as Rh-590 in some catalogs) 

degradation and Alachlor (a herbicide) degradation in aqueous media. 

These three systems were chosen because it was belie\ ed that their chemical 

interactions occur in three reaction zones of the cavitation bubble, depending upon the 

substance. 
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CHAPTER I 

INTRODUCTION AND BACKGROUND 

The effect the frequency of ultrasound wields on chemical systems has been widely 

ignored. This may be due, in part, to the difficulty in obtaining commercial ultrasonic 

transducer systems of frequencies other than 20 kHz or 50 kHz and to the belief that there 

is no frequency effect. One leading researcher and pioneer in the field has stated that the 

"frequency of the sound field is almost irrelevant to most sonochemistry."* However, the 

physics of the cavitation process suggests that a frequency effect should be expected for 

systems undergoing cavitation at constant power and temperature. 

The phenomena of cavitation results from the interaction of sound waves in a 

liquid.'̂  The appUcation of sound waves to chemical systems has been known since the 

early 20th century.^ It was not, however, until the 1950's that the foundation for modem 

theories was formed.'*' ^ These theories were further examined and modified in the 

1980's. '̂ '̂ * Most of these research works deal with ultrasound at frequencies of 20 kHz 

(using a horn sonicator) and 40-50 kFIz (cleaning bath). 

On passage of ultrasonic waves through a liquid medium, the liquid is exposed to 

alternating compression and rarefaction (expansion) cycles. If the amplitude of the 

acoustic wave is large enough, a void is formed during the rarefaction cycle containing the 

liquid vapor, dissolved gases and volatile solutes. During the compression cycle, the 

cavity is compressed rapidly, resulting in high temperatures and pressures within the 

bubble. 

During a cavitational event, three regions have been defined in which chemical 

reactions can take place.^ They are the gas phase, the interfacial region - a thin shell of 

superheated liquid surrounding the vapor phase, and the bulk liquid. Chemical reactions 

are initiated by pyrolysis within the gas phase or at the bubble interface and by the attack 

of free radicals (also generated in the gas phase) at the interface or in the cool bulk 

solution. Depending on its chemical properties, a molecule can react in both the gas and 
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interfacial liquid regions. The frequency of the irradiating ultrasound has been predicted 

to affect the size, the temperature, and the pressure achie\ ed. as well as the collapse time 

of the bubble.'° In the context of these changes within the collapsing bubble, variations 

of the chemistr) therein are to be expected. 

In light of these considerations, it is important to design a set of sonochemical 

experiments with frequenc> as the only variable. This requires that conditions are such 

that the absorbed acoustic power and temperature of the s\stem remain constant, while 

\ar\ing only the frequency of the acoustic wa\e. 

An ultrasonic generator capable of operating at a range of frequencies from 20 

kHz to 500 kHz has been built and used to investigate the effect of ultrasonic frequency at 

constant power, on three different aqueous chemical s\ stems. These include potassium 

iodide oxidation, Rhodamme 6G (a laser d> e, named also as Rh-590 in some catalogs) 

degradation and Alachlor (a herbicide) degradation in aqueous media. 

These three s\ stems were chosen because it was belie\ ed that their chemical 

interactions occurred in three different reaction zones of the ca\ itation site, depending 

upon the substance. Potassium iodide is an electrolyie and is relati\ eh non-\ olatile and 

w ôuld therefore be expected to reside in the bulk solution . Rhodamine 6G is also a non

volatile electrohte, containing hydrophobic components, thus possibh being found in the 

bulk solution and at the interfacial region. Alachlor is expected to be concentrated more 

towards the interfacial region because it is relati\ eh non-\ olatile and is quite 

hydrophobic, being only slighth soluble in water. 

In order to understand the frequenc} effect that occurs \\ ithin these s\ stems, it is 

important that the ph\sics of the interaction of ultrasound with a liquid medium be 

understood. For it is this interaction which gi\ es rise to the phenomena known as 

ca\ itation upon which sonochemistry and the frequency effect are rooted. 

? 
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1.1 Ultrasound and Cavitation 

A sound wave is a periodic pressure \va\ e tra\ eling through a medium with 

amplitude P at am- point in time t as described by equation 1 1, \\ here P ̂  is the maximum 

pressure amplitude, and f is the frequency 

P = P.., sin (27C-f t) (11) 

The wavelength X of the \va\ e is determined by both the velocity c, through the 

medium and the frequency f, of the sound wave as given by equation 1.2. 

>.=c/f (1-) 

An acoustic wave will therefore introduce to the medium periodic regions of 

increased pressure (Po+P J and lowered pressure (Po-P^ from the hydrostatic pressure 

Po as seen in Figure 1.1. An acoustic w ave moving through a liquid medium with large 

enough amplitude P^ can overcome the surface tension of the liquid and cause cavities to 

form within the liquid. In order to overcome the surface tension of the hquid. the pressure 

acting on the liquid must be at least ~2o/d, were d is the distance between the molecules 

and o is the surface tension of the Uquid. Assuming that d for water is 2 x 10"̂ ° m. the 

pressure required to overcome the surface tension of water would be on the order of 

10,000 atmospheres! In reality howe\ er, water requires much lower pressures due to the 

presence of micro particles, dissolved gases, and other impurities found in solution, which 

weaken its surface tension. ̂ ^ 

Once the tensile strength of the liquid is overcome, the cavities are filled with 

dissolved gases and \ apors from the liquid medium. The formation and collapse of these 

caMties gi\ es rise to the phenomena known as cavitation. 

The net negati\ e pressure of the rarefaction c\cle P^^ is equal to the difference 

between the negati\ e maximum pressure amplitude P^ and the h\ drostatic pressure P„, as 

shown in Equation 1.3. 

ate«(i(i>i 



Acoustic Wave 

Liquid 
Medium 

P A -

P A + 

P A -

Ultrasonic 
Generator 

PA + PA 

Figure 1.1 .-\n acoustic wave moving through a medium creates zones of higher pressure 
(P^") and lower pressure (P^- Interspaced between these zones are nodes, where the 
pressure remains the same as before the interaction with the wa\e. The total pressure for 
each zone is P^ ^ PA for a compression zone and P̂  - P^ for the rarefaction zone, where 
Po is the hydrostatic pressure. 
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p = p - p 
rare * A ^ o 

(1.3) 

When P̂ are is greater than or equal to the necessary amplitude for overcoming the 

surface tension of the liquid medium Pthresh» cavitation can occur. 

Pthresh can be calculated by 

thresh P . 8 ^ o 9 

^ 

3o 

2(P +2—)R^ 

(1.4) 

R 
B 

B 

where a is the surface tension and Rg is the critical radius of the cavity. The derivation 

of this equation neglects inertial and viscous effects and assumes that gas diffiision occurs 

slowly compared to mechanical bubble formation.'^ 

The necessary Pthresh for water can be calculated by considering the minimum 

value of external pressure (P^ - PQ) required for bubble growth from an infinitesmal 

bubble. This minimum value of external pressure (P^- PQ) is known as the Blake 

threshold pressure, and shall be noted henceforth as Pg A plot of Pg as a function of the 

bubble radius, which is the critical radius from equation 1.4, is shown in Figure 1.2 for 

water at 0°C (the surface tension is 75.7 x 10"̂  N-m"'). A consequence of the graph is that 

the cavitation threshold will increase with increasing oscillation frequency. As will be 

discussed later, the resonance size of the bubble is inversely proportional to the 

irradiating frequency passing though the liquid medium. 

Two types of acoustic cavitation that have been defined are stable and transient.'" 

Stable cavititation is a phenomenon where gas bubbles oscillate many times around their 

equilibrium radius by low acoustic pressure. Transient cavities on the other hand, display 

much larger variations in their size from the equilibrium radius and undergo a violent 

collapse within a few acoustic cycles. 
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Figure 1.2 The Blake threshold pressure for formation of cavitation bubbles of various 
radii plotted using equation 1.4. 
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There is no \\ell-defined transition between these two processes The ca\itation 

may begin in the solution as stable, but as the bubbles reach resonance size, it becomes 

transient .AJternatively. a bubble undergoing transient ca\ itation may. through an increase 

in concentration of a volatile solvent within the bubble, undergo stable cavitation. Stable 

ca\itation is believed to be more predominant at higher frequencies.*"̂  Calculations of 

bubble's motion as a fianction of frequency indicate that at high sonication frequencies the 

bubble collapse is incomplete before rarefaction begins This results in a possible 

dampening of the bubble" s collapse 

1.2 Cavitation as a Means of Energy Concentration 

The collapse of the ca\ ity performs work and concentrates enormous amounts of 

energy at a small volume. There are tw o theories that attempt to describe this process 

The "hot spof or thermal*^ theor>', originally developed by Blake, Xoltink, and Neppiras. 

is generally considered by many to correctly describe this process, although the "electrical 

discharge" theor\ is favored by many in Europe, with its main proponent being Marguli* 16 

The hot spot theor}' predicts that the collapse of the bubble will be resisted b\ the gas 

inside the bubble, consisting of the \apor of the solvent and whate\ er gas may reside in the 

liquid medium The gas inside the bubble will be compressed so rapidly that heat is not 

transferred out of the bubble and hence the collapse is adiabatic. The temperature and 

pressure inside the bubble during this collapse w ill increase tremendously 

Rayleigh was the first who described quantativeh the process of bubble collapse by 

assuming that a spherical bubble is suddenl\ annihilated from an infinite mass of 

incompressible and homogeneous fluid.* In this model assuming the formation of a 

vacuum within the bubble, the bubble"s radius will collapse down to zero, gi\ing rise to a 

singularity In fact, a near xacuum hardly exists for a relati\ely long time and the pressure 

inside the \oid is rapidly built up to several dozen torr in the process of the fluid's 

e\aporation inside the bubble and from the diffusion of dissolved gasses. The presence of 

this residual pressure p, in the bubble at the maximum radius R̂ ^̂  eliminates the singularity 

.-.s;^.<S>iaaBK 
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in the Rayleigh model and makes it possible to estimate the temperature of a gas inside the 

bubble during collapse. The model of collapse** usually does not take into consideration 

the surface tension (a good approximation for bubbles with radius r of more than I micron 

because 2o / r is negligible) and assumes that the compression is adiabatic. The model 

gives the maximum pressure P ,̂̂  and temperature T̂  reached by the gas in the bubble 

when the radius rapidly drops from R,^ to R ^ in expressions 1.5 and 1.6; *̂  

Tf = T.(R^3,/R_y<^-*> (15) 

Pmax=P. [P(y-i)/p.]^^^-^^ (1-6) 

Here T̂  is the temperature of the gas before collapse, P is the external pressure in the 

liquid (a sum of hydrostatic and acoustic pressures), and Pj is the initial pressure of the 

non-condensable gas (in the absence of dissolved gasses, pj may be estimated as the 

equilibrium \apor pressure at TJ inside the bubble of radius R^^. 

From expression 1.5 one can see that by changing the gas dissolved in the liquid 

medium it is possible to affect the maximum temperature reached inside the collapsing 

bubble by choosing gases w ith different polytropic ratios y =Cp/Cv For a monatomic gas 

with a polytropic ratio of 1.67, T,=300 K and P/pi =15, the final collapse temperature is 

calculated using equation 1.5 to be 1350 K. Suslick has measured this temperature to be 

5200 K with pressures of hundreds of atmospheres.̂ *^ On the contrary, Putterman has 

estimated a lower limit of the temperatures to be on the order of 72,000 K for a bubble 

undergoing stable ca\itation, based on single bubble sonoluminescence (SBSL) spectra.̂ * 

The electrical discharge theory centers around the fact that a bubble possesses a 

negative charge." The collapse of this charged sphere is belie\ ed to result in the 

formation of high electric fields within the bubble. The potential gradient has been 

calculated to be as high as 7x10' Vm* ^̂  

Regardless of the mechanism, the energy released into a gas during the last stage 

of the bubble's collapse is the source of the chemical action of ultrasound. The principal 

objective of sonochemistry is to study this chemical action. 

8 

file:///apor


mt 

1.3 Sonochemistry 

Sonochemistr\', as mentioned above, results from reactions of molecules subject 

to the severe conditions of high temperatures, pressures and electric fields at the reaction 

site. The model of a collapsing bubble contains three regions of importance. These 

regions are depicted in Figure 1.3 and include: (I) the gaseous region, made up of the 

dissolved gas in the medium, the \ apors of the liquid medium and the \ apors of an\ 

dissolved solute. (II) the liquid interface region consisting of the liquid at the interface of 

the bubble between the gas region and the bulk liquid, and (III) the surrounding bulk 

liquid of the solution. The collapse of the bubble rapidh releases a large amount of 

energy that is concentrated at the bubble's gaseous region. 

Suslick investigated the processes in the gaseous region (I) b>' measuring the rate 

of ligand substitution for volatile metal carbonyls.'^ The overall s\stem \apor pressure 

was kept constant and onl} the vapor pressure of the metal carbon\'l was varied. This will 

cause the concentration of the metal carbonyl to increase linearh w ithin the gas-phase 

cavity. If the reaction region is gas phase only, the plot of the reaction rate coefficient 

versus the metal carbonyl \apor pressure will be linear with a zero intercept. If the 

reaction region is in the bulk liquid only, then the plot will ha\ e a non-zero intercept with 

a zero slope. The first order rate constants were found to depend linearh on \'apor 

pressure of the metal carboml complex, with a non-zero intercept. By Henry's law this 

corresponds to a linear dependence on the amount of iron carbonyl in the gaseous region 

(I). The non-zero intercept is indicati\e of a reaction site in addition to the gaseous 

region (I). From this data, the temperature and zone thickness for region (I) were 

calculated for a bubble of radius 150 |im using comparati\e rate thermometry. The 

temperature in region (I) was estimated to be 5200 K. The temperature in the interfacial 

region (II) was estimated to be 1600 K, with a thickness of the interfacial region (II) to be 

200 nm. Sonochemistr\' invoh es the reactions of the molecules in the gaseous region (I) 

and most likeh those in the interfacial region (II) under se\ere conditions of high 

temperatures, pressures and electric fields. 

file:///apor
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IL Liquid Interface 

150 ^m —71 

m. Bulk Liquid 

I. Gaseous Region ^ 2 0 0 nm 

Figure 1.3 Model for the cavitation bubble depicting the three regions of the bubble. (I) 
Gaseous Region consisting of the vapors of the liquid medium and of any dissolved gases 
and solute, (II) the liquid interface region and (III) the bulk liquid region of the solution. 
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1.4 Aqueous Sonochemistry 

When the medium is water, the gaseous region (I) consists of water molecules and 

whatever gas and volatile solutes are dissolved in the solution. The sonication of water 

produces hydrogen peroxide.^^ In the presence of oxygen the rate of hydrogen peroxide 

formation is increased. A reasonable model would seem to involve the formation of 

hydrogen and hydroxyl radicals. Indeed, Riez et al. have detected hydroxyl radical and 

hydrogen atom adducts in ESR spin trapping experiments.^^ Aqueous sonochemistry 

results from two sources: (1) the degradation of the solute within the cavitation bubble b\ 

direct thermal action, and (2) the reaction of dissolved solute with hydrogen. hydrox\ 1 

and other free radicals produced from the water vapor and dissolved gasses. 

1.4.1 Direct Thermal Action in the Cavitation Bubble 

The thermal mode of degradation within the bubble has been investigated using a 

sodium acetate system.̂ ^ Products from acetate degradation by free radicals were 

detected along with thermal degradation products. As the acetate concentration was 

increased, products found only from thermal degradation (carbon monoxide and 

methane) were found to increase. 

1.4.2 Interfacial Reaction 

Between the high temperatures and pressures of the gaseous hot region and the 

cool bulk solution, there should be large temperature and pressure gradients in the 

interfacial region. The nature of this medium is unknown, but may be of low polarity for 

reasons discussed below, thus allowing hydrophobic solutes to accumulate readily.̂ ^ 

Henglein et al. have examined the inhibition of hydrogen peroxide formation as a 

function of the hydrophobicity of the scavenger molecule. ̂ ^ The amount of scavenger 

required to reduce the rate of hydrogen peroxide formation by one half, as opposed to the 

rate in the presence of no scavenger, was found to depend on the hydrophobicity of the 

hydroxyl radical scavenger. The quenching rate was found to increase with increasing 

hydrophobicity and was independent of the vapor pressure of the scavenger. This effect 
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is believed to occur because the increase in hydrophobicit\ results in a stronger tendency 

of the scavenger molecules to be accumulated at the bubble interfacial region, where the\ 

can more readil> react w ith the free radicals. 

E\idence of the possibility that the interfacial region may consist of supercritical 

water has been obtained from investigation of the ultrasonic hydrolysis of p-nitrophenyl 

acetate.^° The rate of p-nitrophen} 1 acetate degradation under ambient conditions (no 

ultrasound) is dependent upon pH and should not invoh e the hyrox\ 1 radical. The 

ultrasonic decomposition rate at 20 kHz was found to be independent of pH and ionic 

strength. The rate of ultrasonic hydrolysis is dependent on the thermal conducti\ity of the 

saturating gas and upon the co-dissohed methanol concentration. The thermal 

decomposition products include nitrate (NO3') and nitrite (NO.')-

1.5 Variable Frequency Sonochemistry 

The effect of increasing the irradiation frequenc> on ca\ itational e\'ents has 

alread) been shown to increase the cavitation threshold. Additional effects are predicted 

as follows: (1) there will be more e\ents per time (an event being the collapse of a 

bubble), (2) cavitating bubbles will be smaller in size, and (3) the temperatures and 

pressures w ithin the bubbles w ill be lower. These are discussed below. 

1.5.1 More events per time 

At low frequencies, bubble collapse has been found both experimentalh and 

theoretically to be in synchronization with the irradiating frequenc} .̂ * Models of resonant 

bubbles at higher frequencies show that the collapse is out of phase with the irradiating 

ultrasonic wave. At 20 kHz, 20,000 implosions per second could occur, assuming one 

cycle per collapse. Whereas at 300 kHz. assuming three cycles for one collapse, 100,000 

ca\ itation events per second would transpire. 
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1.5.2 Size of the cavitating bubble 

The frequency f and bubble radius R are related by equation 1.7.̂ ^ 

f-
3Y^ 2a 1 

^ «[l+_f^(l-_L)] I-KR \ p R-P^ 3Y 
(1.7) 

where y is the polytropic ratio, p is the density of the liquid medium and P̂ , is the 

hydrostatic pressure. Figure 1.4 shows the resonant frequency as a function of the bubble 

radius. 

The resonant frequency of the bubble is seen to increase sharply as the radius of 

the bubble decreases. The result is a large differential in size of the bubbles undergoing 

cavitation at high frequencies as compared to those at low frequencies. When water is 

sonicated at 20 kHz, the size of the bubbles undergoing cavitation are 164 |am, whereas 

the cavitating bubbles are of radius 11 pm at 300 kHz. Table 1.1 shows the calculated 

bubble size for various irradiation frequencies. 

Table 1.1 Resonance frequency of air bubbles 
having different radii in water at 0 °C. 

Frequency (kHz) 

20 

176 

300 

446 

Bubble Radius (pm) 

164 

19 

11 

7.5 
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Figure 1.4 The resonance frequency of aqueous air bubbles as a function of radius size. 
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1.5.3 The Influence of Bubble Size on the Maximum 
Temperature Achieved Within the Collapsing Bubble 

The size of the bubble will affect the final temperature achieved the instant after 

collapse and the rate of cooling by the bulk solution. When comparing bubbles of 

different resonant radii, smaller bubbles are expected to have a smaller R̂ âx./Rmm ratio and 

thus lower collapse temperatures T̂  as seen from Equation (1.6). When comparing the 

collapse of bubbles with radii of 160 pm and 11 pm, if it is assumed that both bubbles 

collapse to the same R ^ of 5 pm, then the final temperatures Tf would be 3 x lO^K and 

2 X lO^K for a Tj of 300K. The collapsed bubble having a certain R,^ will rapidly lose 

heat to the bulk solution according to 

dT X 
dt cpV 

SVT (1.8) 

Here, T is the temperature, t is time, x is the specific thermal conductivity, c is the specific 

heat capacity, V is the volume of the bubble, S is the bubble's surface area and VT is the 

temperature gradient on the surface of the bubble. The ratio S/V is proportional to 1/Rnun 

where Rj^ is the bubble's radius. In the final stage of collapse the temperature gradient 

VT can be estimated to be equal to T/2 R^ .̂ Formula (1.8) can be used to obtain an 

expression for the rate of heat exchange 5T/3t at the moment when the bubble reaches its 

minimum radius. 

dT X Ti 1 

dt ^9 R 
(1.9) 

min 

Suppose one and the same temperature 1^ =5000K (Ti=300K) has been reached 

during collapse of the bubbles with initial radii 160 micron and 11 micron for acoustic 

frequencies f=20 kHz and f=300 kFIz, correspondingly (Y=5/3). The values for R ^ can 

be calculated as shown in Table 1.2 
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Table 1.2 R ,̂„ and R̂ ^̂  for different size 
bubbles achieving the same final temperature Tf. 

f(kHz) 

20 

300 

446 

RmmCl̂ ni) 

40.2 

2.5 

1.9 

K.J^^) 
164 

11 

7.5 

From Equation 1.9 above, one can see that as the minimum radius decreases from 

40.2 to 2.4 microns, the relative rate of heat exchange 6T/6t increases by a factor of 281. 

The difference in temperatures may result in different pathways for the formation 

of free radicals, resulting in higher rates of free radical formation. Indeed, studies of 

sonoluminescence spectra, hydrogen peroxide formation and iodide oxidation rates in 

aqueous solutions at different sonication frequencies support this hypothesis." 

The sonoluminescence emission spectra of aqueous argon saturated solutions have 

been examined at minimum possible powers required to observe sonoluminesence, from 

16 kHz to 1.1 MHz.̂ "* Low frequencies, i.e., 22 kHz, show a sharp peak at 310 nm that 

has been attributed to emission from excited OH** (̂ S*) to OH* (̂ TT) that is formed from 

excited water HjO*. 

As the frequency of irradiation is increased, the emission spectra become more 

diffuse or broadened, with the ratio of the OH** peak area (310 nm) to the area of the 

total spectrum decreasing. The sonoluminescence intensity was also found be greatest at 

337 kHz, even though the acoustic power was much lower at this frequency. The rate of 

hydrogen peroxide production was also found to increase as the frequency increased, with 

a maximum at 337 kHz. The much higher rates of peroxide formations at higher 

frequencies as compared to 22 kHz are indicative of higher rates of free radical formation. 

The source of the spectral broadening is assigned to the radiative recombination of 

free radicals in the ground state at the lower temperatures within the collapsing bubble. 
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At lower frequencies, the free radicals are believed to be produced from the excited OH-*, 

which is produced from an excited water pathway. At higher frequencies, and therefore 

lower temperatures within the bubble, more ground state free radicals are to formed 

through a thermal pathway. 

The increase in available free radicals of aqueous solutions at high frequencies (as 

opposed to low frequencies), has been corroborated, albeit with a contradicting 

explanation for the effect, by Petrier et al^^ The sonication of aqueous solutions resulted 

in an acceleration in the rate of hydrogen peroxide formation and iodide oxidation at 514 

kHz as compared to 20 kHz in both oxygen and argon saturated solutions. However, at 

514 kHz the presence of oxygen resulted in a faster oxidation rate, as compared to argon, 

while argon produced the faster rate at 20 kHz as compared to oxygen. Spin trapping 

experiments indicated that the rate of formation of free radicals is increased at 514 kHz in 

the presence of oxygen. The results showed that more oxygen is formed for argon 

saturated solutions at 20 kHz, as compared to 514 kHz. This may be due to the 

recombination of free radicals by pathways similar to those found in flame chemistry. The 

higher formation rates are thought to be due to shorter collapse times at 514 kHz resulting 

in shorter time for free radical recombination as compared to the situation at 20 kHz, 

where longer collapse times occur. The increased rate of I3" production in the presence of 

oxygen was thought to be due to the increase in the OH* production by eliminating the 

recombination reaction of OH* with H* 

This explanation is in contradiction to the sonoluminescence data, which seems to 

indicate that more free radicals are recombining at the higher insonation frequencies. Both 

experiments indicate an increase in products similar to flame chemistry at 20 kHz, lending 

credence to the possibility of higher temperatures at 20 kHz, resulting in the formation of 

excited water (H2O*). Because this excited water is subject to many de-excitation 

pathways before producing free OH radicals in the ground state, one would expect that 

fewer OH radicals would be produced through this route High frequencies would 

therefore be expected to result in a faster free radical production rate due to the increased 
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number of cavitational e\ents occurring and to the lower temperatures achie\ed within the 

collapsing bubble. 

From the scant amount of literature published to date, it can be seen that there is 

no consistent model that attempts to explain variable frequency sonchemistry' 

Furthermore, as noted above, there are no commercially available systems that are capable 

of generating ultrasound over a wide range of frequencies and transmitting it into a liquid 

at constant power and temperature. These are very- necessar\ experimental requirements 

for constructing such a model. 

1.6 Statement of Research Problem 

The purpose of this research is to construct an instrument capable of producing 

ultrasound in a hquid over a range of frequencies (20 - 500 kHz) at constant power and 

temperature. The instrument will then be used to determine if a frequency effect on 

sonochemical reacti\ity does indeed occur. This will be accomplished by observing the 

changes in the sonochemical reactivity of three different chemical systems (potassium 

iodide, Rhodamine 6G and Alachlor), with the frequency of the ultrasound being the only 

\ariable (temperature and power constant). 

The regions of the collapsed bubble in which .\lachlor reacts will be investigated 

by use of known radical scavengers. .A. more complete model of the chemical reaction 

zones and the influence expended by the ultrasonic frequency will then be developed. 
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CHAPTER II 

INSTRUMENTATION AND METHODS 

2.1 Variable Frequency Sonicator 

All irradiations with ultrasound were performed using the Variable Frequency 

Sonicator developed and built by the author. Design and construction are presented in 

chapter three. Calibrations for constant power were carried out according to chapter 

three. 

2.2 Potassium Iodide Oxidation Studies 

Potassium Iodide (KI) solutions were made by dissolving the appropriate mass of 

potassium iodide in a 100.0 ml volumetric flask and filling it with distilled water. KI 

(99.9 %) was purchased from EM Science, a division of EM Industries, Inc., 480 

Democrat Rd., Gibbstown, NJ 08027. All solutions were allowed to sit overnight before 

use. 

In a typical experiment, 10.0 ml of KI solution were added to the reaction cell 

with a volumetric pipet. The cell was sealed with a rubber septa. A cooling solution of 

water and ethylene glycol from the cooling bath was then flowed through the cooling 

jacket surrounding the cell. In all experiments the flow valve was opened to the 

maximum position and the temperature of the bath was 0.0 °C. The KI solution in the 

cell was allowed to equilibrate for at least 10 minutes before sonication commenced. 

When saturating the potassium iodide solution with a gas, the gas was bubbled through 

the solution for at least 15 minutes. The amplifier was then turned on and the voltage and 

load power were monitored with the oscilloscope and amplifier's power meter to ensure 

that the calibrated voltage values were used. The sonication time was monitored with a 

stopwatch. 
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2.2.1 13* analysis 

All sonicated solutions were analyzed for 13' by UV-Vis spectroscopy using a 

Shimadzu UV-265, or a Bausch & Lomb Spectronic 20. All absorbances were measured 

for m̂ax at 350.0 nm. The Beer-Lambert relationship was then used to calculate I3' 

concentrations using an extinction coefficient e of 2.6 x 10 ^ M* • cm"*.* 

I 

2.3 Rhodamine 6G Degradation Studies 

Rhodamine 6G (see Figure 2.1) solutions were made by dissolving the appropriate 

mass of Rhodamine 6G (Kodak 99.9 %, donated by the research group of Dr. Edward 

Quitevis at Texas Tech University), into 100.0 ml of distilled water in a volumetric flask. 

. ^ ^ 

or %X 

CH3CH2NH 

o 
II 

-C-OCH2CH3 

NHCH2CH3 

Rhodamine 6G C28H31CIN2O3 
479.01 g/mol 

Figure 2.1 Chemical structure of Rhodamine 6G. 
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In a typical experiment, 10.0 ml of Rhodamine 6G solution were added to the 

reaction cell with a volumetric pipet. The cell was sealed with a rubber septa. A cooling 

solution of water and ethylene glycol from the cooling bath was then flowed through the 

cooling jacket surrounding the cell. In all experiments the flow valve was opened to the 

maximum position and the temperature of the bath was 0.0 °C. The Rhodamine 6G 

solution in the cell was allowed to equilibrate for at least 10 minutes before sonication 

commenced. When saturating the rhodamine 6G solution with a gas, the gas was bubbled 

through the solution for at least 15 minutes. The amplifier was then turned on and the 

voltage and load power were monitored with the oscilloscope and amplifier's power 

meter to ensure that the calibrated voltage values were used. The sonication time was 

monitored with a stopwatch. 

2.3.1 Rhodamine 6G analysis 

All sonicated solutions were analyzed for Rhodamine 6G concentration by UV-

Vis spectroscopy using a Shimadzu UV-265 at 524 nm. The Beer-Lambert relationship 

was then used to calculate Rhodamine 6G concentrations using calibration curve 

generated from absorbance values of known concentrations. 

2.4 Alachlor Degradation Studies 

One hundred ppm Alachlor (see Figure 2.2) solutions were made by dissolving 

the appropriate mass (0.0100 grams) of Alachlor (Monsanto 99.9 %, graciously donated 

by Monsanto), into 100.0 ml of distilled water in a volumetric flask. Ultra High Purity 

(UHP) grade argon and nitrogen gases were used while oxygen was of industrial grade. 

In a typical experiment, 10.0 ml of Alachlor solution were added to the reaction 

cell with a volumetric pipet. The cell was sealed with a rubber septa. A cooling solution 

of water and ethylene glycol from the cooling bath was then flowed through the cooling 

jacket surrounding the cell. In all experiments the flow valve was opened to the 

maximum position and the temperature of the bath was 0.0 °C. 
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Alachlor CUH20CINO2 
269.77 g/mol 

0 

CH30CH2-|sg^CCH2CI 

% ^ 

Figure 2 2 Chemical structure of Alachlor. 

The Alachlor solution in the cell was allowed to equilibrate for at least 10 minutes 

before sonication commenced. When saturating the Alachlor solution with a gas, the gas 

was bubbled through the solution for at least 15 minutes The amplifier was then turned 

on and the voltage and load power were monitored with the oscilloscope and amplifier" s 

power meter to ensure that the calibrated voltage values were used. The sonication time 

was monitored with a stopwatch. 

One tenth ml aUquot were withdrawn from the cell using a disposable I.O mm 

syringe, equipped with a 5 " long needle, and analyzed for Alachlor and degradation 

products. The concentration-time relationship was plotted and fit to an exponential single 

phase equation using Graphpad Prism. 

2.4.1 Alachlor Analysis 

All sonicated solutions were analyzed for Alachlor concentrations and degradation 

products by Gas Chromatography. A typical procedure involved injecting 1.0 pL of the 

removed aliquot into a Hewlett-Packard 5880 Gas Chromatograph, equipped with a 

Flame Ionization Detector (FDD) and a reversed phase Supelco SPB-1, 30 m, 0.32 mm 

capillary column, with a 1.0 |im thin film. 
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GC parameters were as follows: 

Splitmode with Split Ratio ~1.0 

Column Head Pressure: 15.0 PSI 

Oven Temperature Initial Value: 100.0 °C 

Oven Temperature Initial Time: 3.00 minutes 

0\en Temperature Rate: 10.0 "X'min 

Oven Temperature Final: Value 220.0 'C 

0\en Temperature Initial Time: 3.00 minutes 

Oven Temperature Final Time: 12.00 minutes 

0 \ en Temperature Post Time: 2.00 minutes 

Detector Temperature: 250 °C 

Injection Temperature: 220 "C. 

2.4.2 GC- Mass Spectrometry Anahsis 

Ten ml samples were extracted with CHjCh (reagent grade: used without further 

purification) and e\aporated to dr\ness. The entire sample was then injected into the GC-

MS system by dissoh ing the sample into a few drops of CH2Ch. Mass spectral data were 

obtained using an HP Gas Chromatograph-Mass Spectrometn. S> stem 5988A with an 

SPB-5 column or a HP Gas Chromatograph-Mass Spectometry System 5995B with an 

HP cross linked methyl silicone capillary column (length=25 m, I.D.=0.31mm. 0.52 pm 

thin film coating). 

GC parameters were as follows: 

Splitless mode 

Colunm Head Pressure: 15.0 PSI 

0^ en Temperature Initial Value: 80.0 °C 

Oven Temperature Initial Time: 3.00 minutes 

Oven Temperature Rate: 2.0 "C/min 

Oven Temperature Final \'alue: 220.0 °C 

Oven Temperature Initial Time: 3.00 minutes 
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Oven Temperature Final Time: 20.00 minutes 

Oven Temperature Post Time: 2.00 minutes 

Detector Temperature: 250 °C 

Injection Temperature: 220 °C. 

2.4.3 NMR Analysis 

Alachlor and products were analyzed with a 200 MHZ and 300 MHZ 'PNMR in 

CDCI3. 

2.5 Hydroxyl Radical Scavenging Studies 

1-butanol was obtained from EM Science (Gibbstown . N.J.) at 99.4% purity and 

used without further purification. 
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CHAPTER III 

DESIGN AND CONSTRUCTION OF 

THE VARIABLE FREQUENCY SONICATOR SYSTEM 

3.1 Design and Construction of the Variable 
Frequency Sonicator System 

Because there are no commercially produced variable frequncy sonicator systems, 

it was necessary to design and build one from scratch. Important requirements for the 

system are that the system temperature be kept constant as well as the power, while 

generating and transmitting ultrasound over a wide range of frequencies (20-500 kHz) 

with sufficient amplitude to cause cavitation, into a liquid. 

The variable frequency sonicator system consists of the following components: (1) 

Function Generator, (2) RF amplifier, (3) Matching Transformer, (4) Ultrasonic 

Transducer, (5) Reaction Cell, (6) Cooling System, and (7) Oscilloscope. The system is 

schematically shown below in Figure 3.1. 

3.1.1 Function Generator 

The driving voltage is produced by an American Reliance Inc FG-506 ftinction 

generator (9952 E. Baldwin PI., El Monte, CA, 91731) The maximum amplitude of the 

output sine wave is 5 volts peak to peak with an output impedance of 50 ohms. The 

frequency of the sine wave ranges from 2 Hz to 6 MHz. The frequency is divided into 7 

different ranges: 2-20 Hz, 20-200Hz, 200-2 kHz, 2-20 kHz, 20-200 kHz, 0.20-2 MHz, 

and 2M-6 MHz. 

3 1.2 RF amplifier 

The signal from the Function Generator is not strong enough to drive the 

Uhrasonic transmitter and must be ampUfied by an RF amplifier. An ENI 1040 L 400 watt 

Power amplifier with an output impedance of 50 ohms (Division of Astec America Inc , 
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100 Highpower Rd., Rochester, NY 14623-3498) was used. The amplifier has a flat 

response over the frequency range of 10-500 kHz. 

Ultrasonic 
Transducer 

Cooling 
Bath 0°C 

Grounding Cable 

Matching 
Transformer 

AA/VW 

Function 
Generator 

Figure 3.1 Schematic Diagram of the Variable Frequency Sonicator System. 
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3.1.3 Matching Transformer 

The RF amplifier impedance (50 ohms) must be matched to ultrasonic transmitter 

(see below) for most efficient power transfer. This is accomplished by constructing a 

matching transformer that will match the 50 Ohm impedance of the amplifier to the 

impedance of the ultrasonic transmitter. The transformer is constructed as follows: 

1. Select a ferrite core that has the most linear response to the relative loss factor 

over the desired range of frequencies. A Type K or A material for frequencies above 

300 kHz was used and a type P material was employed for frequencies up to 300 kHz, 

(purchased from Magnetics; 900 E. Butler Rd.,P.O. Box 391, Butler, PA 16003). 

2. Select an appropriate size core and select the gap between two halves of the 

core. The main problem encountered with the transformers is heating of the core. The 

larger the core size, the better the conditions for heat dissipation. The heating of the core 

is due to losses of the EM field absorbed by ferrite material, which become large where 

the saturation of the magnetic field inside the ferrite is reached. The heating can be 

minimized by using a larger core and/or by gapping the two halves of the ferrite core by 

placing a non-ferrite spacer between the two core halves (gap). 

The gap was made to 0.007 inches by inserting two pieces of thick paper between 

the two ferrite core halves as shoyvn in Figure 3.2. 

3. Select the proper windings ratio a of the primary coil to the secondary coil. 

Equation 3.1 can be used for this purpose, where Ẑ  is the ultrasonic transmitter 

impedance and Z is the amplifier impedance. ' 

a=(Z7Z,)'' (3.1) 
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Figure 3.2 Ferrite pot core gapped to 0.007" 

However, the trial and error method was the best w a\ to match the ultrasonic 

transmitter impedance Ẑ  to that of the amplifier Zp (50 ohms). The matching can be 

done by varying the number of windings on the secondary and holding the number of 

primary turns constant. 

4. Attach the transformers into a metal box with the appropriate cooling system. 

The input and output are connected to the variable frequency sonicator system using 

insulated BNC connectors. The properties of the matching transformers are shown in 

Table 3.1. 
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Table 3.1 Physical parameters for the power mathing transformers. 

Transformer 

1 

2 

3 

4 

Material 

(Magnetics 

Corp.) 

Large torroid 

P 

P 

A 

Frequency 

(KHz) 

20-80 

80-200 

200-300 

300-500 

Core 

dimensions 

O.D/I.D/Th. 

(mm) 

70/30/50 

36/14.5 

36/14.5 

25/10 

Np 

Number of 

primary 

tums 

6 

5 

5 

5 

Ns 

Number of 

secondary 

tums 

60 

28 

23 

23 

3 • 1.4 Ultrasonic Transducer " 

Ultrasonic acoustic waves are generated by vibrating a XI2 resonator at one of the 

harmonic frequencies. The two major components of the ultrasonic transducer are the 

piezoelectric ceramic (the vibrator) and the sandwiching metal endpieces. Together these 

make up a XI2 resonator. Selection of proper material for these components is essential. 

The piezoelectric ceramic^ exhibits mechanical deformation when subjected to an 

electric field. An altemating electric field will cause a piezoelectric ceramic to oscillate 

at the frequency of the field, producing compressions and decompressions. 

Important physical properties for a piezoelectric ceramic used as a driver for high 

amplitude oscillations are (1) A high Curie temperature, (2) a low dissipation factor, and 

(3) a high "d" constant. The Curie temperature is the temperature at which the dielectric 

constant peaks and the ceramic is no longer piezoelectric (all polarization disappears). 

The dissipation factor is a measure of the dielectric loss in the material. Low losses resuh 

in less heating of the ceramic, thus prolonging its lifetime of operation. The "d" constant 

is the ratio of the mechanical strain produced from an applied electromagnetic field. 
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The greatest efficiency for conversion of electrical to mechanical energy occurs 

when the ceramic is driven at its resonance frequency. In order to drive a ceramic at a 

resonance frequency of 20 kHz, the ceramic would need to be 10 cm in length. Besides 

bemg expensive, if the ceramic were 0.75" in diameter, it would have a mass on the order 

200 grams. Moreover, it would not be able to withstand the high temperatures and 

stresses required to produce cavitation. These difficulties are easily overcome if the 

ceramic is clamped between two metal endpieces, forming a ceramic "sandwich" 

transducer. This resufts in a resonator consisting mainly of a metal composition. This 

design is widely used in the construction of ultrasonic resonators used as receivers and for 

those used as transmitters.^ 

The metal endpieces of the sandwich are shown in A and E in Figure 3.3. Low 

intemal damping and high particle velocity are two important parameters when designing 

a resonator with large amplitude vibrations. The particle velocity is proportional to 

strain, S^ (determined by the fatigue strength) and velocity of sound, c, in the metal. 

Metals with low damping that have high values of Ŝ , and c are titanium alloys ^ where 

the factor Ŝ ĉ is about 3200 cm sec* and aluminum 7075 T6 with Ŝ ĉ about 1300 cm 

sec'. We chose aluminum 7075 T6 because of its machinability and availability 

(aluminum materials were donated by the Mechanical Engineering Department Machine 

Shop at Texas Tech University). Properties of the ceramic and Al 7075 T6 are shovm in 

Table 3.2. 
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Figure 3.3 Assembly of Ultrasonic Transducer 

A. Back endpiece, O.D.=19.1 mm, (0.75"), 1=40.9 mm, Al 7075 T6 

B. Electrodes, O.D.=20 mm, 0.39 mm thick, soft annealed Copper. 

C Piezo-ceramic, 2 pieces, O.D.=19.1mm (.75"), I.D.=0.635 mm (.250"), 1=0.635 mm, 
stacked with positive polarity facing center. Sandwiching electrode B. PKI 402, 
purchased from Piezo Kinetics Inc., P.O. Box 756 Mill Rd. And Pine Street, Belfante, PA 
16823. 
D. Teflon Spacer, 1=12.4 mm, O.D=6 mm. 

E. Front piece with flange. L=67.70 mm, O.D=19 1 mm (.750"), Flange O.D.=37.35 
mm, 1 mm thick, Al 7075 T6, tapped for bolt F. 
F. PrestressBolt, 8-32,1=1.5" 
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Table 3.2 Physical Constants for Aluminum 7075 and PKI 402. 

Material 

PKI 402 
piezo-
ceramic 

Aluminum 
7075 T6 

Velocity of 
Sound (m/s) 

3162 

5040 

Density 
(Kg/m^) 

7.5x10' 

2.8x10' 

Youngs 
Modulus 
(N/m^) 

7.6x10'° 

7.1x10' 

Fatigue 
Strength 
(MPa) 

-

160 

The ultrasonic transducer is made by sandwiching two piezoelectric ceramic disks 

between two aluminum end pieces as shown in Figure 3.4. The two endpieces are bolted 

together to each side of the piezo-ceramic by means of an insulated boh. 

Ultrasound is generated by driving a XI2 resonator at its fundamental resonance 

frequency. The maximum particle velocity of this oscillator occurs at the transmitter 

ends. The node will be centered between two XI^ pieces. If the oscillator is of uniform 

size and material throughout, then the node will be found directly in the center as shown 

in Figure 3.3. This node can be shifted to the right or to the left by changing the material 

or the shape of a XI^ piece. 

The frequency of the system is determined by the length, mass and speed of sound 

of the aluminum and ceramic. The system was designed for frequency f = 20 KHz by 

calculating the length (expressed in meters) of the front piece E (see Figure 3.5) 

resonating at this frequency. This may be approximated by equation 3.2. 

1 (?t/4) = (c/4f) (3.2) 

where c is the velocity of sound in the material, f is the frequency in herz, and X is the 

wavelength of sound propagating through the material. 
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Particle 
Velocity 

Oscillator 

X/2 

Figure 3.4 An oscillator with first harmonic 

The back piece (A) and the two ceramic disks C are empirically modified so that 

together they are a XIA piece, as is also the front piece E. This was accomplished by 

making A and E larger than they needed to be, and cutting off 1.0 mm increments until 

the node was found to sit at the boundary between C and E. The node was detected b\ 

feeling for an absence of vibration using a thin glass pipet. The pipet easily gravitated to 

the point along the transmitter until it rested upon the nodal point. A new transducer, 

with the same dimensions giving the above results, was then fabricated, only this time a 

thin flange was made at the nodal point as shoyvn in Figure 3.5. The bottom part A of the 

ultrasonic transmitter with the length XIA is encased within an aluminum sleeve G (see 

Figure 3.6). 

37 

ilUMdta 



Particle 
Velocity 

+ 

0 

Flange 

Back 
Endpiece (A) 

Front Endpiece (E) 

X/4 

Ceramic (C) 

Figure 3.5 Ultrasonic Transmitter with a flange. Note that the particle 
velocity amplitude is at a minimum at the flange (nodal point). 

The sleeve G is threaded at the ends and at the center. The transmitter is 

buttressed against the sleeve with an 0-ring by means of a threaded front endcap H. The 

endcap has a center hole large enough to allow the front end E of the ultrasonic 

transmitter through. The bottom end of the sleeve is sealed off with an aluminum 

cylindrical cup I, which has a BNC connector J inserted through a center hole at the base. 

Two 0-rings seal the sleeve/cup interface and the BNC/cup interface. The BNC 

connector is also sealed with silicone rubber. The cup is pressed to the sleeve with a 

threaded aluminum bottom cap K. The cap has a hole that allows the BNC connector to 

protude at the base. The BNC live wire is soldered to the electrode sandwiched between 

the two positive faces of the two piezo-ceramics. The ground wire is connected to the 

electrode sandwiched between the endpiece A and the negafive face of the piezo-ceramic 

(C). 

For ease in repairing and disassembling the ultrasonic transmitter, a Teflon male-

female connector is placed between the live and ground wires. The sleeve is filled with 

castor oil. This serves both as an insulator and a coolant for the ultrasonic transmitter. 

The encased Ultrasonic Transmitter is shown in Figure 3.6. 
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Front Endpiece (E) 

Threaded Front Cap (H) 

Threaded Sleeve (G) 

Bottom Cup (I) 
Bottom Cap (J) 

BNC (J) 

Figure 3.6 Encased Sonicator. 
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3.1.5 Reaction rell 

In order to maximize the intensity of the acoustic waves entering the reaction cell, 

the cell is attached directly to the ultrasonic transducer. The reaction cell is fabricated by 

attaching a polished flat Pyrex thin disk to one end of a Pyrex tube. The cell length is 

3.990" with an O.D.=0.750" and an I.D.=0.645". The thickness of the bottom disk is -1.0 

mm. The cell is shown in Figure 3.7. 

l\ 

3.99" 

t 

0.750" 

1 mm 

Figure 3.7 Pyrex Sonochemical Reaction Cell 

The cell is attached to the tip of the frontend piece of the ultrasonic transmitter E 

with El-Cast Black epoxy, using hardener 4123 (both donated by United Resin Corp., 

2730-F S. Harbor Blvd, Santa Ana, CA 92704). A jig was machined that would allow the 

Pyrex cell and the ultrasonic transmitter to be pressed together until the epoxy hardened. 

The Ultrasonic transmitter and Cell are shown in Figure 3.8. 
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Reaction Cell 

Epoxy 

s~f~ 

Ultrasonic 
Transmitter 

Figure 3.8 Reaction Cell attached to the Ultrasonic 
Transmitter with epoxy 
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3.1.6 The Cooling System 

The solution undergoing cavitation and the ultrasonic transducer will heat up 

enormously for high powers and frequencies, ft is important then to cool the reaction cell 

and the transducer. The reaction cell and the ultrasonic transmitter are cooled by coolant 

flow from a thermostated bath into a threaded cooling jacket that screws onto the center 

of the sleeve G, thus immersing the reaction cell, castor oil and the XIA front end piece E. 

The plexiglass cooling jacket is fitted with an 0-ring at its base. In order to allow flow 

from a cooling bath to pass through the jacket, it is equipped with an inlet and an outlet at 

the base, and an outlet at the top. 

The jacket receives flow from a Fisher Scientific model 9510 digital cooling bath 

having an operating temperature range of-30.0 C to 100.0 C The jacket is shown in 

Figure 3.9. 

3.1.7 Oscilloscope 

Constant power is maintained by calibrating the driving voltage and load power at 

for each respective driving frequency. It is thus important to monitor the laod power and 

driving voltage throughout the course of an experiment. The load power is monitored 

from the power meter on the amplifier. The driving voltage is monitored by a LeCroy 

9310 Digital Storage Oscilloscope with a lOOX probe. The probe is attached to one end 

of the "T" on a BNC T-connector, with the other end going to the ultrasonic transmitter 

(see Figure 3.1). 
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A. Cooling Jacket B. Cooling Jacket 
and Ultrasonic Transmitter 

Figure 3.9 Cooling Jacket attached to the Ultrasonic Transmitter 
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3 2 Characterization of the Sonicator 

The Sonicator is characterized by determining the resonance points and the 

impedances at those points. It is only at these points that the ultrasonic transducer may be 

driven efficiently with enough vibrational amplitude to cause cavitation in the liquid 

medium. The impedance Z as a fianction of frequency is measured. The minimum value of 

electrical impedance corresponds closely with the mechanical resonance point. The 

minimum impedance points were then used to select the frequencies of operation and in 

designing the impedance matching transformers. Theoretically, it is possible to drive the 

PZT transducers at any frequency. Maximum amplitude and minimal resistance losses 

however, will occur at the points of minimum impedance for the system. From the graphs 

in Figures 3.10 and 3.11, the minimum impedance at ~ 20 kHz can be clearly seen, with a 

change in impedance from the minima to maxima of 21.5 Kohms indicating the designed 

resonance of the system. Other resonance points can be seen at 38 kHz, 150 kHz, 198 

kHz, 300 kFLz and 445 kHz. 

3.0x10°^ 

2.0x10°^-

E 

rsT 1.0x1004 

0.0x10-°° 
0 10 20 30 40 50 60 70 80 90 100 

Frequency (kHz) 

Figure 3.10 Impedance of the Ultrasonic Transmitter from 20 to 100 KHz. 
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Figure 3.11 Impedance of the Ultrasonic Transmitter from 100 to 500 KHz. 

3.3 Calibration of the Sonicator 

When investigating the frequency effects of ultrasound, it is important that the 

sonicator be calibrated to constant absorbed power P, where power P is the energy E 

absorbed into the system per unit time t, so that P = dE/dt. The intensity I of ultrasound 

is the amount of energy E (joule) per unit time t (second) passing through an area A ( m') 

or I = -dP/dA (Watt-m-2). 

Typically, the absorbed energy is proportional to the transmitted power. 

Therefore, one can estimate the absorbed power of a transmitted ultrasonic wave by 
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measuring the transmitted power. One approach for measuring the transmitted pow er P 

into a system is to map out the acoustic field. This is typically accomplished by building a 

3D map of intensity I throughout the reaction cell by measuring the amplitude p of the 

transmitted ultrasonic wave. 

The intensity I and amplitude/? of the transmitted acoustic wave are related 

through equation 3.4. 

l=p'lpc (3 4) 

where the acoustic impedance p-c is equal to the density p of the solution multiplied by 

the speed c of sound in the liquid. ^ This method of measuring power P is reliable when 

cavitation does not occur. 

In the case where cavitation occurs, the spatial distribution of power of the 

acoustic wave traveling through a liquid is affected by a number of factors. A certain 

amount of power P is absorbed by the liquid itself and transformed into heat, decreasing 

the amplitude p of the traveling waves. A certain amount of power is dissipated through 

cavitation, resulting in additional heating of the liquid and ftither attenuation of the 

amplitude of the traveling wave The amplitude, of the traveling wave decays also with 

distance as the emerging cavitation bubbles scatter the ultrasonic wave 

When measuring amplitude of a sound wave by means of a pressure transducer 

records the amplitude of the sound wave at a particular point. Thus, to get the above 

mentioned mapping one needs to measure the sound intensity over the entire volume. 

This is not possible to do because the sporadic cavitation produces an unstable picture of 

the sound intensity distribution. 

In the presence of cavitation, the amplitude is decreased due to absorption of 

sound, cavitation and scattering and in many cases it is impossible to distinguish these 

factors with a simple pressure transducer. Therefore, another means of calibrating the 

variable frequency sonicator must be used. 

one 
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3.3.1 Methods of Calibration for Constant Cavitation Intensity 

The chemical action of ultrasound is the resuh of cavitation. Therefore, 

measurements of the cavitation intensity would be a means for measuring the acoustic 

intensity. There are five methods for measuring the intensity of cavitation. 

3.3.1.1 Detection of Cavitation noise 

A noise from cavitating bubble stems from two processes. The first process is the 

collapse of the bubbles resulting in the formaton of Shockwaves. The second results from 

the excitation of nonlinear subharmonics of the ftindamental frequency that are emitted as 

the oscillating bubble undergoes violent vibrations. The Shockwaves formed from the 

bubble collapse are detected as white noise that appears on top of the impinging signal 

from the ultrasonic wave. The amplitude of the subharmonic and the white noise 

increase as a frmction of ultrasonic intensity.^' ̂  This noise is also an ultrasonic wave and 

can be scattered and reflected by interferring objects such as bubbles. The amplitude of 

the noise and subharmonics will increase with ultrasonic intensity until the increasing 

number of cavitation bubbles cause the acoustic amplitude to decrease due to scattering 

of the acoustic waves by the bubbles. 

3.3.1.2 Chemical Dosimeters 

This method relies on the production of an easily detectable product and assumes 

that chemical effects are dependent only upon the intensity of ultrasound and not the 

frequency. Three popular chemical dosimeters are (1) the potassium iodide ( KI) 

oxidation to I3, (2) the reducton of Frickes dosimeter Fê /̂Fê ^ with free radicals and (3) 

the specific trapping of hydroxyl radicals with teraphthalic acid.̂  

3.3.1.3 Erosion Measurements 

Cavitation at the surface of a metal results in pitting of the surface. Much effort 

and research has been focussed on elimination of this problem by mechanical engineers 

i.e. in hydraulic turbines.'° This corrosion of metal surfaces is used to quantify the 

47 



n 

intensity of cavitation in a system. Typically, aluminum foil" or a metal ingot is 

sonicated for a certain period of time. The amount of degradation of the metal surface is 

then characterized. This is done by measuring the mass loss or the degree of pitting by 

viewing the sonicated foil with a microscope. 

Besides the fact that the metal piece will significantly alter the sound field, this 

method does not directly measure the power entering the system and assumes that the 

pitting of the surface has no frequency effect. 

3.3.1.4 Sonoluminesence 

Sonoluminescence is the weak emission of light from a cavitating liquid. The 

mechanism for this phenomenon has not yet been elucidated, although two theories 

(thermal and electrical discharge) are lively debated.'- '̂  

The appearance of sonoluminescence occurs at the onset of cavitation and 

increases with the intensity of the acoustic power.'"* The measurement of 

sonoluminescence intensity is made wdth a photomultiplier and a monochromator. The 

reaction cell must be made of quartz because much of the sonoluminescence from typical 

solvents lies in the ultraviolet. The shape and intensit}' of the emission spectrum show a 

frequency and temperature dependence.'^ 

3.3.1.5 Calorimetric measurement 

When a liquid is irradiated with ultrasound, energy is dissipated because of the 

viscosity of the liquid. Power is also dissipated as cavitation bubbles are formed. These 

energy dispersion processes are expressed by releases of energy into the liquid, resuhing 

in heating of the liquid. 

The amoimt of energy (Q) can be approximated (assuming no heat loss from the 

system) by equation 3.5. where M is the mass of the water in grams, Cp is the heat 

capacity of water (4.184 J g'' °C'') and dT/dt is the rate of temperature (T) rise with time 

(t) at t=0. 
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Q=M-Cp-(dT/dt) (3.5) 

The major problem with this method is in measuring dT/dt under conditions other 

than when the reaction cell is controlled at room temperature. One must assume that an\ 

changes in temperature of the system will resuh in negligible effects on the intensity of the 

irradiating ultrasonic wave. This method '̂  was used to calibrate the variable frequency 

sonicator because off" its simpUcity and applicability to our system 

3.3.2 Variable Frequency Sonicator Calibration 

The reaction cell was filled with 10.0 ml of distilled water using a volumetric pipet. 

The liquid from an ethylene glycol/water bath, thermostatted to 18 °C, flowed across the 

base of the uhrasonic generator. A 6 inch long thermocouple probe (Omega, PO Box 

2721, Stamford, CT 06906 ) (Iron-Constantan) attached to a cold junction compensator 

was inserted 25.0 mm from the surface of the Uquid into the center of the cell. The 

temperature rise as a ftinction of time was measured with the thermocouple and acquired 

by a Phillips 2025 multimeter controlled interfaced to a Gateway 486 33 MHz PC with an 

RS 232 interface. The controller was a Quick basic program. The slope of the hne from 

t=0 was determined b> finding the best fit line using a linear least squares program of the 

first 50 seconds of acquisition. 

The amount of energy Q entering the system per unit time is related to the slope of 

the line dT/dt (°C/s) by equation 3 5. 

Q=M-Cp-dT/dt (3.5) 

where M is the mass of the water in grams and Cp is the heat capacity of water, 

4.184 J g'̂  C'\ The mass of the water was approximated as 10.0 grams. The heat losses 

from the cell to the surroundings were neglected,'"'as this rate is ver>- slow (on the order of 

I°C per 5 minutes). 

Each frequency was then calibrated for constant pow er by producing a number of 

heating curves at diff'erent input load powers and vohages. Examples for calibration of 

299.6 kHz and 446.4 kHz are shown in Figures 3.12 and 3 13 
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Figure 3.12 Example of a temperature curve used to calibrate 299.6 kHz. 
The data sets are the result of different load powers of the RF amplifier. 
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Figure 3.13 Example of a temperature curve used to calibrate 446.4 kHz. 
The data sets are the result of different load powers of the RF amplifier 
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Figure 3.14 Example of fitting the temperature curve to a line to calculate power. 
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Figure 3.15 Example of acoustic power for 299.6 and 446.4 kHz at 
load powers of 60 and 43 watts, respectively. The acoustic powers 
have been calculated to be 2.79 and 2 72 watts. respecti\ely 
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CHAPTER IV 

RESULTS 

Herein resuhs of experiments are reported which have been performed using the 

variable frequency sonicator. The variable frequency sonicator was first applied to a 

known system, potassium iodide oxidation to l{. The aqueous degradation of a common 

laser dye, Rhodamine 6G (Rh-590) has also been investigated. The application of variable 

frequency ultrasound for the removal of environmental contaminants was then examined 

with the aqueous degradation of a common herbicide, Alachlor. 

4.1 The Effect of Ultrasonic Irradiation Frequency 
on the Oxidation of Potassium Iodide 

Potassium iodide oxidation to l{ by ultrasound is one of the most common 

chemical dosimeters in use today. ̂  Potassium iodide (KI) is oxidized to I3 in air on the 

order of days and by HjOj on the order of hours. I" oxidation by H2O2 is, however, 

catalyzed by ammonium molybdate ((NH4)6 Mo7024- 4H2O) and this fact is often utilized 

in determining H2O2 concentrations as found in any basic analytical chemistry textbook. 

Upon irradiation with ultrasound the iodide anion (I") in aqueous potassium iodide 

solutions is oxidized to I3", with a zero order rate law with respect to I3" by Popa and 

lonescu.^ The oxidation agent has been determined (using 0H« scavengers) to be the 

hydroxyl free radical 0H», and not hydrogen peroxide (H2O2), which is also formed in 

sonicated aqueous solutions. 

4.1.1 Effects of Concentration and Frequency 

Before using potassium iodide as a dosimeter, it is important to choose an 

optimum concentration for the experiment. The effect of potassium iodide concentration 

in ambient air on the rate of I3 production has been studied at single frequencies b> several 

authors as seen below. The kinetics of the reaction were reported to be zeroth order with 

respect to I3' yield from 5 x 10 "' M to 1.75 M for each respecti\ e concentration in this 
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range at an insonation frequency of 1 MFIz.' The rate constant, howe\ er, was found to 

mcrease with increasing concentration. Sonication at 600 kHz over a wide range of 

concentrations (0.5 M to 6 M) resuhed in data which indicate that the rate of I3" formation 

will increase with concentration only at low concentrations ' The effects of frequency and 

concentration have not been investigated. 

As a first experiment with the variable frequency sonicator, 0.10 M and 1.0 M 

potassium iodide solutions were irradiated at two different frequencies, 20 kHz and 300 

kHz (see Table 4.1). For both frequencies the rate of I3' production appears to be linear 

with respect to time and is accelerated at 300 kHz. The resuhs are shown in table 4.1 and 

in Figure 4.1. 

Table 4.1 20 kHz and 300 kFIz sonicafion of 0.1 M 
and 1.0 M KI aqueous solutions. 

Frequency 

(kHz) 

20 kHz 

300 kHz 

KI 

concentration 

(M) 

0.10 

1.0 

0.10 

1.0 

rate of I3" 

formation 

(pM min."̂ ) 

5.56 ±0.96 

8.13 ±0.97 

1.02 ±0.077 

1.31 ±0.29 
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Time (min.) 
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(1.31 ±0.29) 
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^ ( 1 . 0 2 4 ±0.08) 

r 

Figure 4.1 Rates for I3" producfion at 20 kHz and 300 kHz in units of uMmin -1 
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4J_.2 Effect of Saturation Gases on the Oxidation Rate 

The effect of the saturafion gas on a cavitating bubble is twofold: (1) by changing 

the gas dissolved in the water, one can affect the temperature inside the collapsing bubble 

due to the change in polytropic ratio (y =Cp/Cv) and the thermal conductivity of the gas. 

and (2) the gas can also undergo chemical reacfions within the bubble. 

4.1 2.1 Thermal Effects 

The polytropic ratio defines the amount of heat released during an adiabatic 

compression as shown in Equation 4 3.̂  

Tf=T.[P(y-l)/pJ (4.3) 

here Tf is the final temperature within the gas after collapse, T,, the temperature of the 

gas before collapse, P, the extemal pressure (hydrostatic and acoustic) and p;, the initial 

pressure of non-condensible (ideal) gas inside the bubble. The thermal conductivity a of a 

gas defines how much heat is transported out of the bubble during its collapse. Selected 

physical properties of some relevant gases are shown in Table 4 2 

Table 4 2 Selected physical constants for some gases .̂  Here y= Cp/C\ 
is the polytropic ratio, p is the density and a is the thermal conductivity. 

Gas 

Air 

Argon 

Carbon dioxide 

Hydrogen 

Helium 

Nitrogen 

Oxygen 

P (Kg-L-^) 

1.293 

1.783 

1.977 

0.0899 

0.178 

1 251 

1.429 

^ / 

1.40 

1.667 

1.40 

1.40 

1.667 

1.40 

1 40 

C3(cal-sec"'-cm"'- °CxlO"^) 

58.3 

40.9 

35.62 

417.39 

343.42 

58.27 

59.43 
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Aqueous solutions saturated with argon will undergo the following reactions: 

H2O ^ H- + -OH (3a) 

H2O ^ H,0* 

2 H- ^ H. 

(3b) 

(3c) 

H.O* ^ OH* + H» (3d) 

OH* ^ -OH + hv (3e). 

Hydrogen peroxide may be formed by recombinafion of hydroxyl radicals as seen in 

reaction 3f 

2-OH ^ HOOH (3f). 

4.1.2.2 Gas as a Reactant 

Because the saturating gas in the liquid is the main species present in the center of 

the collapsing bubble, diatomic gases such as oxygen and nitrogen react with the free 

radicals that form. In the case where the liquid medium is water, oxygen forms singlet 

oxygen 0» (reaction 3h) and also reacts with the hydrogen free radicals to form HOO« 

(reaction 3 k). 

H.O^H- + -OH 

O. ^0« + «0 

2 H - ^ H . 

(3g) 

(3h) 

(3i) 

O* + H20^ 20H- (3j) 

H« + O2 ^HOO- (3k) 

2H00* ^ H2O + O2 (31) 
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Hydrogen peroxide, under an oxygen atmosphere, is produced from the following 

reactions: 

20H«^H00H (3f) 

HOO«+H-^HOOH (3m) 

O- + H2O ^HOOH (3n) 

The sonication of a 1.0 M potassium iodide solution shows an accelerated average 

rate of I3' formation in the presence of oxygen at high frequencies as shown in Figure 4 2 

The result is repeated for 0.33 M potassium iodide solutions of argon and oxygen as 

shown in Figure 4.3. The rate of I3" formation for the 0.33 M solution is half as fast as 

that of the 1.0 M solution. However, the trends remain the same showing an increase in 

average oxidation rate at 301 kHz in the presence of oxygen and at 20 kHz a slight 

increase in the average rate of oxidation in argon saturated solutions compared to oxygen 

solutions. Figure 4.4 shows the average rate for solutions saturated with air and argon 

that vary in concentration (up to 1.0 M) of potassium iodide. 
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CO' 
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7.5x10^-, 

5.0x10^-

2.5x10-* 

0.0x10-°°-

301 kHz Ar 

- -0 - -
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Driving Voltage (Vp-p) 

80 

301 kHz Argon 

20 kHz Argon 

20 kHz Air 

90 

Figure 4.2 20 KHz and 301 KHz sonication of a 1.0 M KI solution saturated with air 
and argon. 72 Vp-p corresponds to 0.87 and 0.80 watts, respectively. 
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Driving Voltage (Vp-p) 

Figure 4.3 20 kHz and 301 kHz sonication of a 0.33 M KI solution saturated with air 
and argon. 72 \'p-p corresponds to 0.87 and 0.80 watts, respecti\ ely 
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Figure 4 4 Sonication of varying potassium iodide solutions (from 0.001 .M to 1.0 M) at 
20 kHz and 301 kHz with air and argon saturated solutions Absorbed acoustic power 
was 0.8 W. 
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4.1.3 High frequency effects 

The high frequency effects have been investigated by sonicating air saturated 

solutions of potassium iodide at frequencies of 20.38 kJlz, 176.7 kJlz, 299.6 kHz, and 

446.4 kHz at acoustic powers of 0.9 and 2.0 Watts. The absorbance data are shown below 

in Table 4.3. The rates are graphed in Figure 4.5. The frequency producing the maximum 

average rate of la' formation is seen to be 299.6 kHz, with an average rate of 

7x10 '^ mol L'' -min.'̂  for the 2.0 watts sonication. 

Table 4.3 Absorbance (X 350 ̂ J data for sonicated 0.10 M air saturated 
aqueous potassium iodide solutions. SD is standard deviation and N is 

number of samples. 

Frequency 

(kHz) 

20.38 

176.7 

299.6 

446.4 

0.9 Watts 10.0 min. 

Abs. 

0.536 

1.075 

0.8175 

SD 

0.0974 

0.0212 

0.1530 

N 

4 

2 

4 

2.0 Watts 5.0 min. 

Abs. 

0.150 

0.880 

0.629 

SD 

0.0083 

0.0216 

0.0705 

N 

3 

4 

3 

•TW;.i..^o.4AMyWH^ 
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1 10 9 Watt t= 

1 12.0 Watts t= 

10 min 

=5.0 min 

7.5x10-06-, 

5 

T-* 5.0x10-06-

O 

CD 
> -

2.5x10-06-

co 

0.0x10-00 

-3=-

i 

20.000 176.700 299.600 

Frequency (kHz) 
446.400 

Figure 4.5 I3 yield for a 0.10 M potasium iodide air saturated solution as a fianction of 
frequency. Resuhs are shown for 0.9 Watts and 2.0 Watts acoustic power. Error bars 
show standard deviation. 
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4.2 Rhodamine 6G Degradation 

Rhodamine 6-G is a dye commonly used in laser spectroscopy. The structure is 

shown below in Figure 4.6. 

CH3CH2NH'^^^^^='^^0 

0 

C-OCH2CH3 

NHCH2CH3 

Rhodamine 6G C28H31CIN2O3 
479.01 g/mol 

Figure 4.6 Chemical structure of Rhodamine 6G 

Solutions that were 0.3 mg/L (6.26 x 10'^ M) were sonicated in aqueous air and 

argon saturated solutions at different load powers. The resuhs are shown in Figure 4.7. 

The degradation rate is maximum for solutions saturated with argon at 301 KHz. This 

contrasts with the potassium iodide oxidations in that air saturation does not increase the 

degradation rate at 301 KHz. Of interest is that increasing the load power at 301 KHz 

does not appear to dramatically increase the rate of degradation. 

Sonication at constant absorbed acoustic power (0.87 and 0.82 Watt respectively) 

at 20 kHz and 301 kHz under air and argon saturated solutions at 0 °C are shown below 

in Figure 4.8. The degradation rate for the argon saturated solution is 2.0 x 10 " 

mol-L-^-min."', while that of the air saturated solution is 1.6 x 10"̂  mol-L" -̂min."'. The 

difference in degradation rates between the two gases is not as large and the ratio of 

argon to air is only 1.25. 
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At 20 kHz, the degradation rates for air and argon saturated solutions are 

0.7 X 10-'' mol-L"'-min."' and 1.05 x 10'̂  mol-L'-min."' , respectively The rates are twice 

as fast at 301 kHz as compared to those at 20 kHz for both air and argon saturated 

solutions. The ratio of the degradafion rates for argon versus air at 20 kHz is 1.5. 

These resuhs contrast to those at the same frequencies and absorbed acoustic 

powers for potassium iodide solufions, where the rates were higher for oxygen saturated 

solutions at 301 kHz. 
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20 kHz Air 

0 10 20 30 40 50 60 70 
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Figure 4.6 20 kHz and 301 kHz sonication of 3 mg/L Rhodamine 6G argon and air 
saturated solutions at varying load powers. Sonication time is 30.0 minutes. 
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Figure 4 7 Rhodamine 6G Degradation for 20 kHz and 301 kHz at 0.87 and 0.82 Watts 
acoustic power, respectively, for 3 mg/L (3 ppm) aqueous solutions saturated with air and 
argon. 
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4 3 Environmental Degradation Applications to Alachlor Removal 
Ultrasonic Degradation of Alachlor in Aqueous Solutions 

O 

CH30CH2-N''^^'^2CI 

^ ^ ^ 

Alachlor C14H20CINO2 
269.77 g/mol 

Alachlor [2-chloro-2',6'-diethyl-N-(methoxymethyl) acetanilide] is a widely 

employed herbicide that is used to control most annual grasses and many broadleaf weeds. 

Alachlor has been detected in groundwater wells, ̂  despite its rapid microbial and 

photodecomposition.^' ^ 

Previous investigators have found that the ultrasonic decomposition of Alachlor, 

when insonated at 20 KHz with a horn sonicator, was observed to follow first order 

kinetics in ambient air at 30.0 °C. ^ The rate constant was 8.01x10'̂  min."̂  (tj^ = 86 

min.) at 70 Watts acoustic power for an 11 pimol-L "' solution with unknown degradation 

products. Little has been known of the ultrasonic frequency and gas effects upon the 

aqueous degradation of Alachlor. The following topics were therefore examined: 

1. Effect of sonication frequency on Alachlor degradation for air and argon 

saturated solutions. 

2. Sonication of aqueous solutions saturated with argon, oxygen and air. 

3. Sonication of aqueous solutions saturated with argon and air with varying 

hydrogen peroxide concentrations. 

4. Analysis of the degradation products from the sonication of aqueous solutions 

saturated with argon, oxygen and air. 

5. Sonication of aqueous Alachlor solutions in the presence of free radical 

scavengers. 

.^^^,^.ja^ • 
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U j j f f e c t of Sonication Frequency on Alachlor Degradation 
folALr and Argon Saturated Solutions 

The change in concentration as a ftinction of time from the sonication of 100 ppm 

aqueous argon or air saturated Alachlor solutions at 2.0 watts acoustic power at 

frequencies 20 kHz and 302 kHz were measured. The Alachlor concentration decreases 

much more rapidly at 302 kHz than at 20 kHz. The saturation of the solution with argon 

gas ftirther accelerates the degradafion process. The slope of the linear regression line for 

the natural log of the normalized data gives a first order rate constant (Kobs) of 

3.75 x lO'̂ min.-̂  for 302 KHz, as shown in Figure 4.8. 

0.04n Argon 

0.03-

^ 0.02H 
(/) 
n 
o 

o.o1^ 
Argon 

Air 

0.00 1 ^ S T 

Air 

20 301 

Frequency (kHz) 

Figure 4.8 Sonication of 100 ppm Alachlor aqueous solutions saturated with air or argon 
gas. The acoustic power is 2.0 watts for 20 kHz and 1.9 watt for 302 kHz. K̂ ŝ was 
calculated from a linear fit of the normalized natural logarithm plot of the Alachlor 
concentration against time in minutes. The error bars show the standard deviation. 
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43.2 Sonication of Aqueous Solutions Saturated 
with Argon. Oxygen and Air 

From the previous section it was determined that Alachlor degradation is 

optimized at higher frequencies. In order to determine if an upper limit existed for the 

optimizafion and what role the saturating gas played in the process, the sonochemical 

degradation rate at two high frequencies was investigated under argon, air, and oxygen 

100 ppm aqueous Alachlor solufions were sonicated at 299.6 kHz and 446.4 kHz at a 

bath temperature of 0 °C. The resuhs are seen Figure 4.9 and Table 4.4. 

At 299.6 kHz the rate of degradafion was increased by 1.5 with argon and doubled 

under oxygen, while the rate did not change with air, as compared to the same conditions 

at 446.4 kHz as seen from Table 4.4 and in Figure 4.10. 

Table 4.4 K̂ ŝ and standard deviafions (SD) for different saturafing gases at 299.6 kHz 
and 446.4 kHz. Acoustic power is 2.95 and 2.79 Watt, respectively. Bath temperature is 
0 °C. 

Frequency 

(kHz) 

299.6 

446.4 

Argon 

Kobs (min') 

0.043 

0.029 

SD 

0.0056 

0.0102 

Air 

Kobs (min') 

0.021 

0.020 

SD 

0.0076 

0.0061 

Oxygen 

Kobs (min') 

0.031 

0.015 

SD 

0.0030 

0.0043 

The degradation does appear to have a maximum around 300 kFIz. This resuh 

was also seen for potassium iodide oxidafion. At 299.6 kHz, the rates are seen to follow 

the order argon > oxygen > air = nitrogen. At 446.4 kHz, the rate is not affected much 

by the saturating gas, but appears to follow the order argon > air > oxygen. 
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(a) 299.6 khz 

1.25n 

N 

Time (min.) 

(b) 446 kHz 
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^ 

^ 

Figure 4.9 Normalized Alachlor degradafion at 299.6 kHz and 446.4 kHz at 2 95 watts 
and 2.79 watts, respectively. Solutions were saturated with argon, air or oxygen. The 
bath temperature was 0 °C The numbers following the name of the saturating gas 
denotes the trial number. 
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Kobs for Sonication of 100 ppnfi 
Alachlor Solutions 

0.04-

•E 0.03 

^ 0.02 

o 
0.01 

0.00 

Argon 
Air 

02 

299.6 446.4 

Frequency (kHz) 

Figure 4 10 299 and 446 kliz sonication of 100 ppm aqueous solufions of Alachlor. 
Acousfic powers were calibrated for 2.95 and 2 72 watts, respectively. The solutions 
were saturated \\ ith argon, air or O2. 
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4.3.3 Sonication of Aqueous Solutions Saturated with Argon and Air 
with varying Hydrogen Peroxide Concentrafions 

Hydrogen peroxide upon irradiation with ultrasound, may decompose to form 

hydroxyl free radicals ('OH). If hydroxyl radicals play a role in the degradafion of 

Alachlor, one would expect the addition of "OH to increase the degradafion rate. The 

addifion of hydrogen peroxide to the Alachlor solutions should therefore increase the 

degradafion rate, all things being equal. 

One hundred ppm aqueous Alachlor solutions were sonicated that were 0.0 M, 

10 "̂  M and 10 "̂  Min hydrogen peroxide. The solutions were irradiated with ultrasound 

of 20 kHz, 299 kHz and 446 kFIz at 2.7, 2.7 and 2.8 watts, respectively. The resuhs are 

shown below in Figures 4.11 - 4.13. 

The addition of hydrogen peroxide did not alter the degradation rate for 20 kHz 

and does not dramatically alter the rate at 299 kHz. There does appear to be an increase 

in rate with increasing hydrogen peroxide concentration at 446.4 kHz. When compared to 

the results in the previous section, the rate constants (see Figure 4.14 below) for the 

different hydrogen peroxide concentrations are within a standard deviation of the mean for 

no peroxide, 10 "̂  M at 446 kHz and 10 "̂  M for 299 kHz. 10 "̂  M hydrogen peroxide 

solufions may increase the Alachlor degradafion rate for 299 kHz and 446 kHz while 

slowing the degradafion rate at 299 kHz for 10 "̂  M hydrogen peroxide solutions. In any 

case, the results do not indicate a large altering of the degradafion rate when Alachlor 

solufions contain hydrogen peroxide. 
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Figure 4.11 20 kHz sonication of 100 ppm, argon saturated, aqueous Alachlor solufions 
that are 0, 10 "̂  and 10'̂  in hydrogen peroxide. Acoustic power is 2.7 watt. The 
normalized Alachlor concentrations are plotted by dividing the peak area at any point in 
fime by the peak area at t=0. 
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Figure 4.12 299.6 kHz sonicafion of 100 ppm, argon saturated, aqueous Alachlor 
solutions that are 10 'M and 10'̂  M in hydrogen peroxide. Acoustic power is 2 7 watt. 
The normalized Alachlor concentrations are plotted b> dividing the peak area at any point 
in time by the peak area at t=0. 
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Figure 4.13 446.4 kHz sonicafion of 100 ppm, argon saturated, aqueous Alachlor 
solufions that are 10"̂ M and lO'^M in hydrogen peroxide. Acousfic power is 2 8 watt 
The normalized Alachlor concentrations are plotted by dividing the peak area at any point 
in time by the peak area at t=0. 
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0.075-, 

0.050-

O 0.025H 

0.000 

3 20 kHz Argon 

J 299.6 kHz Argon 

1446.4 kHz Argon 

0 H202 10-5 M H202 10-3 M H202 

H2O2 Concentration 

Figure 4 14 K̂^̂s ^ r the sonicafion of 100 ppm, argon saturated, aqueous .Alachlor 
solutions that are 0, 10 ' M and 10'̂  M in hydrogen peroxide. Acoustic power is 2 ". 2 7 
and 2 8 watts for 20 kHz, 299.6 kHz and 446.4 kHz, respectively. K^^^ is calculated bv 
fitting the normalized Alachlor concentration to a single phase exponential decay. 
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4J.4 Analysis of the Degradation Products from the Sonication 
of Aqueous Solutions Saturated with Argon. Oxygen and Air 

When Alachlor is irradiated with uhrasound, a number of degradation products are 

formed, depending on the saturating gas, as seen from the GC data (see Figure 4.15 

below). Mass spectral data are shown in Table 4.5. 

Table 4.5 Mass spectral data for Alachor degradafion products. Parent peaks (MW) are 
estimated. 

Species 

Alachlor 

1 

2 

3 

4 

5 

MW 

269 

149 

225 

241 

254 

285 

Base 

Peak 

45 

134 

176 

45 

45 

45 

cr? 

yes 

no 

yes 

yes 

maybe 

yes 

1 (%) 

160(93) 

149 (42) 

77 (20) 

132(35) 

164(65) 

176(80) 

2 (% ) 

188(70) 

119(22) 

147(16) 

160(34) 

248 (37) 

204 (60) 

3 (% ) 

77 (46) 

91 (13) 

225 (16) 

118(25) 

43 (32) 

253 (56) 

4 (% ) 

146(35) 

77(10) 

117(15) 

77 (22) 

77 (27) 

162(45) 

4.3.4.1 Argon 

Under argon, three principal products are detected by Gas Chromatography. The 

boiling points of theses products are lower than Alachlor, which has a retenfion fime of 

18.38 minutes, while retention times for these principal products are 10.0, 15.3 and 15.8 

minutes, respectively. Mass spectral data (see Table 4.4) indicate that these products are 

1, 2, and 3 (see Figure 4.16). 

4.3.4.2 Nitrogen 

When the saturating gas is nitrogen, resuhing products are also the same principle 

products as when the saturating gas is argon. 
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4.3 4 3 Oxygen 

When the saturating gas is oxygen, numerous products are formed, with the 

primary ones being 2. 4, and 5. Products 4 and 5 are of a higher boiling point than 

Alachlor and appear at retention times of 21.0 and 25.0 minutes, respectively. 1 and 3 are 

formed in very small quantifies as compared to the other degradation products. 

4.3.4.4 Air 

Solutions saturated whh ambient air yield, upon sonication, similar products as 

those of oxygen. The peak area rafio of products 4 to 5 is reversed for the air solutions as 

compared to the oxygen saturated solutions. The effect is more pronounced for solutions 

sonicated at 446.4 kHz (see Figure 4.17 below). 

Figure 4.18 summarizes the yields for the different saturating gases. From 

retention time analysis, the same products appear for all gas saturated solutions containing 

hydrogen peroxide. 
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Figure 4.15 Gas Chromatograms of sonicated 100 ppm aqueous Alachlor solutions 
saturated with Argon, Oxygen or Air. Sonication time is 20.0 minutes at 299.6 kHz with 
acoustic power of 2.79 watts. 
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1 

CHaOCHz^M-^CCHzC! 

Alachlor 
MW = 269.7 

MW= 149 MW = 225 MW = 241 

^ ^ ^ ^ 

o 
H-^^-^CCH2CI CH30CH2^N-^CH2CI 

^ ^ ^ ^ 

MW = 254 

4 

MW = 285 

5 

Figure 4.16 Products from the sonication of Alachlor under different saturating gasses. 
1 = 2 , 6-diethylaniline, 2 = 2-chloro-2',6'- diethylacetanilide, 3 = N-chloromethyl-N-
(methoxymethyl)-2',6'-diethylaniline. 4 and 5 are unknown having molecular weights 
(MW) of 254 g / mol and 285 g / mol respectively. 
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Figure 4.17 Formation of products 4 and 5 from the sonication of air and oxygen 
saturated 100 ppm aqueous Alachlor solutions at 299.6 kHz (a and b) and 446.4 kHz 
(c and d). Note that the ratio of the concentration of product 4 to 5 reverses, depending 
on the saturating gas 
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1, 2 and 3 

H2O, Argon, 0°C 

o 
II CH30CH2^N-'CCH2CI 
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Figure 4.18 Degradation products of sonication of 100 ppm aqueous Alachlor solutions. 
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4_3.5 Sonication of Aqueous Alachlor Solutions in 
the_ Presence of Free Radical Scavengers 

The mechanism for the degradation of Alachlor could be by means of reactions 

with free radicals or by pyrolysis within the collapsing bubble. From the previous resuhs, 

we see that Alachlor degrades faster in argon and oxygen saturated solutions than in air 

saturated solutions, with the rate for argon saturated solutions being faster than that in 

oxygen saturated solutions. The oxidation of potassium iodide to I3 on the other hand, is 

accelerated by the presence of oxygen. The oxidizing agent for the oxidation of potassium 

iodide has been deduced to be the hydroxyl free radical OH- ^ More hydroxyl free radicals 

are thought to form in the presence of air or oxygen saturated solutions by quenching of 

the recombination of hydroxyl and hydrogen free radicals according to Petrier et al^ If 

the hydroxyl free radical is responsible for the degradation of Alachlor, an increase or a 

decrease in the available free radicals should change the rate of Alachlor degradation. The 

number of free radicals can be controlled by using sca\ engers, which will compete whh 

the .-Vlachlor for the free radicals. Information about the sonochemical reaction zones in 

which the free radicals are located or produced can also be obtained by controlling the 

location of the free radical scavengers. Henglein et al have determined from radiolysis 

and ultrasound experiments that the ability of a wide range of known sca\ engers to 

decrease H2O2 yields depends only upon the hydrophobic character. ̂ ^ There was no 

correlation between the effectiveness of the scavengers with the volatility of the 

scavengers or with their rate constants for hydroxyl scavenging. Furthermore, the yield of 

thermal products from the sonolysis of a solute increases as the solutes ability to 

accumulate at the gas interface region increases.'^ 

Free radical scavenging intermediates from hydrogen abstraction by 0H» have 

been of detected for aqueous solutions of methanol, ethanol, and propanol. .AJcohol 

thermal degradation products from spin trapping experiment ha\ e been detected as well.̂ ^ 

1-butanol is a known scavenger for the gaseous region of the coUapsmg bubble. ̂ ^ Because 

the boihng point of 1-butanol (104 °C) is onl} slightly higher than that of water, the 

addition should not affect the temperature inside the bubble, which is known to depend on 
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vapor pressure.'' Potassium iodide is a well studied reagent that is oxidized by free 

radicals as indicated in section 3.1. Potassium iodide is a strong electroKte and is non

volatile, it should therefore reside in the bulk liquid region(III) or possibly at the interfacial 

region(II) of the cavhation bubble (see section 1.3). 

The 299.6 kHz sonication for 20.0 minutes of 0.10 .\I potassium iodide solutions 

that are 10'' M in 1-butanol and lO'̂  M 1-butanol are compared with solutions containing 

no 1-butanol. The 10^ M 1-butanol solution shows no oxidation of iodide as seen in 

Figure 4.19. I3 was not observed e\en after 45 minutes sonication time (acoustic power 

was 2.94 Watt). The solution with no 1-butanol produced I3" at a average rate of 5.46 x 

lO-^mol'L-'-min-', while the 10"̂  M butanol solution generated 13" at a slightly reduced 

average rate of 5.07 x 10 "̂  mol-L-'-min"\ 

1-Butanol solutions (lO^' M) that were 100 ppm (3 7 x 10 VM) in Alachlor 

showed a steep reduction of degradation rate as shown in Figure 4 20 The natural 

logarithm of the normalized concentrations were used to calculate k^^., the first-order rate 

constant. For argon saturated solutions the rate constant k̂ ŝ.. decreased threefold from 

0 034 min.'' to 0.011 min.'' The oxygen saturated solutions showed an eight-fold rate 

constant decrease from 0.046 min.' to 0.0026 min.' as shown in Figure 4 21 

Solutions containing 1-butanol (10'̂  M) therefore quench the oxidafion of 

potassium iodide completeh'. but only by one-third for 3.7 x 10~* M .AJachlor solutions. 

Assuming that the 1-butanol does not modify the temperature of the ca\itation bubble and 

that the OH* rate constants of Alachlor. butanol and I" are not significant (as mentioned 

above, this is a good assumption), much of the Alachlor appears to be degraded by free 

radicals concentrated mainly in the gaseous region (I) and at the interfacial region (II). 

Further support for this hypothesis is found from the sonication of .AJachlor w ith different 

potassium iodide concentrations. 

One hundred ppm (3.7 x 10 ~* M) aqueous argon saturated .AJachlor solutions were 

sonicated at 299.6 kHz with an acoustic power of 2.94 watt at 0°C. Forty percent of the 

.AJachlor remains after 20 minutes for the solution free of potassium iodide. The amount 

remaining is at least 40 % and may e\ en decrease whh increasing potassium iodide 
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concentrafion as seen in Figure 4.22. The degradafion rate therefore is not slowed by the 

addition of potassium iodide and may even be accelerated because of hs presence. 

The formation of l{ was also monitored for the above solutions of Alachlor and 

potassium iodide. Solutions that contain no Alachlor are found to gradually increase their 

rates of I3" production from 4.75 xlO'"̂  mol-L'-min."' to 6.5 x 10"'̂  moFL*'-min.'' as the 

potassium iodide concentration increases from 0 to 0.1 M. The solutions containing 

Alachlor however, are seen to have essentially no I3" production as shown in Figure 4.23 

Alachlor quenches the oxidation of iodide anion to I3". These resuhs suggest that 

Alachlor is not degraded in the bulk solution (III), which contains over 200 times the 

concentration of iodide anions (10"' M) as Alachlor (3.74 x lO"'̂  M). 
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Figure 4.19 299.6 kHz sonication of 0.10 M air saturated potassium iodide solutions 
that are 0, 10"̂  and 10"̂ M in 1-butanol. Acousfic power was 2 94 watts and irradiation 
time was 20.0 minutes. 
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Figure 4.20 Plot of normalized peak areas for the sonication of 100 ppm aqueous 
Alachlor solutions containing no-butanol and 10""̂  M 1-butanol for argonan saturated 
solution. Acoustic power is 1.79 watts and irradiation time w as 20.0 minutes. 
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Figure 4.21 299.6 kHz Sonication of 100 ppm Alachlor Solufions with 1-butanol. Ln 
plots of the peak area a divided by the initial peak area .\o Kobs was calculated from a 
linear fit of the regression line. Acoustic power was 2 94 watts 
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Figure 4 22 Percent Alachlor remaining after sonicating a 100 ppm (3.7 x 10"̂  M) 
argon saturated aqueous solution at various potassium iodide concentrations. Sonicafion 
times were 20.0 minutes at an acoustic power of 2 94 watts and the irradiation frequency 
was 299.6 kHz. 
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Figure 4.23 The effect of 100 ppm (3.7 x 10""̂  M) Alachlor at increasing potassium iodide 
concentrations on the I3 production rate. Aqueous solutions were saturated with argon. 
Sonication times were 20.0 minutes at an acoustic power of 2.94 Watt and an irradiation 
frequency of 299.6 kHz. Resuhs are compared with solutions containing no Alachlor. 
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CHAPTER V 

DISCUSSION AND CONCLUSIONS 

The construction of a variable frequency (20-500 kHz) sonicator that can output 

constant acoustic power at constant temperature has been designed and constructed. This 

is the first such system known to the author that employs the same components, such as 

the uhrasonic transducer and reaction cell, for all frequencies of operation. The system 

was then used to investigate the sonchemical reacfions of potassium iodide and 

Rhodamine 6G. The apphcability for use in the remo\ al of environmental contaminants 

has been demonstrated by the removal of Alachlor from aqueous solutions. 

All three chemical systems show enhanced degradafion rates at 300 kHz and 446 

kHz in comparison with 20 kHz, absorbed acoustic power being kept constant. 

Moreover, the potassium iodide oxidation and the Alachlor systems w ere found to have 

maximum degradation rates at around 300 kHz. 

This is the first conclusive proof of an optimum sonication frequency for ambient 

pressure (1 atmosphere) conditions. Other investigators, using potassium iodide and other 

systems, have imphed that 300 kHz is an optimum frequency for sonochemical 

reactions.' -^ None of them howe\er, conducted their experiments at constant absorbed 

acoustic power, which is important when discerning a frequenc>' dependence for 

sonochemical reactions. The maximum at ~ 300 kHz could be due to the fact that the 

relative cavhation threshold at this frequency increases by a factor of 50 when compared 

to 20 kHz. Consequently, frequencies above 300 kHz may expend more energy to form 

the cavitafion bubble than in producing radicals. 

Competition between the interfacial reaction volume of the bubble, the heat loss at 

the bubble interface, and the temperature achieved by the bubble will also effect the 

optimum sonication frequency The surface to volume ratio of the bubble increases 

proportionally with frequency. Therefore, the volume of reactant at the interface of the 

bubble will be proportional to the frequency How e\ er, as discussed in equation 1.9, the 

heat loss is proportional to the square of the frequency and the temperature achieved by 

95 

**^-^*>**».^^ 



amm 

the bubble decreases with increasing insonation frequency (see equation 1.6). 

Consequently, at some point the heat loss rate and the decrease in collapse temperature 

will overcome the effect of the larger interfacial reaction volume that occurs with 

increasing frequency. 

Our sttidies showed that Alachlor degrades in a sonochemically mduced reaction 

according to first order kinetics. It was also observed that for the oxidation of potassium 

iodide to iodine. The rate of I3 formation is constant, 300 kHz having a larger rate 

constant than 20 kHz for 0.1 M and 1.0 M aqueous solutions. For a the same frequenc>, 

rate constants are larger for more concentrated solutions, m line with other researcher"s 

resuhs."* 

Major diff"erences between the degradation rates of systems investigated are found 

when the saturating gas is varied and/or when free radical scavengers are added. At 20 

kHz both potassium iodide oxidation and Rhodamine 6G and Alachlor degradation are 

enhanced for argon-saturated aqueous solutions (see Table 5.1 below). At 300 kHz the 

degradation rate in argon-saturated solutions of Rhodamine 6G and Alachlor is also 

enhanced compared to those in air-saturated solutions. However, at 300 kHz the opposite 

behavior has been obser\ ed for dilute potassium iodide solutions. At 300 kHz, for iodide 

solutions ranging in concentration from 0.00 IM to at least 0.1 M, oxidation in air-

saturated solutions is enhanced five-fold. 

If iodide is oxidized by 0H», then it is reasonable to assume, based on the data, 

that upon irradiation at 20 kHz the number of 0H« free radicals tends to be greater for 

argon saturated solutions than for air-saturated solutions. The data obtained from 

sonication of iodide solutions at 300 kHz, however, indicate that more 0H« free radicals 

are produced in air-saturated solutions. 
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Table 5.1 Ratio of average degradation rates for aqueous solutions 
saturated whh argon to those saturated w ith air for solutes potassium 
iodide, Rhodamine 6G and Alachlor Potassium iodide acoustic power 
is 0.8 W and Rhodamine 6G and .AJachlor are 2 5 \\ 

solute 

KI 

KI 

KI 

KI 

Rhodam. 6G 

Alachlor 

Concentration 

(M) 

0.001 

0.01 

O.I 

1.0 

6.26 X 10"* 

3 7x 10-* 

20 kHz 

(argon/air) 

-

222 

0.35 

1.5 

"̂  

301 kHz 

(argon/air) 

1.49 X 10"'̂  

0.044 

0.18 

296 

1 25 

1.5 

Petrier et al. first observed the same inversion when comparing oxidation rates of 

KI in argon and oxygen saturated solutions at 20 and 500 kHz.- The inversion of 

formation rates has also been found for the production of hydrogen peroxide in argon or 

oxygen saturated water. These two facts were explained (by Petrier et al) by suggesting 

that more hydroxyl free radicals are formed in the presence of oxygen as opposed to 

argon, while at 20 kHz the opposhe effect occurs. They attributed this phenomena to 

increased 0H» entering the bulk solution at higher frequencies. 

They speculated that in the presence of O2. the rate of 0H» formation in the gas 

phase is higher than in argon at both frequencies. Petrier et al hypothesized that because 

of longer collapse time t of the bubbles at 20 kHz (T~ 10"' s), the hydroxyl free radicals 

OH* have more time to recombine before being ejected from inside the bubble into the 

bulk hquid, whereas at 500 kHz (collapse tune T~ lO"'' s), the free radicals do not have 

enough time to recombine before bemg expunged into the bulk hquid. Consequently, this 

results in more 0H» radicals entering the bulk solution to oxidize iodine at higher 

frequencies. 
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If the degradation of Alachlor and Rh 6G stems also from reactions with free 0H« 

radicals, the gas inversion effect should be observed for these systems. The degradation of 

these two species do not display this gas inversion effect. 0H» free radicals do seem to 

play some role in the degradation of Alachlor and Rh 6G, as can be inferred from the 

results of the quenching of Alachlor degradafion rates in the presence of free radical 

scavengers (see Figure 3.7). Therefore, the hypothesis clearly fails to explain or only 

partially explains the results obtained. 

The conclusion that the degradation of Alachlor and Rh 6G stems partially from 

0H« radical attack can be drawn from considerations as follows: The free radical 

scavenger 1-butanol will likely be found in all regions of the collapsing bubble while 

potassium iodide will most likely be found only at the interfacial region (II) and in the bulk 

solution (III) (see Fig. 1.2). The effect of 1-butanol, a known hydroxyl radical scavenger, 

on the degradation and oxidation rates of potassium iodide and Alachlor are very 

different. Potassium iodide oxidation is completely quenched by 1-butanol even though 

the concentration of potassium iodide was an order of magnitude larger than the 

concentration of 1-butanol. Degradation rates for an argon-saturated aqueous Alachlor 

solution, whose concentration is two orders of magnitude less than 1-butanol and three 

orders of magnitude less than potassium iodide, is only partially quenched by 1-butanol 

and not quenched at all by potassium iodide. 

These resuhs imply that Alachlor is being degraded partially by free radical attack 

within the bubble (region I) and/or the interfacial region (region II) and not in the bulk 

solution (region III). Due to the fact that Alachlor is relatively non-volatile (Vapor 

pressure = 2.2 x 10"̂  torr, water vapor pressure = 23.7 torr at 25 °C), very littie of h 

would be expected to reside in the gaseous region. So, h is therefore reasonable to 

conclude that radicals react with Alachlor (and possibly the Rhodamine 6G) before 

reaching the bulk solution. The mode of degradation in this region must be mainly due to 

free radical attack because a thermal process whhin the bubble would not be expected to 

be significantly quenched by the addhion of 1-butanol. The sonochemical formation of 

hydrogen peroxide from water has also been found to occur at the gaseous or the 

98 

TTTk t'**friifiumiiis„'i,rsauiii 
:ssts&:.uii^;.-,-.:^*. 



^4- In tm/m0ummmMm'i0i'e^mm»*0m 

interfacial region by Anbar et al^ They also deduced that the presence of oxygen in air 

increased the formafion rate of hydrogen peroxide by reacfion of molecular 0» and H00» 

radicals with water in addition to hydroxyl radical combination (see reactions 3f-31). 

However, the data obtained shows that Alachlor degradafion rates are not significanth 

enhanced by either oxygen or hydrogen peroxide (see Figures 4.10 and 4.14). 

These resuhs imply that perhaps the hydroxyl radical is not the sole oxidizing agent 

in the sonochemical oxidation of iodide. It may well be that hydrogen peroxide, which is 

formed in larger amounts at high frequencies, plays a significant role. This seems unlikely 

due to the fact that hydroxyl radical quenchers in the bulk solufion, such as thallous sahs, 

were found to quench the oxidafion rate of iodide to iodine completely.^ These same bulk 

solution (nonvolatile) hydroxyl radical quenchers did not quench the rate of hydrogen 

peroxide formation from the irradiation of water solutions, as seen by Anbar et al^ The 

question then still remains: why does air (Oj), when compared to argon, promote iodide 

oxidation at high frequencies, yet quench the oxidation at low frequencies? 

The answer may he in which region the oxidation or degradation takes place. The 

degradation and oxidation rates of a species should increase with increasing frequency. 

This hypothesis is confirmed for all three systems studied except potassium iodide under 

argon, where the average rates of iodide oxidation were similar (see Figure 4.4). For a 

given frequency, the degradation and average oxidation rates should be faster under 

argon-saturated solutions as compared to air saturated solutions because of the higher 

polytropic ratio of argon (see equation 1.6). For the same R^ax/I^.. the final 

temperature of an argon saturated solution should be an order of magnitude higher than 

one saturated with air, thus resulting in faster degradation of those species that are 

concentrated within the bubble and at the bubble interface by both thermal (pyrolysis and 

accelerated radical attack) and radical mechanisms. Iodide is least likely to be 

concentrated at the bubble interface and therefore will not participate in thermal radical 

reactions and thermal pyrolysis. Iodide will be more likely to undergo radical attack in the 

cold bulk solution. Besides temperature effects, the major diffisrence between argon and 

air solutions is the free radical that will be present in the bulk solution. 
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Theoretical modeling* has shown that in the presence of oxygen, there is a rapid 

depletion of H» as h is scavenged by O2, whh formafion of HO,* and 0H» in equal 

amounts, H02» being the the most concentrated species present towards the end of the 

collapse. Longer diffusion times will resuh in lower amounts of these species reaching the 

cool bulk solution. At high frequencies, more H02» reaches the bulk solution, thus 

increasing the iodide oxidation rate. 

Perhaps there is a selective reaction of the oxygen radicals 0« and H00» with 

iodide but not Alachlor. This seems at first unlikely, due to the detecfion of different 

Alachlor degradation products from oxygen saturated solutions as compared to those with 

argon (see Figure 3.17). These degradation products, however, are of low concentration 

in relation to the initial concentration of Alachlor. Experiments with selective radical 

scavengers would elucidate this point. 

A third possibility might be that a significant amount of Alachlor is degraded by 

pyrolysis, even though one would expect from the above results, that most of the Alachlor 

degrades at the bubble interface or in the bulk solution. From Figure 4.22, the sonication 

of argon saturated solutions of Alachlor in the presence of iodide, Alachlor is degraded at 

a rate of 1.1 x 10"' M min"' Iodide solutions in the absence of .AJachlor produce 0H« 

radicals at a rate no less than 1.8 x 10"*M min"' (assuming that all of the free radicals 

produced oxidize iodide). The ratio of Alachlor degraded to radicals produced can then 

be estimated to be ~6. At least 16% of the Alachlor is consequently expected to be 

degraded by radical attack. However, the resuts of 1-butanal quenching experiments gi\ e 

a much higher value. The ratio of rate constants (see Figure 4.21), Alachlor to Alachlor-

butanol is 4 (0.032 / 0.011), indicating that approximately 75% of AJachlor is degraded by 

radicals. Credence for this hypothesis is found qualhatively from the apparent lack of 

mass balance of the initial .AJachlor concentration whh the observed concentration of 

degradation products after sonication. Changes in gas chromatography peak areas for 100 

ppm Alachlor are on the order of 200-300 after 20 minutes of sonicafion. The sum the 

peak areas of all degradation products after 20 minutes is no more than 30, thus impl>ing 

that not all products have been detected. Analysis for chloride ions, gaseous products and 
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for very polar compounds not detectable by Gas Chromatography would shed fijrther light 

on this question. More conclusive evidence would be obtained from quenching of the 

iodide oxidation by varying the concentration of Alachlor in the presence of iodide. 
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