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A B S T R A C T 

Comparative sonochemistry methods are a way to standardize sonochemical ou tpu t based on the 

measurement o f sonochemical energy input . In the cur ren t s tudy and in a p r e l imina ry study by Yang 

et al. (2008) , comparat ive sonochemistry was used to probe the mechanisms of degradat ion o f a 

surface active compound, 4-octylbenzene sulfonate (OBS), under pulsed u l t rasound relat ive to 

continuous mode ul t rasound. Specifically, the rates o f OBS degradat ion were compared to the 

fo rma t ion rates o f hydroxyterephthal ic acid produced f r o m terephthal ic acid reaction w i t h h y d r o x y l 

radical. In the cur ren t study, comparat ive rates were s tudied at the frequencies 616, 205 and 69 kHz. 

The rate data of this study indicate that pulsed ul t rasound stat ist ically increases or 

decreases bo th the rate o f degradation o f OBS and the rate of f o r m a t i o n o f HTA. However, f r o m this 

data i t was apparent that not all puls ing condit ions stat is t ical ly change the rate o f these sonochemical 

reactions compared to continuous wave ul t rasound. Also, the effect o f pulsed u l t rasound on 

sonochemical rates depended on the f requency of sonolysis. Therefore, these results c o n f i r m that 

the exper imental design used in the cur ren t study, was a useful technique to help unders tand the 

effect of puls ing on the sonochemical degradation o f surface active solutes over a broad range of 

pulsing condit ions. 

Upon fu r the r analysis of the rate data s ta r t ing at 616 kHz, there was a noticeable t r end 

where under all pulsing condit ions a pulsed enhancement o f HTA f o r m a t i o n occurred. 

Comparatively, OBS rate trends resulted in more negative or no pulsed enhancements. I t was 
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therefore concluded that the comparat ive method chosen had l imi ta t ions and restr ic t ions in its 

abi l i ty to understand h o w OBS degrades under these u l t rasound condit ions. However, the t rends do 

suggest tha t the role of t ransient and stable bubbles may be impor t an t in the re la t ive d i f fe rence 

between the rate of OBS degradation to that o f HTA f o r m a t i o n du r ing both cont inuous and pulsed 

u l t rasound modes at 616 kHz and 69 kHz. A t a f requency of 205 kHz there were great var ia t ions in 

the pulsed enhanced data between sets, therefore this same hypothesis could no t be made. 

Over long sonication times, under continuous modes of sonication, surface active a n d / o r 

volati le byproducts may accumulate in a n d / o r a round the cavitat ion bubble reducing the rate o f OBS 

degradat ion at these longer sonication times. This observed decrease in the degradat ion rate under 

cont inuous ul t rasound was min ima l du r ing extended sonication t imes opera t ing under pulsed mode. 

The methods used in the comparat ive sonochemical analysis o f the cur ren t s tudy were valuable in 

making certain conclusions based on the observations. However, i t is shown that there are 

l imi ta t ions in compar ing OBS degradation to HTA f o r m a t i o n rates fo r unders tanding h o w puls ing and 

f requency affect acoustic cavitat ion, since the t w o processes may be affected d i f f e r e n t l y by the 

sonochemically active bubble populat ion. I t is proposed that a method where in the s tandard 

reaction (i.e., OBS degradat ion] is compared to a more suitable "test react ion" that min imizes 

independent variables, f o r example, comparison of the sonochemical degradat ion o f OBS to tha t of a 

n-alkyl benzene sulfonate that has a shorter n-a lkyl chain. 
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C H A P T E R 1 

I N T R O D U C T I O N 

1.1 E N V I R O N M E N T A L I M P L I C A T I O N S OF LAS USE 

For over 30 years l inear a lky l benzene sulfonate (LAS) has been the most g loba l ly used 

anionic surfactant (Ying et al., 2006) . The year ly global consumpt ion o f LAS is approx imate ly 2 

m i l l i o n tons. I t constitutes a round 4 0 % of al l products leading to a large a m o u n t o f LAS in 

was tewater f r o m domestic and indus t r ia l applications (Bakirel et al., 2005) . One p r o b l e m associated 

w i t h h igh volumes o f LAS in wastewater i n f l uen t is tha t i t has a high chemical oxygen demand (COD). 

I t has been suggested that the p o l l u t i o n associated w i t h surfactants may be f u r t h e r reduced by 

l o w e r i n g the quant i ty used in al l domestic and indus t r ia l cleaning appl icat ions (Venhuis et al., 2004) . 

However, this is a d i f f i c u l t task to regulate and enforce. 
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1.2 F A T E OF LAS IN E N V I R O N M E N T A L M A T R I C E S 

Because so much LAS is used, and i t has been found to be h a r m f u l and toxic at cer ta in levels, 

i t has become impor t an t to understand how to effect ively treat LAS in wastewater before i t is 

released as e f f luent or as wastewater sludge to be appl ied to agr icul tura l land. Once released in to the 

environment , i t is impera t ive to understand h o w LAS w i l l pa r t i t ion and decay w i t h i n var ious 

envi ronmenta l matrices (Ying et al., 2006; Sharvelle et al., 2007). 

1.2.1 F A T E OF LAS IN A Q U A T I C ENVIRONMENTS 

In r ive r wa te r LAS is quickly degraded w i t h a hal f - l i fe of 3 days due to the higher levels o f 

natural micro fauna and dissolved oxygen. In mar ine waters w i t h l ower levels o f microbes and in 

g roundwater w i t h l ower levels o f dissolved oxygen only a small percentage of LAS is degraded (Ying 

etal . , 2006) . 

LAS compounds have surface active propert ies and therefore tend to p a r t i t i o n to biological 

membranes (Shavelle et al., 2007; Bakirel et al., 2005) . Fish are sensitive to LAS in aquatic 

environments . The gills w h i c h are very t h in and have a great amount o f surface area, have been 

found to be a site fo r higher concentrations (Alvarez-Munoz et al., 2007) . Due to the i r extreme 

sensi t ivi ty to surfactants, f i sh w i l l avoid contaminated waters containing LAS concentrat ions as l o w 

as 0.001 m g / L . However at higher levels a round 0.1 m g / L f ish have been found to lose the i r ab i l i ty to 

sense the presence of the surfactant (Bakirel et al, 2005) . Not only does the concent ra t ion o f LAS i n 

an aqueous envi ronment have a negative effect on f ish, bu t as the length o f the n-a lky l chain o f LAS 

increases the Kow and as a result the bioavai labi l i ty to f i sh also increases (i.e., t h rough the gil ls) (Ying 

et al., 2006) . Below toxic levels, the effects on f ish include decreased g r o w t h , h indered s w i m m i n g 

abilities, and pathologically altered gills ( H o l m s t r u m p and Krogh, 2001) . Above toxic levels LAS can 
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denature proteins and d i s rup t membranes [ H o l m s t r u m p and Krogh, 2001) . Fish are a pa r t o f the 

food chain. Therefore, i f LAS has bioconcentrated in f ish, as the f ish is consumed i t can be 

bioconcentrated by those successive species up the food chain and potent ia l ly cause h a r m to t hem as 

we l l [Alvarez-Munoz et al., 2007) . 

1.2.2 A E R O B I C B A C T E R I A L D E G R A D A T I O N 

LAS is qu ick ly degraded by aerobic microb ia l processes o f was tewater t r ea tment plants. For 

example, i t has been repor ted that 9 9 % of LAS in the aqueous p o r t i o n of waste wa te r is r emoved 

dur ing t r ea tment before i t is released into the env i ronmen t [Venhuis et al., 2004) . In add i t ion , even at 

very l o w concentrat ions in soil [ l o w e r than 50 n g / g soil) the aerobic c o m m u n i t y in a va r i e ty o f 

geographically diverse soils was found to be effect ive in minera l iz ing LAS [Knaebel e ta l . , 1990) . In 

aerobic soil condit ions, the ha l f - l i fe of LAS ranges f r o m 7-33 days. W h e n LAS-contaminated sludge is 

applied to soil, the degradat ion rate depends on the aerobic bacteria present. The type o f soil , 

vegetation, and soil condi t ions had l i t t le to no effect on the degradat ion compared to the effects f r o m 

the aerobic bacteria tha t were present [Ying et al., 2006) . 

1.2.3 F A T E OF LAS F R O M S L U D G E A P P L I C A T I O N 

Of the sewage sludge that was land appl ied f o r agr icu l tura l purposes i t was f o u n d t h a t on 

average, concentrat ions o f 530 mg of LAS per kg of d r y sludge were observed i n one Danish s tudy 

[Tors lov et al. 1997) . In tha t same study the highest concentra t ion o f LAS in d ry sludge was on the 

order o f 16000 m g / k g d ry weight . Venhuis et al. [ 2 0 0 4 ) documented tha t 0-488 m g / k g o f the d r y 
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weight p o r t i o n of sewage sludge was made up of LAS compounds. The reason fo r such high levels of 

LAS in sludge is that much of the LAS is recalcitrant. The reason fo r this is that i t can s t rongly adsorb 

to the sludge particles, and i t is not degraded by the secondary anaerobic destruct ive processes o f 

waste w a t e r t rea tment plants ( H o l m s t r u m p and Krogh, 2 0 0 1 ; Ying et al., 2006; McAvoy et al., 2002) . 

A most recent s tudy however, d id f i n d that when in the presence of the correct types o f s u l f u r 

reducing and methanogentic anaerobic bacteria envi ronments , the LAS compounds i n sludge could 

be degraded upon being applied to anoxic mar ine sediments, w i t h an average ha l f - l i f e o f 90 days 

(Lara-Mar t in et al., 2007) . 

W h e n sewage sludge containing pol lutants such as LAS is appl ied as a soil i m p r o v i n g agent 

there can be reason fo r concern (Morgensen et al., 2002) . By increasing the amount o f sur fac tan t in 

sludge the m o b i l i t y of other potent ia l toxins in sludge may be increased (Geilsberg et al. 2001) . There 

are a f ew studies on the toxic effects of va ry ing amounts o f LAS in soil and sludge. In one s tudy on 

the effects of sludge amended soil Hols t rump et al. (2001) observed tha t the, ha l f max ima l effect ive 

concentrat ion (EC 50) f o r LAS occurred at concentrat ions in the sludge between 934 to 1269 m g / k g . 

However in another study the EC 50 was much l o w e r and was f o u n d to be be tween 8 and 14 m g / k g 

d ry sludge amended soil . This difference was found po ten t ia l ly to be the resul t o f o ther toxins 

present in the sludge that were increasingly mobi l i zed w i t h the l o w e r concentrat ions o f LAS in the 

sludge. This compar ison was made by Geilsberg et al. (2001) w h o also d id a s imi la r s tudy and f o u n d 

toxic i ty levels to be comparable to those found by Ho l s t rump et al. (2001) . 

There are f ew studies on the effects o f LAS on soil biota and invertebrates tha t may be 

affected by sludge applications. Hols t rump et al. (2001) also s tudied the effects of var ious 

concentrat ions of LAS contaminated sludge on soil invertebrates . They found toxic effects to occur at 

levels s l ight ly above 40 to 60 m g / k g dry sludge on average in invertebrates that are typ ica l ly f o u n d 

in soil, i nc lud ing ea r thworms , enchytraeids, spr ingtai ls and mites. 
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There are even fewer studies on the effects of LAS bioavai lab i l i ty in plants such as those that 

could be used as phytoremedia tors o f such compounds or those g r o w n i n agr icu l tu ra l soil where 

sludge is applied. However in one study i t was found that a b ioconcentra t ion factor [BCF), w h i c h is 

used to correlate the amount o f t h e contaminant concentrated in the organism to tha t in su r round ing 

aqueous fract ions o f t h e environment , was observed to range between 2 and 7 f o r grass, bean, radish 

and potato species o f plants being g r o w n in soils that were spiked w i t h 16 and 27 m g / k g of LAS [Ying 

et al., 2006) . When testing the p r e l i m i n a r y effects of LAS concentrations on w i l l o w trees to be used 

as potent ia l phytoremedia tors , Yu et al. (2006) found tha t at the levels o f LAS f o u n d in the 

envi ronment , this compound w o u l d no t be toxic. 

1.3 O X I D A T I V E R E A C T I O N S I N V O L V E D IN L A S D E G R A D A T I O N 

There are t w o main pathways invo lved in the anaerobic degradat ion o f LAS. First the tai l 

methyl g roup is oxidized [co-oxidation] w h i c h includes the subs t i tu t ion o f t h e me thy l group w i t h a 

carboxylic acid; this is then fo l lowed by successive sl icing of the a lkyl chain [ j5-oxidat ion] . As the LAS 

compound is degraded its po la r i ty is increased. Concurrent ly as the LAS, BCF is decreased, i t loses its 

ab i l i ty to be retained on membranes [Alvarez-Munoz, 2007) . The byproduc ts o f LAS d u r i n g oxidat ive 

degradat ion include mono and dicarboxylic , su l fophenyl acids [SPCs] o f chain lengths 4 to 13 carbons 

[Alvarez-Munoz et al., 2007) . A f t e r the carbon chain is oxidized in this w a y the sulfonate group is 

desulfonated d u r i n g the second pa thway of degradat ion w h i c h then involves the cleavage of the 

benzene r ing . Much o f this process requires oxygen, and therefore l i t t l e evidence has been s h o w n 

that LAS compounds degrade under anaerobic condi t ions [Ying et al., 2006 ) . The complete oxidat ive 

degradat ion of LAS results in the p roduc t ion o f C O i water, inorganic salts and biomass [Di Corcia et 

al., 1999) . 
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1.4 E N H A N C E D D E G R A D A T I O N OF LAS COMPOUNDS T H R O U G H A D V A N C E D O X I D A T I O N 

T E C H N O L O G I E S 

One opt ion in remedia t ion of LAS classified surfactants wh ich are comple te ly synthetic, is to 

replace t hem w i t h the more env i ronmenta l ly f r i e n d l y versions that are made f r o m natura l chemicals 

that are no t as robust. I f this is not an opt ion , a remediat ion technology is needed tha t can degrade 

LAS before i t is released in to the envi ronment . Ultrasound as an advanced oxida t ive technology 

could be a possible t rea tment technology fo r these surfactants. However , i t may be too energy 

intensive to degrade the complete compound via ul t rasound. I t has been though t tha t 

b io remedia t ion could be combined w i t h another type of t rea tment technology such as u l t rasound to 

enhance the degradat ion of LAS, especially the s lower degradation processes d u r i n g the second 

phase o f desul fonat ion and attack o f the benzene r ing (Mantzavinos et al., 2001) w h e n byproducts 

tha t have f o r m e d are more d i f f i c u l t to degrade and desorb f r o m sediment ( M c A v o y et al., 1992) . 

For example, when oxidat ive degradat ion of LAS was pe r fo rmed i n the presence of H2O2 and 

UV l ight , on ly 5 minutes of exposure was requ i red to degrade the in i t i a l compound . In the presence of 

UV l igh t alone, the degradation of LAS was much slower. I t took 5 hours to degrade to jus t 8 0 % of 

the in i t i a l compound (Venhuis et al., 2004) . Exposure o f LAS to UV l igh t i n the presence of H 2 O 2 may 

be an ef f ic ien t process however such applicat ions have been found to be cost ly (Swisher et al. 1987) . 

Ano the r approach is the use o f Fenton oxidat ive technology. This technology employs FeSO-t 

and H 2 O 2 to generate OH radicals w h i c h oxidize and degrade the sur fac tan t compounds . I t has been 

shown tha t OH radicals are s t rong oxidants ( L i n et al., 1999) . The oxida t ive po ten t ia l f o r OH radicals 

is 2.8 V, w h i l e ozone holds a potent ia l of 2.07 V indica t ing that OH radicals are much more p o w e r f u l 

oxidants [ L i n et al., 1999) . The use of i r o n sulfate in place of other oxida t ive technologies such as 

ozone, has also been found to be cheaper. In addi t ion , the removal e f f ic iency o f LAS was found to be 

over 9 5 % ( L i n , et al., 1999) . The resul t ing dissolved Fe concentrations i n the was tewate r are 

ef fec t ive ly removed by subsequent chemical coagulation [ L i n etal . , 1999) . 
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Foam frac t ionat ion of fers an interes t ing method of decontamina t ing a system of surface 

active compounds. Dur ing this me thod air is s imply sparged in to so lu t ion creat ing bubbles in 

solut ion w h i c h collect the surface active compounds at the a i r / w a t e r in ter face as the bubbles rise 

and f loa t out of solut ion. I t was observed that 9 0 % of the surfactant could be removed effect ively in 

this manner (Venhuis et al., 2004) . 

1.5 U L T R A S O U N D AS AN A D V A N C E D O X I D A T I O N T E C H N O L O G Y 

Ultrasound has been proposed as another potent ial advanced ox ida t ion technology to 

degrade contaminants such as LAS and other surface active compounds in w a t e r [Abu-Hassan et al., 

2006; Weavers et al., 2005) . 

When a solut ion is exposed to high in tensi ty ul t rasound, t iny bubbles are f o r m e d . Some of 

these bubbles w i l l be affected by the ultrasonic wave in such a way tha t they become micro-reactors . 

[Leighton, 1994). Depending on the physical propert ies o f the po l lu t an t [i.e., v o l a t i l i t y or 

hydrophob ic i ty ) the pol lu tant w i l l be degraded in d i f f e ren t react ion sites e i ther in a n d / o r a round 

these bubbles. The resul t ing chemis t ry f o r m e d by the effects o f sound waves has unders tandably 

been t e rmed sonochemistry. To have a bet ter understanding, a b r i e f background in bubble dynamics 

fo l lows . 
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1.5.1 T H E B U B B L E 

Bubbles that are present in a l iqu id are inherent ly unstable. They e i ther f loat out o f so lu t ion 

due to buoyancy or dissolve away due to an excess pressure act ing o u t w a r d . There are a number of 

variables that come in to play in de te rmin ing whether bubbles w i l l g r o w or sh r ink in size (Epstein 

and Plesset, 1950). The pressure act ing on the outside o f a bubble in so lu t ion is due to the sum of 

the external pressure [Po] and a surface tension pressure ( P 7 ) . The pressure inside the bubble ( P i n ) is 

due the pressure of the gas [Pg] and the vapor pressure o f t h e l i q u i d (Pv) . However , because o f the 

curvature of the bubble, there is an excess pressure on the inside o f the bubble, k n o w n as the Laplace 

pressure, which w o u l d have to be balanced by the external surface tens ion pressure (P y } f o r the 

bubble to be stable in solut ion. Therefore , the overal l pressure inside a static bubble (Pi ] can be 

equated, as shown in Equation 1.1 (Leighton, 1994): 

Pout + P y = Pg + Pv (1.1) 

I f the t w o sides o f t h e equation are equal, the bubble w i l l remain static and stable in the l i qu id . In 

this case, the excess Laplace pressure is balanced by the surface tension pressure (i.e., P T = 2 Y / R ) . 

However, fo r re la t ively small bubbles w i t h a large surface curvature, the excess Laplace pressure 

forces gas out of the bubble and causes i t to dissolve away. In the presence of u l t rasound, however , 

bubbles can absorb energy f r o m the pressure wave and either pulsate f o r many acoustic cycles or 

g r o w in size, as described below. 
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1.5.2 B U B B L E N U C L E A T I O N T O H O T S P O T F O R M A T I O N 

Ultrasound passed th rough a l i qu id acts as a longi tudina l pressure wave (Mason and 

Lorimer, 1988] . W h e n in t roduced in to a l iqu id , the pressure in the l i q u i d w i l l oscillate between l o w 

and high pressure as compared to the ambient pressure as a func t ion of t ime. A n y impur i t i e s that 

hold t rapped pockets o f gas a n d / o r bubbles present in this solut ion w i l l be affected by the pressure 

wave. In any l iqu id , even the most f i l t e red container of water , t rapped pockets of gas exist w i t h i n the 

l iquid , on the sides o f containers, and on t iny particles tha t are not complete ly removed f r o m the 

l iqu id (Suslick, 1988] . As the negative pressure cycle o f the wave is passed th rough a t rapped gas 

pocket, the gas pocket w i l l expand. The gas molecules in this i m p u r i t y move f u r t h e r apart; i f the 

pressure is l o w enough, the gas pocket w i l l expand to the po in t where i t detaches f r o m the l i q u i d . 

This is h o w bubble nucleat ion occurs (Suslick, 1988] . Bubbles that are present in a l i q u i d adsorb 

energy f r o m the wave and are stabilized f r o m f loa t ing ou t of or d issolving in to the l i q u i d . These 

bubbles g r o w and sh r ink w i t h the subsequent rarefact ion and compression phases o f t h e u l t rasound 

wave. A representat ion o f the u l t rasound pressure wave is shown in Figure 1.1. 
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Figure 1.1 Pictorial representation ofthe ultrasound wave as it affects the growth of the cavitation 
bubble. This is followed by the sudden growth and adiabatic collapse of the bubble to create the hot 
spot. 
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The bubble can absorb energy f r o m the wave and expand and contract under the inf luence of 

the a l te rna t ing rarefact ion and compression cycle of the wave. However, due to phenomena such as 

bubble-bubble coalescence and a process called rec t i f ied d i f fus ion , the bubble can g r o w in size over a 

number of acoustic cycles (Leighton, 1994). 

Bubbles tha t create sonochemistry w i l l eventual ly reach resonance w i t h the wave whe the r i t 

is th rough many acoustic cycles as du r ing rec t i f ied d i f fus ion (these bubbles are k n o w n as stable 

bubbles) or over the course o f jus t a few cycles as f o r pure ly t ransient bubbles. Once a bubble has 

reached resonance w i t h the wave, i t can then adsorb energy most ef fec t ive ly f r o m the wave . W h e n a 

negative pressure cycle passes through, the bubble expands so rap id ly tha t i t cont inues to expand out 

of phase w i t h the wave. Once the bubble reaches a size where its radius is at a m a x i m u m (Rmax) i t is 

so large tha t i t is ex t remely unstable. The overal l pressure acting on the outs ide o f the bubble causes 

the bubble to r ap id ly collapse un t i l i t reaches Rmin. This collapse t ime is so fast tha t there is no t i m e 

for vapor or gas to d i f fuse ou t o f the bubble resul t ing in l i t t l e mass and heat t r ans fe r to the bubble 

surroundings (Suslick, 1991) . This is essentially an adiabatic compression. Therefore , this r ap id 

compression not only results in a massive bu i ld up o f pressure but also a massive b u i l d up o f 

tempera ture in the ho t spot as shown in Figure 1.2. 
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Figure 1.2 Pictorial representat ion o f t h e Hot Spot. Notice the radicals that are f o r m e d as a resul t o f 
thermolysis degradat ion o f the surfactant and wate r molecules. 
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1.5.3 T E M P E R A T U R E OF T H E H O T S P O T 

Suslick determined that temperatures generated in the localized cavi ta t ion bubble env i ronment s 

are as high as - 5 0 0 0 K (Suslick, 1991) . Theoret ical model ing of a collapse suggested a m a x i m u m 

collapse core temperature o f a round 20,000 K (Ashokkumar et al., 2005) . The m a x i m u m tempera ture 

attained at collapse is est imated using the f o l l o w i n g equation: 

(1.2) 

Where T m n x is the m a x i m u m tempera ture generated upon collapse o f the bubble, Pv is the pressure 

inside o f the bubble and Pa is the external pressure acting on the bubble at collapse, T0 is the 

temperature in the bu lk of the so lu t ion and - f is the rat io o f the specific heat of the gas ( N o l t i n g k 

cv 

and Neppiras, 1950; Flynn et al., 1964; Neppiras et al., 1980] all as ci ted by [Mason and Lor imer , 

1988] . I t is k n o w n tha t the the rma l conduc t iv i ty of the gas also affects the bubble t empera tu re upon 

collapse. As the thermal conduc t iv i ty increases the a tomic we igh t decreases, there fore o f the noble 

gases he l ium has the least ab i l i t y to hold the tempera ture w i t h i n the bubble core (Grieser et al., 2 0 0 1 ; 

Grieser et al., 2004] . As a resul t o f rec t i f ied d i f fus ion , the tempera ture of collapse can also be 

appreciably decreased. Rectif ied d i f f u s i o n can cause a b u i l d u p of vapor in the bubble (i.e., Pv w i l l 

increase] and the overal l T m a x w i l l decrease (i.e Eq. 1.2]. The reason f o r this decrease in t empera tu re 

is that the molecules o f t h e vapor w i l l absorb some o f t h e energy in the f o r m of endothermic chemical 

reactions taking away f r o m the absolute temperatures f o r m e d upon collapse [Vinodgopal et al., 

2001 ] . 

The temperatures generated upon the f o r m a t i o n of the ho t spot are concentrated i n the core 

of the ho t spot. Therefore vola t i le compounds are the rma l ly degraded inside collapsing cavi ta t ion 
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bubbles. However, i n sonochemistry, i t has been observed that nonvola t i le surfactants are also 

the rmal ly degraded. Dur ing the collapse of cavi tat ion bubbles, the l i q u i d immedia te ly s u r r o u n d i n g 

the bubble is heated to extremely high temperatures. Therefore, any nonvola t i le organic molecules 

that have par t i t ioned to the outside o f t h e bubble w i l l also be the rma l ly degraded upon collapse 

(Vinodgopal e ta l . , 2001) 

1.5.4 R A D I C A L G E N E R A T I O N VIA T H E HOMOLYSIS OF W A T E R M O L E C U L E S 

When cavi ta t ion bubbles are generated in wa te r not only are high temperatures and 

pressures created as a result o f the collapse o f the bubbles (Leighton, 1994) bu t h igh ly reactive 

radical species are also created. Dur ing u l t rasound exposure, radical species such as H atoms and OH 

radicals are fo rmed that react w i t h target organic pol lutants . These radicals result f r o m the 

degradat ion of water vapor molecules that have d i f fused in to the bubble p r i o r to collapse (Pe r t r i e r et 

al., 1994) . In the presence of oxygen, H atoms react w i t h oxygen to f o r m hydrope roxy l radicals ( H O 2 ) . 

The f o u r main reactions depict ing the f o r m a t i o n and combinat ion of these radicals is shown in 

Scheme 1.1. These oxidative radicals act to degrade volat i le compounds that have d i f fu sed in to the 

bubble du r ing its l i fe t ime . The radicals also react w i t h pol lutants tha t have adsorbed to the surface o f 

the bubble. Therefore upon collapse of the cavi ta t ion bubble an env i ronmen t has been created 

where the target po l lu tan t may potent ia l ly degrade via high tempera tures as w e l l as via react ion w i t h 

the created radicals (Leighton, 1994) . Al though h y d r o x y l radicals (OH ) are h ighly reactive, they can 

d i f fuse f r o m the bubble in to the bu lk solut ion to a cer ta in degree. Therefore , the amoun t o f OH-

created in solut ion may be measured; the quant i ty measured gives an estimate of the system's 

overal l chemical react ivi ty (Price et al., 1993) . 
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Scheme 1.1 Dominant chemical reactions generating radicals resulting from water homolysis. 
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1.5.5 G R O W T H VIA R E C T I F I E D DIFFUSION 

Rectif ied d i f f u s i o n is a process o f bubble g r o w t h through ul t rasound. This g r o w t h via 

rect i f ied d i f fu s ion occurs in t w o parts. The f i r s t is called the area effect. W h e n the surface area o f the 

bubble is smaller than the bubble radius at e q u i l i b r i u m size, [RQ), the concentra t ion o f the gas inside 

the bubble is under more pressure than the concentra t ion in the bu lk phase. W h e n this occurs gas 

w i l l d i f fuse ou t of the bubble. On the other hand, w h e n the surface area o f the bubble is greater than 

e q u i l i b r i u m size, the pressure of the gas inside the bubble is l ower than that in the b u l k phase and 

gas f r o m the bu lk w i l l d i f fuse in to the bubble. Because the surface area of the bubble is l o w e r w h e n 

gas dif fuses o u t w a r d compared to when gas d i f fuses i n w a r d , there is a greater a m o u n t of gas coming 

into the bubble over t ime. Therefore, the bubble w i l l g row, a l lowing i t to eventual ly reach its 

resonance radius [Leighton, 1994] . 

The second process inf luencing rec t i f ied d i f f u s i o n is called the shell effect. A r o u n d the 

surface o f t h e bubble there is a layer called the a i r / l i q u i d interface or the bubble shell . This shell 

becomes th ickened as the bubble shrinks and is t h i n n e r as the bubble grows. The inf luence o f the gas 

concentra t ion in the shell and the shell thickness help to set i n place the same types o f concentra t ion 

gradients observed due to the area effect. W h e n the bubble expands the concent ra t ion o f the gas in 

the shell is l ower than in the bulk and the shell thickness is thinner; therefore , the ba r r i e r f o r gas to 

diffuse t o w a r d the bubble is smaller, enhancing the ab i l i t y of the gas to d i f fuse in to the bubble. Upon 

contract ion, the shell of the bubble thickens and the concentrat ion o f gas in the shell increases due to 

less surface area. The resul t ing concentrat ion gradient is lower than w h e n the bubble is expanded. In 

addi t ion , the thickness o f the shell is enhanced creat ing a greater bar r ie r to d i f f u s i o n o u t w a r d than 

when the bubble is expanded (Leighton, 1994) . 
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1.5.6 T Y P E S O F B U B B L E S T H A T A R E F O R M E D 

The types of bubbles that are f o r m e d at va ry ing frequencies and the resu l t ing effects o f these 

types o f bubbles on the overal l system is qui te complicated. A t higher frequencies, "stable" cavi ta t ion 

bubbles t end to f o r m w h i c h g r o w via a process o f rec t i f i ed d i f fus ion . There are t w o classifications o f 

stable bubbles. One type are the high energy stable bubbles (HES). These bubbles, upon rec t i f ied 

d i f fu s ion and subsequent bubble g r o w t h and collapse, w i l l create chemis t ry and sonoluminescence 

(Beckett and Hua, 2001) . However as a resul t of decreased ampl i tude associated w i t h the bubble 

radius, the adiabatic collapse at the end o f the bubble l i f e t ime may not be great enough to create high 

enough temperatures and pressures to increase the chemical and physical reac t iv i ty o f t h e system in 

comparison to that of l ower frequency t rans ient bubbles (Thompson and Dora iswamy, 1999) . 

The second type of stable bubble exist ing at h igh frequency are l o w energy stable bubbles 

(LES). These bubbles are stabilized by the wave bu t never reach resonance w i t h the wave and 

therefore w i l l never create a ho t spot. F rom a sonochemical standpoint , i t is the HES bubble 

popula t ion o f stable bubbles that are i m p o r t a n t (Leighton, 1994). 

A t l o w e r frequencies t ransient bubbles are p redominan t in aqueous systems. These bubbles 

can reach resonance w i t h the wave more qu ick ly and the collapse compress ion ra t io R m ax/Rmin is 

much greater than at l ower frequencies. Therefore , the bubbles can collapse more rap id ly and w i t h a 

greater v o l u m e decrease, resul t ing in higher temperatures . However, the n u m b e r o f bubbles i n a 

solut ion w i l l be l o w e r w h e n transient bubbles are predominant . Also the bubble size, buoyancy and 

i r rad ia t ive pressures can act on the bubble to d i s tor t the spherici ty o f the bubble to create a less 

spherical collapse and therefore decreased chemical react ivi ty. However, as a resul t o f this d i s tor ted 

collapse o f the bubble, f ragmenta t ion can occur w h i c h can lead to addi t iona l nuclea t ion sites f o r more 

bubbles to f o r m and lead to more sonochemist ry (Beckett and Hua, 2001) . 
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The t w o types o f cavitat ion bubbles tha t are created have been categorized conceptual ly as 

we l l as mathematical ly . Flynn defined a t ransient bubble as the rat io o f m a x i m u m bubble radius, 

Rmax, to e q u i l i b r i u m bubble radius, Ro, being greater than or equal to 2.0. No l t i ngk and Neppiras 

calculated a s l ight ly larger bubble size rat io of 2.3 based on a supersonic adiabatic bubble collapse, as 

cited by (Leighton, 1994) . Alternately, stable bubbles by either model have a radius ra t io less than 

either o f the ratios calculated by these models [Leighton, 1994). 

1.5.7 P R E F E R E N T I A L S U R F A C T A N T D E G R A D A T I O N VIA U L T R A S O U N D 

Upon collapse of a bubble in a surfactant contaminated solut ion, the degradat ion o f 

surfactant is expected to occur p r i m a r i l y at the ho t shell area of the col lapsing bubble . Add i t i ona l l y 

degradat ion may occur via the oxidat ive radicals that have fo rmed as a resu l t o f vapor dissociation 

reactions and the rmal decomposi t ion. I t has been shown that most o f the radicals w i l l concentrate at 

the hot shell o f t h e hot spot. A small amount of OH radicals w i l l reach the b u l k o f t h e so lu t ion to 

interact w i t h surfactant monomers that have not adsorbed at the interface; therefore , chemical 

reactions w i t h surfactant molecules w i l l most l ike ly happen at that ho t shell area upon collapse o f a 

bubble as a result of thermal decomposi t ion o f wa te r vapor (Vinodgopal et al., 2001) . 

Since surfactant molecules adsorb at the bubble surfaces i t is impera t ive tha t an 

unders tanding of the effect o f surfactants on bubble dynamics be unders tood w h e n imp lemen t ing 

u l t rasound as a potent ia l t rea tment technology. The inf luence of the s t ruc ture o f the surfactant 

combined w i t h the bubble l i f e t ime and concentra t ion of the surfactant w i l l cons t i tu te the ab i l i ty of 

the surfactant to be degraded upon hot spot f o r m a t i o n (Sunartio et al., 2006 ) . 
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1.5.7.1 I N I T I A L S U R F A C T A N T C O N C E N T R A T I O N E F F E C T S 

The concentrat ion of a surfactant can affect its o w n in i t i a l decomposi t ion rate in the 

presence of u l t rasound. Vinodgopal et al. (2001] observed tha t as a concentra t ion o f surfactant 

increased up to the CMC the in i t i a l degradat ion rate also increased. However , at the CMC and above 

the degradat ion rate reached a plateau. This they said i l lus t ra ted the p o i n t t ha t the ind iv idua l 

surfactant monomers had a ma in effect on the abi l i ty of the surfactant to degrade bu t af ter a certain 

concentrat ion where micelles were being created, addi t ional monomers added to so lu t ion w o u l d no t 

aid in the degradation o f t h e surfactant . (Vinodgopal et al., 2001) . 

1.5.7.2 C O A L E S C E N C E P R E V E N T I O N AND D E C L U S T E R I N G VIA S U R F A C T A N T A D S O R P T I O N 

As bubbles f o r m in a cavi ta t ing aqueous system they w i l l cluster w h e n in high enough 

concentrations as a result o f Bjerknes forces. Bejerknes forces enhance c lus ter ing by fo rc ing bubbles 

of s imi la r sizes in to regions i n the ul t rasonic f i e ld k n o w n as nodes and ant inodes (Lee et al., 2005) . 

There are negative impacts as a result of this cluster ing effect. The cluster fo rmat ions act as barr iers 

fo r the ul t rasound wave f r o m in f luenc ing the bubbles at the in t e r io r o f the clusters. Also, as bubbles 

contact and coalesce, larger bubbles are created that may be too buoyan t and large to be affected by 

ul t rasonic wave. Therefore , bubbles become inactive as a resul t o f being in the center o f a cluster o r 

as a result of f loa t ing out o f so lu t ion (Sunartio et al., 2006) . In effect coalescence and cluster ing 

decrease the overal l sonochemical y i e ld o f a system. However, w h e n surfactants are present, they 

can act to i n h i b i t the negative effects of bubble coalescence and o r c lus ter ing (Sunart io et al., 2006; 

Brotchie e ta l . , 2006) . 

When an anionic surfactant such as LAS adsorbs to the interface o f the bubble the exter ior o f 

the bubble i t w i l l possess an overal l negative charge. As a result long range electrostatic repulsions 
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between bubbles act to separate the cavitat ion bubbles, resul t ing in the decluster ing of bubble 

clusters and prevent ion o f bubble coalescence. These effects are in add i t i on to shor t range steric 

repulsions wh ich are present w h e n noncharged surfactant molecules are adsorbed to the bubble 

surface. However, short range steric repulsions only prevent the coalescence of bubbles bu t have 

l i t t l e effect on bubble decluster ing (Ashokkumar et al., 2007) . As a resul t o f surfactant addi t ion , the 

bubble d i s t r ibu t ion w i t h i n the so lu t ion w i l l be more u n i f o r m and the u l t rasound adsorpt ion by 

bubbles w i l l be more e f f ic ien t due to the declustering (Ashokkumar et al., 2007) . 

1.5.7.3 D E C R E A S E D S U R F A C E T E N S I O N AS A R E S U L T OF S U R F A C T A N T A D D I T I O N 

The Laplace pressure [PL] or the pressure acting on the bubble is d i rec t ly correla ted to the 

surface tension and the bubble curvature, and is inversely p r o p o r t i o n a l to the bubble radius. The 

Laplace pressure is calculated via the f o l l o w i n g equation [Crum, 1999) : 

PL=Y (1.3) 

The surface tension (y) can be measured in a bubble of radius R tha t has reached e q u i l i b r i u m w i t h 

the surfactant. As the concentra t ion of surfactant in solut ion is increased the surface tension o f the 

interface w i l l decrease, resul t ing in a decrease in the Laplace pressure (eq. 1.3). This may decrease 

the amount of bubbles tha t are lost to dissolut ion (i.e. i t w i l l increase the l i f e t ime o f the bubbles) o r 

even coalescence (i.e., the surface tension is increased enough to rel ieve some of the Laplace pressure 

tha t bubbles can become too large and f loat out o f so lu t ion) . 
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From the surface tension o f t h e gas/solut ion interface, i t is possible to calculate a parameter k n o w n 

as the Gibbs surface excess r e q w h i c h is the measure o f the amount of surfac tant adsorbed to the 

gas/solut ion interface as a resul t of equ i l ib r ium adsorpt ion (Adamson and Gast, 1997) . 

(1.4) 

A t equ i l ib r ium, the amount of surfactant Ceq and the surface tension yeq at the a i r / w a t e r interface is 

constant. The ab i l i ty of a surfactant to reach equ i l i b r ium may be severely affected in an ul t rasonic 

system where the bubbles exist fo r f in i t e t ime periods. I f the surfactant does no t reach e q u i l i b r i u m 

the ab i l i ty fo r the surfactant to affect the surface ac t iv i ty o f a cavi tat ion bubble becomes dynamic in 

nature. I t is k n o w n tha t as the chain length on a surfactant w i t h i n a homologous series increases, the 

abi l i ty o f tha t surfactant to reach e q u i l i b r i u m concentrat ions is d imin i shed (Sostaric and Reisz 2 0 0 1 ; 

2002) . 

1.5.7.4 A D S O R P T I O N OF S U R F A C T A N T T O T H E A I R / L I Q U I D I N T E R F A C E 

As the n-a lkyl chain o f the surfactant becomes longer its ab i l i ty to reduce the surface tension is 

s tronger under e q u i l i b r i u m condit ions. However, cavitat ional systems are no t at e q u i l i b r i u m ; i n fact 

the surface act iv i ty is no t correlated to the hydrophob ic i ty o f t h e compound . Sostaric et al, 2001 

repor ted that in a cavi ta t ion system, both the e q u i l i b r i u m and dynamic surface tens ion of the 

surfactants being s tudied need to be considered. They f o u n d that, even though longer chain 

surfactants are more surface active over the shor t l i f e t ime o f a cavi ta t ion bubble they may not be able 
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to reach this e q u i l i b r i u m as fast as a shorter chain surfactant in the same homologous series. This 

was explained by dynamics and the t ime i t takes fo r a surfactant to or ient i tself at the bubble . I t takes 

a longer t ime f o r the longer chain surfactant to p rope r ly or ient its t a i l and head along the a i r w a t e r 

interface compared to a shorter chain molecule. As the surfactant approaches the interface, i t w i l l 

encounter other surfactants and i t w i l l need to sh i f t to the next vacant area. The shor te r chain 

surfactant can do this w i t h more ease. In the end shorter chain surfactants are more dynamic than 

longer chain surfactants. Due to the shor t l i fe t ime o f t h e bubble, the dynamic surface tension is then 

very impor tan t . 

1.5.8 D E G R A D A T I O N OF V A R I O U S S U R F A C T A N T COMPOUNDS W I T H U L T R A S O U N D 

I t was concluded by Weavers et al. (2005) , as w e l l as Pee et al. (2005) and Yang et al. (2007) 

that as the concentrat ion of the surfactant increases in the presence of u l t r a sound the amoun t of 

surfactant degradat ion actually increases. They also concluded that u l t r asound is more appropr ia te 

to use on surfactant degradation than non surface-active compounds. There are a n u m b e r of surface 

active compounds tha t are repor ted to be h a r m f u l to the environment . Ul t rasound has p roven to be a 

method f o r r emov ing these compounds before the i r release in to the env i ronment . 

One surfactant tha t is w ide ly used in commercia l products are the nonion ic A l k y l ethoxylates 

(APEs). The byproducts o f these compounds have been found to be estrogenic and toxic i n nature. 

(Ying, 2006) . The sonochemical degradat ion o f APE was found to be enhanced at a f requency o f 

approx imate ly 360 kHz (Destaillats et al., 2000; Venhuis et al., 2004) . The pa thways o f degradat ion 

fo r this surface active molecule was also said to be th rough thermal and oxidat ive radical react iv i ty . 

Being a surfactant the degradation of this molecule was found to be dependent on i n i t i a l 

concentrat ion. However above the CMC, the in i t i a l degradation of this surfac tant was no longer 
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effected specif ical ly by va ry ing concentra t ion but by the physical hindrance o f the u l t rasound wave 

to reach the cavi tat ion bubbles effect ively due to barr iers in the f o r m of micelles (Venhuis et al., 

2004; Destaillats et al., 2000 ] . 

Another type of surfactant that has got ten much at tent ion as a po ten t ia l ly h a r m f u l and toxic 

po l lu tan t that are also highly persistent and bioaccumulat ive are the pe r f l uo r ina t ed class o f 

surfactants. The effect of u l t rasound on these compounds was f i r s t invest igated by Dreese, (2005) . 

More recent ly M o r i w a k i et al. (2005] showed tha t upon sonolysis o f pe r f l uo r ina t ed sulfonate (PFOS] 

and perf luorooctanoic acid [PFOA] the surfactant chain could be shortened w h i c h has been s h o w n to 

reduce the tox ic i ty of the pe r f luor ina ted surfactants. Further, Vecitis et al. ( 2 0 0 8 ] f o u n d tha t PFOS 

and PFOA could be completely minera l ized upon using ul t rasound as a r emed ia t ion technology. This 

was an i m p o r t a n t f i n d i n g seeing that these t w o compounds have been f o u n d to be reca lc i t rant and 

can actual ly accumulate to higher levels upon typical t rea tment practices f o u n d in w a t e r t r e a tmen t 

plants (Shultz et al. 2006; 2006] . 

Abu-Hassan et al. 2006 investigated the degradation of LAS w i t h u l t r a sound at l o w 

frequencies. LAS also being surface active w i l l p re fe ren t ia l ly d is t r ibute to the in ter face o f the bubble. 

A t l o w e r f requency pure ly t ransient bubbles are present thus a more adiabatic collapse o f cavi ta t ion 

bubbles can be achieved creating higher localized temperatures at the l o w e r frequencies . However , 

the bubbles have a shorter l i fe t ime so there is less t ime fo r the surfactant to accumulate to tha t 

interface of the cavitat ion bubble p r i o r to collapse. Since the LAS compounds w i l l mos t ly degrade at 

the interface, the use of lower frequencies may l i m i t the amount o f surfac tant degradat ion due to this 

reason. They also found that as the p o w e r emi t t ed in to the system increased so d i d the degradat ion 

rate of the LAS compound. This al lows the t rans ient bubbles to g r o w to larger sizes i n the same 

amount of t ime to RmaJi r ight before collapse and therefore create an even higher t empera tu re and 

pressure upon f ina l adiabiatic collapse. They d i d no t observe complete mine ra l i za t ion o f the SDBS as 

the byproducts o f LAS were recalci t rant and resistant to total degradation. 
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1.5.9 C O M P A R A T I V E S O N O C H E M I S T R Y 

There is a fundamenta l compl ica t ion of s tudying u l t rasound to degrade chemical pol lutants . 

Essentially cavitat ion bubbles act as t i ny microreactors [Leighton, 1994) . However , i n an acoustic 

cavi tat ion system, when one parameter such as f requency is varied, other parameters are also 

adjusted such as bubble popula t ion , size and dynamics of microreactors in the system. The l inked 

parameters make i t d i f f i c u l t to t r u l y compare the effect o f one variable in ul t rasonic systems. 

[Petr ier et al., 1991) . Comparat ive sonochemistry is a method that a t tempts to reduce the effect o f 

mul t ip l e parameters changing by normal i z ing a result (i.e., degradat ion) to another parameter (i.e., 

OH- f o r m a t i o n ) . 

1.5.9.1 H I S T O R Y OF C O M P A R A T I V E S T U D I E S 

In the early 1990s Petrier f i r s t used comparat ive sonochemistry (Petr ier et al., 1991) . He 

developed a method to correlate the energy i n p u t to the sonochemical ou tpu t o f the cavi ta t ion 

bubbles i n a system (Petrier et al., 1994; Petrier et al., 1991) . In this comparat ive study, he explored 

the effect o f changing f requency f r o m 20 kHz probe to a 487 kHz bath on the degradat ion o f phenol 

to radical f o rma t ion at the same acoustical power . He found an increase in sonochemical y ie ld in the 

f o r m of H2O2 f o r m a t i o n o f bo th chemical systems at the higher frequency. The iden t i f i ca t ion o f OH 

radical induced intermediates revealed a degradat ion pa thway fo r phenol re la t ive to carbon 

te t rachlor ide . 

I t was the f i r s t t ime that a f requency effect was observed fo r po l lu tan t degradat ion and 

showed tha t i t was necessary to opt imize the f requency of a system to reduce the energy needed f o r 

m a x i m u m destruct ion d u r i n g t rea tment (Per t r ier and Francony, 1997) . Jacques Reisse cr i t ic ized 

Petrier 's comparat ive study. Part icular ly he stated tha t one cannot compare sonochemical reactions 
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occurr ing in t w o d i f f e ren t set-ups due to differences in heat generated f r o m the transducers. 

Dekerckheer and Reisse [ 1 9 9 7 ] f u r t h e r cr i t ique Petrier's comparat ive study because d i f f e r en t 

compounds degrade in d i f f e r e n t regions of a cavi tat ion bubble due to d i f f e r i n g chemical 

characteristics such as hydrophob ic i ty , surface activity, and vo la t i l i t y . Thus, the rates of react ion 

between t w o d i f fe ren t types of compounds cannot be compared since they degrade by d i f f e r e n t 

mechanisms. 

Drivers et al. [ 1 9 9 9 ] f u r t h e r developed comparat ive sonochemis t ry to explore the role o f 

d i f fu s ion in degradation by compar ing the reaction rates of compounds d i f f e r i n g only by a halogen. 

They concluded that the u l t imate degradat ion of the compounds was correlated to the Henry's Law 

coeff ic ient of the compounds not the d i f fu s ion coefficients [Dr ivers et al., 1999] . 

To explore surface excess in cavitat ional systems Sostaric et al. [ 2 0 0 1 , 2002] compared t w o 

surfactants w i t h i n the same homologous series. They f o u n d tha t by changing the f requency and 

compar ing relative rates o f radical p roduc t ion dynamic adsorp t ion o f surfactants cont ro l led the 

surfactant 's surface act ivi ty . Fur thermore , as the in tens i ty o f u l t rasound increases, the sonochemical 

y ie ld ra t io fo r one less surface active compound relative to another m o r e surface active c o m p o u n d 

was the same w i t h i n a given frequency. However as the f requency changed the rat io of the 

sonochemical y ie ld changed. They appor t ioned this change to the unders tanding that as the 

f requency is increased there is more t ime fo r the less dynamic and more surface active c o m p o u n d to 

reach the bubble. They could make this conclusion based on the knowledge that these compounds 

were bo th going to degrade at the interface region o f the bubble and they bo th had s imi la r chemical 

and physical properties. The only d i f ference between the surfactants was the i r surface ac t iv i ty . 

Yang et al. [ 2 0 0 7 ] s tudied the effect of pulsed u l t rasound on the degradat ion o f t w o surface 

active compounds. Based on the w o r k o f Sostaric et al. [ 2 0 0 1 , 2002] the p o w e r conversions w i t h i n a 

f requency were also assumed to be the same between the i r changing puls ing condi t ions w i t h i n a 

frequency. Fol low-on w o r k in 2008 compared the degradat ion of OBS to HTA f o r m a t i o n again 
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assuming power differences w i t h i n a frequency d id no t affect re la t ive results (Yang et al., 2 0 0 8 ] . 

Under this assumption, the effects f r o m d i f fe ren t puls ing condi t ions ( the dependent var iable] w i t h i n 

a frequency were s tudied bu t d i rec t comparisons between frequencies were not made. The object ive 

in most comparat ive studies is to el iminate or at least reduce the effect f r o m most variables and d r a w 

conclusions on a specific targeted effect based on the system involved . Using h y d r o x y l terephthal ic 

acid ( H T A ] fo rma t ion studies to understand the chemical effects o f u l t r asound and re la t ing i t to the 

energy conversion to produce these effects is an established sensitive method for unders tanding the 

sonochemical react iv i ty of a system (Price et al., 1993] . Therefore us ing this comparat ive me thod 

changing react iv i ty under d i f f e r e n t puls ing condit ions was separated f r o m changing surfactants 

adsorpt ion on cavi ta t ion bubble surfaces. This w o r k found tha t under a puls ing condi t ion of 100 ms 

in terva l and a 100 ms length, an increased degradation rate was observed compared to tha t o f a 

cont inuous wave w i t h the same amount of ul t rasound energy inpu t . 

1.5.9.2 C O M P A R A T I V E S T U D I E S USING HTA F O R M A T I O N 

The p roduc t ion o f OH can be measured via its react ion w i t h Terephthal ic acid ( T A ] to f o r m 

the ve ry stable and f luorescent ion hydroxyterephthal ic acid [ H T A ] (Price et. al. 1993) . 
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HOOC 

Figure 1.3 Schematic representation of the mechanism in which TA reacts with OH radicals to form 
fluorescent and stable HTA ions. 
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The rate of f o r m a t i o n fo r this reaction fo l lows a zero-order t rend as i t is no t dependent upon 

the concentra t ion of the TA in solut ion over the course o f the experiment, and on ly u p o n the ab i l i ty of 

the OH- that are f o r m e d via thermolys is of the water vapor inside the ho t spots to d i f fu se and 

combine w i t h TA to f o r m HTA. This method is very sensitive and i t has been used by other 

sonochemists to determine the chemical react ivi ty o f sonochemical systems (Mason et al., 1994 ] . 

When the compar ison o f react ion rates f r o m one chemical to another are made, the react ion rates of 

HTA and the target po l lu tan t ideally vary in relat ion to one another regardless of the dependent 

variable tha t is chosen (i.e. f requency, puls ing condi t ion , reactor design, etc] (Mason et al., 1994] . 

1.5.10 P U L S E D U L T R A S O U N D 

Pulsed u l t rasound involved t u r n i n g on (pulsed length] and t u r n i n g o f f (pulsed in t e rva l ] the 

ul t rasound wave fo r shor t t imes. This effect can increase the bubble l i fe t ime and the re fo re the 

amount of surface active compound that can preferen t ia l ly adsorb to the bubble d u r i n g to the 

extended bubble l i f e t ime . 

Henglein et al., ( 1995] found that depending on the pulse length, the ab i l i t y to produce and 

g r o w chemical ly active bubbles changes. This amount of t ime requi red to g r o w at least a smal l 

popula t ion o f cavi ta t ion bubbles over many puls ing sets is called the act ivat ion t ime . The pulse 

in terva l t ime w i l l then affect the ab i l i ty to keep a stable popula t ion of bubbles or op t im ize tha t 

popula t ion to create the greatest amount of sonochemical reactivity. As the i n t e rva l t ime is increased 

the number o f those active bubbles and nuclei present w i l l start to d imin i sh . I f the i n t e rva l t ime is 

long enough that popula t ion of bubbles w i l l dissolve a n d / o r f loat ou t o f so lu t ion . The t i m e requi red 

fo r this to happen is called the "deactivation t ime" (Henglein, 1989] . 
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Atchley et al., (1988] found that at a pulse length of longer than 4 us the th resho ld fo r 

cavi tat ion was not a concern. Also, they found that at a frequency greater than 5 MHz this threshold 

was not a factor. They state that the i r f indings are comparable to w h a t Flynn ( 1 9 8 2 ] had found . 

These studies were not conducted w i t h surface active compounds, i f they were , one cou ld po ten t ia l ly 

hypothesize tha t the threshold f o r cavi tat ion could be decreased due to the resu l t ing decreased 

surface tension on the bubbles. 

When ul t rasound is emi t ted in to so lu t ion under continuous wave there may be c lus te r ing o f 

bubbles created. This w i l l create a shielding effect where the popula t ion o f bubbles at the b r u n t o f 

the u l t rasound wave could be too dense and i n h i b i t the abi l i ty o f t h e wave to reach those cavi ta t ion 

bubbles deeper w i t h i n the bubble cloud. By decreasing the bubble densi ty t h r o u g h the overal l effect 

of pulsed u l t rasound the ab i l i ty of the u l t rasound wave to reach the resu l t ing cavi ta t ion bubble 

popula t ion in the f ie ld may be increased. This w o u l d then lead to a bet ter t ransfer o f energy to the 

active popu la t ion of bubbles, and may in effect enhance the sonochemical reactions happening in the 

solut ion [Francescutto et al., 1999] . Ciaravino et al. [ 1 9 8 1 ] saw an increase in sonochemical ac t iv i ty 

w i t h pulsed wave ul t rasound in comparison to cont inuous wave u l t rasound w h e n s tudy ing the 

release of iodine upon sonicat ion of 131 labeled sodium iodine solutions under intensi t ies s imi la r to 

that used in the f o l l o w i n g research. 

I t has been determined that puls ing the u l t rasound wave may be a m e t h o d to increase the 

overal l eff iciency of sonochemical processes o f po l lu tan t degradation. In d e t e r m i n i n g the puls ing 

condi t ions the length to in terva l rat io of the pulsed wave of u l t rasound is a c r i t i ca l parameter in 

design characteristics tha t needs to be op t imized to ef f ic ient ly degrade each target c o m p o u n d w i t h i n 

a target frequency. For example, Lee et. al . 2005 found that this op t imized cond i t i on at 515 kHz was 

4 ms in te rva l w i t h a 4 ms w i d t h f o r the i r system. Yang et al, [ 2005] found tha t at a f r equency of 354 

kHz a pulsed length and w i d t h of 100ms each, enhanced degradation o f a lkylbenzene sul fonate 

surfactants was observed. 
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When mak ing comparisons of continuous wave experiments to pulsed exper iments or 

between pulsed experiments of va ry ing pulsed i n t e r v a l / w i d t h settings the amount of u l t r asound 

emission in to the system d u r i n g the course of each exper iment needs to be the same. Therefore 

equation 1.5 was developed to keep the total pulse length t ime of u l t rasound the same be tween 

experiments (Henglein, 1989). 

T E X P = T S o n ( l + S J L ) (1.5) 

Where TEXP is the to ta l exper imenta l t ime and TSON is the to ta l sonolysi t ime. TOFF is the pulsed 

in terval t ime and TON is the pulsed length t ime. 

1.5.11 R E S E A R C H O B J E C T I V E S 

I t is of interest to gain insight into the cavi ta t ion induced degradat ion of a target po l l u t an t 

th rough pulsed degradat ion over a very detailed range of pulsing condit ions. However , there is no 

standard o f measurement o f sonochemical ou tpu t in te rms o f the energy input . This compl ica t ion is 

due to the unders tanding tha t cavi tat ion bubbles create sonochemistry, and the energy or p o w e r 

t ransfer to these bubbles is not consistent as the parameters o f t h e exper imenta l condi t ions change. 

The target compound, OBS, is k n o w n to degrade d i rec t ly via physical degradat ion by the h igh 

temperatures and pressures fo rmed d u r i n g hot spot f o r m a t i o n as w e l l as via radical attack. I f the 

chemical react iv i ty enhancements in terms of radical p roduc t ion are k n o w n and i t is then compared 

to h o w the compound degrades as we change a single parameter o f the system. Mechanisms of 
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degradat ion can be theorized f r o m the unders tanding that surfactant tha t have adsorbed to the 

a i r / w a t e r interface of the bubble can either degrade by chemical reac t iv i ty a n d / o r thermolys i s 

reactions. 

Yang et. al. (2008] de te rmined that puls ing u l t rasound w i l l enhance the degradat ion of OBS 

compared to continuous wave ul t rasound. One of the settings where greatest pulsed enhancement 

was achieved at d i f fe ren t frequencies was that o f 100 ms length and 100 ms in terva l . They a t t r i b u t e d 

this to the ab i l i ty of the surfactant to preferen t ia l ly adsorb more as a resul t o f increased bubble l i fe 

t ime as w e l l as a l lowing some o f t h e bubbles to dissolve d u r i n g the pulse in te rva l to increase the 

abi l i ty o f t h e wave to reach the bubbles w i t h o u t the interference f r o m cluster ing or the resu l t ing 

coalescence f r o m clustering. 

To better elucidate the t rue mechanism of OBS degradat ion via pulsed enhancement, this 

s tudy a imed to empir ica l ly model w h a t is happening i n and a round a mu l t i bubb le system s imi l a r to 

the Yang et al. 2008 study. Therefore, pulsed lengths and intervals chosen fo r this s tudy w e r e 30 ms, 

60 ms, 100 ms, 160 ms and 320 ms. In the cur ren t study, the LAS homologue, octyl benzene sul fonate 

[OBS], was chosen as a model compound that represents surface active pol lutants , ma in ly LAS 

compounds. My goals were to gain a clearer depic t ion of h o w this compound degrades via 

u l t rasound over detailed puls ing condi t ions by using HTA fo rma t ion as a comparat ive system to l i n k 

changes in OBS degradation to increased adsorpt ion on collapsing cavi ta t ion bubbles. 
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C H A P T E R 2 

E X P E R I M E N T A L 

2.1. M A T E R I A L S 

The sod ium salt of 4-octylbenzene sulfonate (OBS; 9 7 % ) was obtained f r o m Sigma-Aldr ich 

Corp. Terephthal ic acid (TA; 99+%) was obtained f r o m Acros Chemicals. TA b u f f e r i n g so lu t ion was 

made w i t h 7 m M potassium phosphate monobasic, (cer t i f ied ACS), as w e l l as 4.4 m M sod ium 

phosphate, dibasic anhydrous, (Cert i f ied ACS), and SmM sodium hydroxide , (NF/FCC). A l l three 

were obta ined f r o m Fisher Scientific. Pur i f ied wate r was obtained f r o m a M i l l i - Q f i l t e r ed wa te r 

system [R = 18.2 m f i c m 1 ) . An HPLC eluent o f 3 3 % acetoni t r i le (Fisher Scientific, HPLC Grade) and 

6 7 % phosphate b u f f e r was used. The phosphate b u f f e r was made up to a pH of 2.2 w i t h 50 m M 

sod ium phosphate, monobasic anhydrous and 52 m M o-phosphoric acid bo th were also obta ined 

f r o m Fisher Scientific. 

2.2 U L T R A S O U N D A P P A R A T U S 

Flat plate transducers (Types: USW 51-106, USW 51-051) opera t ing at a tuned f requency of 

69, 205, or 616 kHz (ELAC-Nautik, L-3 Communicat ion, GmbH, Kiel , Germany) emi t t ed u l t rasound 

th rough a round stainless steel plate (A = 23.4 c m 2 ) . A custom cyl indr ica l glass reactor (approx. 
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volume was 320 mL) , that was open at the bo t t om and clamped to the top o f the hous ing o f the f la t 

plate transducers. This reactor also had t w o ports at the top f o r ob ta in ing samples and dispensing 

contents, is shown in Figure 2 .1 . To main ta in the sample solut ion tempera ture at 20 + 1 0C the glass 

reactor had an outer wa te r jacket attached to a wa te r cool ing system (Isotemp 1006S, Fisher 

Scientific). 300 m L of sample solut ion was poured in to the glass ul t rasonic reactor and exposed to 

ul t rasound w h i l e in di rect contact w i t h the stainless steel f l a t plate. A f t e r each exper iment the 

reactor was r insed three t imes w i t h Mi l l i -Q water . The reactor was never separated f r o m the 

transducer housing between experiments under the same frequency thereby, reduc ing potent ia l 

changes to the ul trasonic f ie ld , w h i c h could result in al terat ions in the populat ions o f bubbles and 

subsequent changes in the overal l calor imetr ic p o w e r values and sonochemical y ie lds (Price et al., 

1992) . 

Power was suppl ied to this u l t rasound system by a func t ion /pu l se generator, [SM-1020; 

Signametrics Corp., Seattle, W A ) . Signals in the f o r m of cont inuous waves as w e l l as pulse 

lengths / in tervals o f 30 ms, 60 ms, 100 ms, 160 ms and 320 ms were generated f o r t h e experiments . 

There were 25 d i f f e r en t pulse combinations, i.e. pulse lengths (ON t imes) and pulsed in tervals (OFF 

times) at each o f t h e u l t rasound frequencies s tudied. The to ta l sonicat ion t imes were the same f o r 

continuous and pulsed ul t rasound in order to make comparisons be tween exper iments . A l inear 

ampl i f i e r (AG 1 0 2 1 ; T&C Power Conversion, Inc., Rochester, NY) magni f ied the generated electrical 

signal. This signal was sent to the transducer, w h i c h conver ted the electrical signal i n the f o r m of 

u l t rasound intensi ty . A n oscilloscope (model number : 5 4 5 0 1 , 1 0 0 MHz Dig i t i z ing Oscilloscope, 

supplied by Hewle t t Packard) was used to v e r i f y the wave proper t ies of the pulse exper iments . 

Tuning , impedance tests and pressure tests were conducted on al l t ransducers to check the 

func t iona l i ty before beginning this research. First, impedance tests were done to test f o r the 

operat ing resonance frequencies o f each transducer available in our lab. Appendix D shows the 

ou tpu t f r o m the impedance tests. Next the transducers were connected to the a m p l i f i e r and 
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generator. The reflected in tens i ty at each frequency was then observed under cont inuous u l t rasound 

exposure. The reflected p o w e r indicates a mismatch between the t ransducer and the m e d i u m being 

exposed to ul t rasound. Therefore , i f the ref lect ive u l t rasound intensi ty is high, then the u l t rasound 

intensi ty being appl ied to the med ium w i l l be low. This second step was repeated three t imes to 

check the rep roduc ib i l i ty of the ref lected and incident u l t rasound in tens i ty and to test fo r the lowest 

possible ref lected u l t rasound intensi ty to be obtained w i t h i n each t ransducer . The t ransducers used 

in this s tudy were used in par t because the i r reflected power was less than 10 percent of the to ta l 

power . Standard pressure tests were also conducted on each transducer to check f o r leaking. No 

pressure drops were observed th rough the stainless steel f requency plates o f the t ransducer housing, 

indica t ing that there were no leaks. 

2.3 U L T R A S O N I C C A L O R I M E T R I C P O W E R 

In sonochemistry, i t is typical to r epor t the u l t rasound energy suppl ied to the so lu t ion in 

terms o f a ca lor imetr ic p o w e r de termined by the tempera ture rise in the so lu t ion d u r i n g sonolysis. 

The p o w e r i n p u t into a so lu t ion fo r bo th continuous and pulsed ul t rasonic modes was 27 W, as 

measured by ca lo r imet ry (K imura et al., 1996) indicat ing that an equivalent amoun t o f acoustical 

energy was used in each exper iment . The tempera ture rise o f 300 m L of w a t e r was de te rmined 

du r ing 3 minutes o f sonolysis. Temperature measurements were p e r f o r m e d using a thermocouple 

[Omega Corporat ion, Stamford, CT), w h i c h was connected to a Fluke indus t r i a l scope meter (model 

123, Supplied by Everett, W A ) . The measurements were taken at 20 second intervals w i t h the f i r s t 

measurement at 20 seconds. The 20 second delay in temperature readings was used to reduce the 

physical interference resu l t ing f r o m the cavi tat ion bubbles on the the rmocoup le readings, especially 
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at the l o w e r 69 kHz frequency. Over a shor t t ime period, the cor re la t ion be tween heating and t ime is 

a l inear corre la t ion (Kimura et al. 1996) . The calor imetr ic power was calculated using equat ion 2 .1 . 

^calorimetric ju (2.1) 

where T is the temperature o f the b u l k solut ion, t is the t ime of sampling, Cp is the heat capacity of 

wa te r (4 .179 ]g~lK~l) and M is the mass o f wa te r used. For each f requency used, this cor re la t ion 

was set to generate a ca lor imetr ic p o w e r o f 2 7 ± 1 . 5 W. Throughout exper iments at each f requency 

the ca lor imet r ic power was m o n i t o r e d per iodical ly to check the system func t iona l i t y . Examples of 

ca lor imetr ic results at all frequencies, 616, 205, and 69 kHz are s h o w n i n Figures 2.2, 2.3 and 2.4, 

respectively. 

2.4 S U R F A C E TENSION M E A S U R E M E N T S 

The surface tension of aqueous OBS solut ions (0 to 10 m M ) was measured by the expanding bubble 

technique (Hunter , 2002) w i t h a Sensadyne surface tensiometer, (Mode l PC 500, Chem-Dyne 

Research Corp., Mesa, AZ). The results are shown in Figure 2.5. A n average o f approx imate ly 100 

readings o f surface tension at each concentra t ion was used to de te rmine each data po in t s h o w n in 

Figure 2.5 w i t h i n an e r ror of ± 1 d y n e / c m . 
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2.5 H P L C ANALYSIS OF OBS D E G R A D A T I O N 

Solutions of OBS ( I m M , 3 0 0 m L ) were prepared fo r each exper iment by m i x i n g 150 m L of the stock 

solut ion w i t h 150 mL of the Mi l i i -Q water . This 300 mL solut ion was then t r ans fe r red to the 

ul trasonic reactor fo r sonolysis. 2 m M stock solutions were prepared in pure M i l l i - Q f i l t e red wa te r 

(R = 18.2 mV c m 1 ) for ca l ibra t ion curve concentrat ions of 0 to 1.25 m M . A Hewle t t -Packard 1100 

high pressure l iqu id chromatograph (HPLC) w i t h a 100x2.1 m m C18 ODS Hypers i l co lumn [ T h e r m o 

Electron Corp., Belefonte, PA) was used to measure the OBS concentra t ion f o l l o w i n g sonolysis of 

aqueous OBS solutions (300 mL) at an in i t i a l concentrat ion o f I m M . Sample volumes (200 / i -L) w e r e 

collected a total of 11 t imes over the course o f an ul t rasound exper iment . (Exper iments ranged f r o m 

15 minutes to 11.5 hours, depending on the ul t rasound pulsing cond i t ion ) . Samples were taken 

using a 1000 / xL glass syringe (Gastight 1001, Hami l ton Corp., Reno, N V ) . The samples were s tored 

in 350 yU.L glass, f la t bo t t om inser t vials (RESTEK Corp.) tha t were then placed i n 2 m L c r imp top 

amber glass HPLC vials (Agilent Technologies, New Castle, DE), and s tored under r e f r ige ra t ion up to 

three days p r i o r to HPLC analysis. Less than 1 % of the reactor vo lume was taken d u r i n g the course 

of this analysis. The HPLC re ten t ion t ime of 5 minutes was observed f o r OBS as s h o w n in Figure 2.6 

(a). This f igure is showing the HPLC peaks f r o m a typical cal ibrat ion curve. The areas under the peak 

and the k n o w n concentrations cor re la t ing to each peak were used to generate the ca l ibra t ion curve 

in Figure 2.6 (b) . 
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2.6 F L U O R E S C E N C E D E T E C T I O N OF HTA FORMATION 

A buf fe red stock TA solut ion (2 m M ; 6 L] was prepared f o r each batch o f 26 experiments (one f u l l set 

o f continuous and puls ing settings at a given f requency] f o l l o w i n g Mason et al. [ 1 9 9 4 ] . Solutions o f 

TA (1 m M , 300 m L ] f o r sonolysis were prepared for each exper iment by m i x i n g 150 m L of the stock 

solut ion in 150 mL of the M i l l i - Q water . For cal ibrat ion purposes HTA, was synthesized according to 

Mason et al., (1994] and Field et al. [ 1 9 7 0 ] . Calibrat ion curve concentrat ions f o r HTA ranged f r o m 0 

to 0.2 m M . The OH radical y i e ld was calculated f r o m a standard fluorescence curve f o r aqueous HTA 

solutions and on the assumpt ion t h a t T A reacts w i t h OH radicals i n a 1:1 mola r rat io. H y d r o x y l 

radical fo rma t ion du r ing sonolysis of aqueous TA (1 m M ] solutions was de te rmined by the de tec t ion 

of HTA (Fang, 1996] using a Shimadzu RF-5301 PC spec t rof luorophotometer . (Columbia, M D ] . 

Exper imental t ime depended on the pulsed sett ing and ranged anywhere f r o m between 10 minutes 

to approximate ly 6 hours f o r each experiment . Approx ima te ly six samples, 3 m L each were taken 

over the course of each exper iment . Therefore, not more than 6% o f t h e or ig ina l vo lume was used 

th roughout the course o f the TA experiments. 

Samples were d i rec t ly placed in a quartz cell w i t h a 10 mm-pa th - leng th for inser t ion in to the 

spec t rof luorophotometer f o r fluorescence measurements. The f o l l o w i n g parameters were used in 

this analysis: excitat ion and emission beam slit w i d t h 1.5 nm, sampl ing in te rva l 0.2 nm, exci ta t ion 

wavelength 315 nm, and emission wavelength 428 nm. Concentrations ranging f r o m 0 to 0.2 m M 

were used fo r the HTA cal ibra t ion curve. The f luo romete r ou tpu t f r o m ca l ibra t ion standards is 

shown in Figure 2.7 (a] . The peak m a x i m u m was de te rmined to occur at a wave length o f 428 n m . 

For each fluorescent measurement the in tensi ty was then de te rmined at this wavelength . The 

increasing intensities and k n o w n concentrat ions associated w i t h each peak were used to generate 

the ca l ibra t ion curve i n Figure 2.7 ( b ] . 

Volume changes affect sonochemical y ie ld . Dur ing sonicat ion at 69 kHz the amoun t o f 

vo lume being removed as a resul t o f sampl ing caused a loss in l inear i ty be tween f luorescent emiss ion 

in tens i ty and sonolysis t ime. This effect arose due to a s tanding wave. A s tanding wave occurs 
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when the incident wave is ref lected f r o m the a i r / w a t e r interface o f t h e sample (Leighton, 1994) . The 

nature of the standing wave w i l l affect bubble dynamics and, therefore , the sonochemical y ie ld . The 

height o f the l i q u i d above the t ransducer w i l l affect the phase of the ref lected wave in re la t ion to the 

incident wave, thereby changing the overal l u l t rasound in tens i ty i n the sample so lu t ion (Leighton, 

1994) . To alleviate this p rob lem, each 3 m L sample was re tu rned back in to the reactor a f t e r 

fluorescence analysis ( to ta l t ime outside of the vessel was less than 30 seconds f o r each sample) . 

This pro tocol i m p r o v e d the accuracy o f t h e 69 kHz experiments. 
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Figure 2.1. The ultrasonic reactor and transducer(s) housing. 
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Figure 2.2 At an electrical power of 34 W, the temperature rise in Milli-Q water as a function of time 
at 616 kHz is shown above. At a reactor volume of 300 mL, this correlates to a calorimetric power of 
27.6 W. 
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Figure 2.3 At an electrical power of 29.6 W, the temperature rise in Milli-Q water as a function of 
time at 205 kHz is shown above. At a reactor volume of 300 mL, this correlates to a calorimetric 
power of 26.99 W. 
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Figure 2.4 At an electrical power of 42.5 W, the temperature rise in Milli-Q water as a function of 
time at the 69 kHz is shown above. At a reactor volume of 300 mL, this correlates to a calorimetric 
power of 27.5 W. 
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Figure 2.5 OBS concentration effects on equilibrium surface tension. Concentration batches were 
made up of 5 mM, 10 mM and 15 mM from a 15 mM stock solution. With each successive dilution 
from each concentration, the surface tension was measured. An average of approximately 100 
readings of surface tension at each concentration was used to determine the value. 
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F igure 2.6 (a) HPLC caiibration peaks of known concentration showing a 5 min elution time, (b) 
Typical HPLC / OBS calibration curve. The high linearity and the range below and above all 
concentrations observed decreases any error associated with the OBS data. 
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C H A P T E R 3 

R E S U L T S 

3.1. E F F E C T OF U L T R A S O U N D I N T E N S I T Y ON SONOCHEMICAL Y I E L D 

As the in tensi ty o f t h e u l t rasound wave is increased, the sonochemical y i e ld o f a react ion in 

aqueous so lu t ion also increases due to increased OH radical p roduc t ion and t empera tu re f r o m 

cavi ta t ion bubble collapses (Sostaric et al., 2002; Price et al., 1993; Henglein et al, 1994) . However, at 

re la t ively high ul trasonic intensities, the sonochemical y ie ld plateaus and at even h igher intensities, 

there is a cont inual and substantial decrease in sonochemical y ie ld [Price et. al . 1993; Kanthale et al., 

2007 ] . 

This decreased sonochemical y ie ld at high intensit ies has been a t t r i b u t e d to a number of 

factors, inc lud ing the f o r m a t i o n o f a large popula t ion o f bubbles in the l i q u i d . Many bubbles w i l l 

increase the rate o f collisions between the bubbles creating wha t is called coalescence (Sunart io et. 

al., 2 0 0 7 ] . Therefore , bubbles s imply g r o w too large and f loat out o f so lu t ion , ra ther than undergoing 

iner t ia l collapse (Sunartio et. a l , 2007 ] . In addi t ion , a high density o f bubbles near the surface of the 

t ransducer results i n a t tenuat ion and ref lec t ion of the ul t rasound wave ( A s h o k k u m a r et. al., 2007 ] , 
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(Lee, 2005) . Both effects act to l o w e r the overal l effect of ul t rasound in tens i ty resu l t ing in a 

decrease in sonochemical y ie ld . 

Also, d i f f e ren t compounds may have an effect on the proper t ies and in teract ions of 

cavi tat ion bubbles; therefore, i t is necessary to s tudy the effect of each c o m p o u n d w h i l e changing 

another variable such as power . The ul t rasonic intensi ty for all exper iments was chosen w i t h i n the 

range where there was a l inear re la t ion between ul t rasound intensi ty and sonochemical y ie ld . 

W o r k i n g w i t h i n this linear region a l lowed for , quant i ta t ive comparisons be tween exper imenta l runs 

under d i f f e r en t u l t rasound condi t ions could be made. A calor imetr ic p o w e r o f 27 W was chosen f o r 

all experiments, w h i c h correlates to 42.5, 29.6 and 34 W electrical power , respectively, fo r 69, 205 

and 616 kHz. Figure 3.1a demonstrates that at a f requency of 616 kHz the ca lo r imet r i c p o w e r of 27 

W falls w i t h i n the range where there is a l inear relat ionship between ul t rasonic in tens i ty and the 

degradat ion rate constant f o r OBS. Each OBS degradation exper iment was r u n f o r a to ta l sonicat ion 

t ime o f 15 minutes wh ich was de te rmined to get the best f i t f o r al l exper iments regardless of 

intensi ty. 

In Figure 3.1b at 616 kHz the ca lor imetr ic power of 27 W also falls w i t h i n the range w h e r e 

there is a l inear relat ionship between ul t rasonic intensi ty and the f o r m a t i o n rate constant fo r HTA. 

Each data poin t represents an ind iv idua l HTA fo rma t ion exper iment tha t was r u n f o r a to ta l 

sonicat ion t ime of 10 minutes. The exper imenta l t imes f o r all reactions in Figure 3.1b were also 

de te rmined in the same way as those in Figure 3.1a. Similar exper iments w e r e conducted at a 

f requency of 205 kHz, as shown in Figure 3.2. As shown, 27 W ca lor imet r ic p o w e r is again w i t h i n the 

ranges where there is a l inear re la t ionship between ul t rasound in tens i ty and sonochemical y ie ld , 

before the y ie ld plateaus. 
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3.2 E F F E C T OF OBS AND T A I N I T I A L CONCENTRATIONS ON S O N O C H E M I C A L R A T E S 

In sonochemical systems i t is i m p o r t a n t to determine the effect o f solute concentra t ion on 

sonochemical reaction rates. The number of OH radicals that can react w i t h a hydroph i l i c solute in 

the bu lk of solut ion w i l l depend on the concentrat ion o f solute. For example, i n solut ions o f TA the 

f o r m a t i o n of HTA w i l l depend on the number of OH radicals that can react w i t h TA i f the in i t i a l 

concentrat ion of TA is too low. In add i t ion the surface active solute can adsorb to the interface o f 

bubbles leading to changes in the bubble act ivi ty. Both of these effects depend on the solute 

concentrat ion. 

In an u l t rasound system tha t contains a surfactant, the effects of its concentra t ion on f ina l 

sonochemical act ivi ty needs to be considered and unders tood carefu l ly because frequency, power , 

reactor design etc. w i l l effect and po ten t ia l ly change the popula t ion of cavi ta t ion bubbles tha t are 

created. The surfactant w i l l p a r t i t i o n to the interface of the cavi ta t ion bubbles w i t h the charged or 

hydroph i l i c end facing t o w a r d the b u l k solut ion i f the surfactant has a f o r m a l charge, such as anionic 

or cationic surfactants. This creates an overal l charge on the surface o f cavi ta t ion bubbles (Sostaric 

thesis, 1999), (Ashokkumar et. al., 2007) . These s imi la r ly charged bubbles repel one another i f the 

in terfacia l potential between the bubble surface and bu lk solut ion is h igh enough and i f the Debye 

length is long enough (Sostaric thesis, 1999) . Because coalescence is h indered by the presence o f the 

surface charge, fewer bubbles w i l l be lost due to the creation of larger bubbles tha t w i l l be fo rced to 

the nodes by p r imary bejerknes forces (Leighton, 1990) or result i n f loa t ing ou t o f so lu t ion due to 

buoyancy forces (Sunartio et al., 2007) . 

Also, as a result o f the electrostatic repulsive forces between the bubbles they w i l l be more 

spread out w i t h i n the solut ion w i t h charged surfactants present, resu l t ing in the declus ter ing o f 

bubble clusters. Therefore the eff ic iency at w h i c h the ul t rasound wave can reach each of these 

bubbles w i l l be greater (Sostaric thesis, 1999) a l lowing bubbles at the center o f bubble clusters to 

adsorb energy as e f f ic ien t ly as those tha t were outside of the cluster. Overall the p reven t ion o f 
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coalescence and the effect o f declustering can increase the sonochemical ac t iv i ty in the system by 

increasing the popula t ion o f chemically active cavi tat ion bubbles. 

A t concentrations where micelle fo rma t ion occurs (i.e., the CMC), the sonochemical y i e ld has 

been observed to increase or decrease. Ashokkumar et al. (1997) f o u n d that the f o r m a t i o n o f 

micelles h indered the rates of sonochemical y ie ld . They a t t r ibu ted the i r f ind ings to the hypothesis 

tha t the micelles create a ba r r i e r between the u l t rasound wave and the bubbles or nucleat ion sites i n 

the so lu t ion . Similarly, Destaillats et al. (2000) and later Sostaric et al. (2001) also found that the 

onset o f micelle f o r m a t i o n resulted in a decrease in the observed sonochemical y ie ld . However , Pee 

et al. (2004) found that the sonochemical y ie ld increased upon micel le f o r m a t i o n a t t r i b u t i n g t he i r 

f indings to addi t ional nucleat ion sites w i t h i n the center o f the micelles. The e q u i l i b r i u m surface 

tension values of OBS, over a w i d e concentrat ion range were de te rmined as shown in Figure 2.5. 

This graph indicates that the CMC of OBS is approximate ly 1 4 m M . To avoid any poten t ia l 

complicat ions due to the f o r m a t i o n o f micelles, all exper iments i n the cur ren t s tudy were conducted 

at a concentrat ion of OBS of I m M in aqueous solut ion, in order to be at a concentra t ion w h e r e 

micelles w i l l not f o r m . 

The effect of the in i t i a l TA concentrat ion on HTA f o r m a t i o n is shown in Figure 3.3. This 

f igure shows the rate constants as de te rmined under a f requency o f 616 kHz w i t h to ta l sonolysis 

times o f 10 minutes (this same sonolysis t ime was used f o r al l TA kinet ic studies). The rate o f HTA 

f o r m a t i o n for ind iv idua l reactions (data points) over v a r y i n g in i t i a l concentrat ions o f TA is s h o w n . 

Note tha t as the TA concentrat ion increases the rate constant of HTA f o r m a t i o n plateaus (Price et al., 

1993) . This occurs as a result of excess TA in the bu lk so lu t ion available to scavenge all o f the OH 

radicals that d i f fuse to the bu lk solut ion du r ing the t ime of sonolysis (Mason et. a l , 1994) . As a resul t 

any possible e r ro r associated w i t h TA in i t i a l concentrat ions are removed since small var ia t ions i n 

in i t i a l TA concentrations w i l l not affect the f o r m a t i o n of HTA at the plateau concentrat ions. 

Addi t iona l ly , choosing a TA concentrat ion w i t h i n the plateau (Figure 3.3) region ensures tha t o ther 
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experimental parameters such as puls ing and f requency w i l l not affect the ab i l i ty f o r the TA to 

ef f ic ient ly react w i t h all available OH radicals, hence the number o f OH radicals tha t diffuses in to the 

bulk so lu t ion depends on the f requency and puls ing condit ions. For this reason 1 m M TA (circ led in 

f igure 3 . 3 ] w o u l d be a reasonable choice fo r all experiments r u n under 6 1 6 kHz. Figure 3 . 4 shows 

the s imi la r effects of TA concentrat ion on the rate constants o f HTA f o r m a t i o n at 2 0 5 kHz. The 

chosen TA concentrat ion o f 1 m M f o r this set also falls w i t h i n the plateau region. 

3.3 E F F E C T OF SONOLYSIS T I M E ON S O N O C H E M I C A L R A T E OF R E A C T I O N 

Similar ly to the effect of the in i t i a l concentra t ion of solutes in a sonochemical system, the 

length o f t ime at w h i c h a solut ion is exposed to u l t rasound (at constant so lu t ion tempera tures] can 

also affect the sonochemical rate of reaction. Figure 3 . 5 shows a pseudo f i r s t o rder degradat ion fo r 

OBS ( 1 m M , 3 0 0 m L ] in aqueous solut ion exposed to cont inuous wave u l t rasound, at a f requency o f 

6 1 6 kHz and in the f i r s t 2 0 minutes o f degradation. This is suppor ted by the l inear cor re la t ion 

coeff ic ient ( R 2 A D I ] of 0 . 9 9 7 fo r this section o f t ime . A f t e r 2 0 minutes the rate o f degradat ion 

decreases. 

I t is a general rule that most thermolys is reactions f o l l o w at least a f i r s t -o rde r t r en d (De 

Visscher et al., 1 9 9 6 ] . Also, in sonochemical systems w h e r e surfactants are present, there seems to 

be a change in the kinetics of the f i r s t -o rder degradat ion as the t ime of sonolysis reactions progress 

when in i t i a l concentrat ions o f the surfactant are be low the CMC (DeVisscher et al., 1 9 9 6 ] . A b u -

Hassan et. al . 2 0 0 6 shows an in i t i a l per iod o f degradat ion that is con t ro l led by a cer ta in set o f 

mechanisms of degradation. This in i t i a l per iod seems to be f o l l o w e d by a t ime pe r iod cont ro l led by 

addi t ional mechanisms. This change in kinet ics has been speculated to be the resul t o f byproduc t 

f o r m a t i o n (Tronson et al., 2 0 0 3 ] . 
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These byproducts compete w i t h the parent compound f o r reactive species, temperature , and 

space at the interface whe reupon collapse there is less accumulat ion of the parent compound to the 

interface of the bubble to be degraded by thermolysis o r chemical react iv i ty . I f byproduc ts are 

volat i le they can d i f fuse in to the bubble and react w i t h oxidat ive radicals before the radials reach the 

hot shell to react w i t h the parent surfactant. Also, these byproducts can act to adsorb energy f r o m 

the collapsing bubble and lower the specific heat o f the bubble, i n effect l o w e r i n g the overal l 

temperatures, pressures, and possibly chemical react ivi ty . This w i l l affect the ab i l i t y of the in i t i a l 

compound to degrade in comparison to a system w i t h no byproducts present (Vinodgopal et al., 

2001] . Therefore , to compare the effect of changing dependent variables (i.e. the ef fect o f changing 

puls ing cond i t i on ] , i t is necessary that the comparison be made where the degradat ion rate constant 

is the resul t of s imi lar mechanisms (Sostaric and Riesz, 2002] . The total sonicat ion t imes fo r all 

experiments were chosen to be w i t h i n the in i t i a l t ime of degradat ion where add i t iona l mechanism of 

degradat ion d id no t influence the in i t i a l pseudo f i r s t order degradat ion o f the parent compound. 

There is no th ing tha t can be gained by conduct ing the OBS degradat ion exper iments f o r longer 

sonolysis t imes at 616 kHz, as far as comparison of the 1 s t order degradat ion rates o f react ion are 

concerned. 

Similar observations as those made fo r sonolysis o f aqueous OBS [ 1 m M , 300 m L ] solut ions 

described at 616 kHz were also made f o l l o w i n g sonolysis o f the same solut ions under cont inuous 

wave u l t rasound at frequencies of 205 kHz (Figure 3.6] and 69 kHz (Figure 3.7] . However , un l ike the 

results observed at 616 kHz, where a pseudo f i r s t -o rde r degradat ion rate was observed i n the f i r s t 

20 minutes o f sonolysis, pseudo f i r s t -order degradat ion o f OBS was observed f o r on ly 16 minutes 

(205 kHz; Figure 3.6], and up to 150 minutes at a f requency of 69 kHz (Figure 3.7]. I t is in teres t ing 

to note that the amount of degradation at the po in t where the rate o f react ion deviates f r o m the 

pseudo f i r s t -o rde r rate of reaction is s imi lar at all u l t rasound frequencies, (i.e. app rox ima te ly 7 to 10 

% degradat ion] . As a result of these observations, the m a x i m u m sonolysis t i m e f o r compar ison o f 
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f i r s t o rder degradation rates of OBS were chosen as 20 ,15 and 60 minutes f o r sonolysis frequencies 

of 616, 205 and 69 kHz, respectively. 

The total sonication t ime of TA experiments is also i m p o r t a n t f o r s imi la r reasons as those 

described above f o r OBS degradat ion. Figure 3.8 il lustrates the f o r m a t i o n o f HTA over extended 

sonolysis t imes. Note tha t the rate o f fo rma t ion of HTA is zero-order on ly in the f i r s t 30 minutes of 

sonolysis. I t has been observed tha t af ter TA solutions have been exposed to u l t rasound above a 

certain t ime, HTA that has f o r m e d in solut ion starts to sonochemical ly degrade [Fang, 1996] . 

Therefore, an apparent decrease in the fo rma t ion rate of HTA is observed. To generate an 

appropr ia te measure of the chemical react ivi ty in a system the to ta l sonolysis t ime of all reactions f o r 

a given frequency needs to end before the HTA starts to degrade. I n Figure 3.8 i t is observed tha t the 

chosen sonolysis t ime fo r HTA f o r m a t i o n experiments o f 10 minutes w o u l d be w e l l w i t h i n this region 

of measurable chemical react ivi ty , w h i c h has a correla t ion coeff ic ient of 0 .991 . Simi lar ly , i n Figure 

3.9 there is a high corre la t ion coeff icient of 0.997 between the HTA f o r m a t i o n and sonolysis t ime up 

to 35 minutes . Therefore, a sonolysis t ime of 10 minutes is appropr ia te at th is f requency. 

3.4 OBS AND HTA K I N E T I C E X P E R I M E N T S 

A f t e r an appropr ia te sonolysis t ime was chosen at each frequency, the k ine t ic studies on the 

degradat ion of OBS and HTA at var ious pulsed settings w i t h i n each f requency were conducted. 

Figure 3.10 shows the degradat ion o f OBS under continuous wave condi t ions over 15 minutes o f 

sonolysis t ime at 205 kHz. Experiments were typical ly r u n in dupl icate unless o therwise stated in 

the f igure captions. Upon analysis o f the data set by the SAS statist ical p rog ram, ]MP, l inear 

regression analysis th rough exper imenta l b locking was used as a technique to a t t e m p t to alleviate 

nuisance variables (Ramsey and Schafer, 2001] . Br ie f ly this technique weights the cor re la t ion values 
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of each data poin t f r o m the duplicate or t r ipl icate experiments and calculates a slope, alternate to jus t 

averaging the slopes of each regression line. The resul t ing slope be t te r represents the t rue rate 

constant. The weighted degradat ion rate constant (fcWeioheed ) ^ o r aqueous OBS solutions exposed 

to cont inuous wave u l t rasound at 205 kHz was determined to be 5.5xl0"3 m i n 1 . The adjusted 

corre la t ion coeff icient R 2AD) was 0.992 indicat ing an excellent l inear cor re la t ion . Figure 3.11 shows 

the degradat ion of OBS exposed to a pulsed ul t rasound w i t h a pulsed length and a pulsed in te rva l of 

100 ms. Again the total sonoysis t ime was 15 minutes, resul t ing i n a to ta l exper imenta l t ime f o r this 

pulsed exposure as: 

Where Texperimentai is the to ta l t ime o f t h e experiment, TSonoiysis is jus t the to ta l t ime tha t the u l t rasound 

is t u rned on over the course of one exper iment . Tntervai is the o f f t i m e of one pulsed condi t ion , and 

the Tength is the on t ime o f t h e pulsed condi t ion . Using this equation, given a Tintenrai, and a Tiength o f 

100 ms each, and a Tsonoiysis o f 15 minutes , the Texperimentai was calculated to be 30 minutes . Under 

these puls ing condit ions (Figure 3.11) k w e i g h C e d value was calculated to be T ^ x l O ^ m i n 1 w i t h an 

R 2ADJ o f 0.984. For all kinet ic plots of the sonochemical degradat ion rate o f aqueous OBS solut ions 

under al l of the pulsing condit ions in the cur ren t study, see Appendices Al, B l and Cl respectively 

fo r 616 kHz, 205 kHz, and 69 kHz. 

Similar ly , Figures 3.12 and 3.13 show the sonochemical f o rma t ion rate o f HTA d u r i n g exposure o f 

aqueous TA solut ion to u l t rasound at a f requency of 205 kHz. Figure 3.12 shows the sonochemical 

f o r m a t i o n rate of HTA under cont inuous wave ul t rasound. k„eighted was calculated in the same w a y as 

i t was calculated for the sonochemical degradation of OBS (Figure 3.10). Under a cont inuous 

u l t rasound exposure o f 10 minutes the Kweighted Was calculated to be 0.713 m M m i n 1 w i t h an R 2 value 

experimental 
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of 0.9994. Figure 3.13 shows the zero- o rder f o r m a t i o n rate of HTA under the pulsed cond i t ion w i t h 

Tntervai and Tiength of IOOms each. Again the sonolysis t ime was 10 minutes , therefore using equat ion 

3.1 the total exper imental t ime was 20 minutes. k„eighted was calculated to be 0.686 m M m i n 1 w i t h an 

R 2 ADI value of 0.9994. The corre la t ion coefficients fo r the sonochemical f o r m a t i o n rate o f HTA under 

continuous and pulsed condi t ions represent the accuracy of this exper imenta l technique. For al l 

kinetic plots of the sonochemical f o r m a t i o n rate o f HTA in aqueous TA solut ions under al l o f the 

pulsing condit ions in the cur ren t study, see Appendices A2 and 82 respectively fo r 616 kHz and 205 

kHz. 

Under all condi t ions o f sonolysis kWeighted f o r sonochemical degradat ion o f aqueous OBS 

solutions and sonochemical f o r m a t i o n o f aqueous HTA, Table 3.1 was devised. The stat ist ical 

method, Propagation o f Errors was used to calculate the e r ror on a 9 5 % confidence in te rva l f o r rate 

constants. These s tandard errors are also repor ted. Similar ly , Tables 3.2 and 3.3 w e r e cons t ructed 

for the experiments conducted at 205 kHz and 69 kHz. Note h o w the degradat ion rate o f OBS and as 

wel l the fo rma t ion rate of HTA depends on the puls ing condi t ion . F rom this complete data set i t is 

possible to gain an unders tanding of h o w pulsing the u l t rasound wave can affect the sonochemical 

degradation of OBS at d i f f e r en t u l t rasound frequencies, compared to the to ta l sonochemical ac t iv i ty 

in a system determined f r o m the sonochemical f o rma t ion rate of HTA. In do ing so I have gained 

i n f o r m a t i o n on the mechanism of any enhanced degradation rates o f OBS as explained in the 

discussion section. 
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Figure 3.1 (a) OBS degradat ion rate constant and (b) HTA f o r m a t i o n rate as a f u n c t i o n o f electr ical 
power at 616 kHz. Rates o f reaction were de te rmined in aqueous solutions [ I m M , 3 0 0 m L ) exposed 
to continuous u l t rasound [ f = 616 kHz, tsonoiysis = 15 m i n ) . The graph shows a circle a round the 
exper imental run at 3 4 W electrical power. This electr ical power is equivalent to a ca lo r ime t r i c 
power of 27W, and was therefore the power set t ing fo r al l experiments r u n w i t h the 616 kHz 
transducer. 
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Figure 3.2 (a) OBS degradation rate constant and (b) HTA f o r m a t i o n rate as a f u n c t i o n o f electrical 
power at 205 kHz. Rates o f reaction were de te rmined in aqueous solutions ( I m M , 3 0 0 m L ] exposed 
to cont inuous u l t rasound ( f = 205 kHz, tsonoiysis = 20 m i n ] . The graph shows a circle a round the 
exper imenta l r u n at 29.6 W electrical power . This electr ical p o w e r is equivalent to a ca lo r imet r i c 
power of 27W, and was therefore the poweset t ing f o r al l experiments run w i t h the 205 kHz 
transducer. 
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Figure 3.3 HTA f o r m a t i o n rate as a func t ion of TA concentrat ion. Rates o f react ion were de te rmined 
in aqueous solutions ( I m M , 3 0 0 m L ] exposed to cont inuous ul t rasound [ f = 616 kHz, tsonoiysis= 10 
m i n ] . The graph shows a circle a round the exper imenta l r u n at TA concent ra t ion o f I m M . This 
concentra t ion lies w i t h i n the plateau region; therefore the TA concentra t ion f o r al l experiments was 
I m M . 

T A / m M 

Figure 3 .4 HTA f o r m a t i o n rate as a func t ion of TA concentrat ion. Rates o f react ion were de te rmined 
in aqueous solut ions ( I m M , 3 0 0 m L ] exposed to cont inuous u l t rasound ( f = 205 kHz, tsonoiysis = 1 0 
m i n ] . The graph shows a circle a round the exper imenta l r u n at TA concent ra t ion o f I m M . This 
concentra t ion lies w i t h i n the plateau region; therefore the TA concentra t ion fo r al l experiments was 
I m M . 
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Figure 3.5 OBS f i r s t order degradat ion rates were de termined in aqueous solut ions ( I m M , 300mL) 
exposed to continuous ul t rasound ( f = 616 kHz, 2 0 ± o C ] . Notice that the cor re la t ion between OBS 
degradat ion and sonolysis t ime is h ighly l inear up to the sonolysis t i m e o f 20 minutes . A f t e r this t ime 
the rate o f react ion slows and the cor re la t ion decreases. To investigate the in i t i a l degradat ion rate, a 
total sonolysis t ime of 20 minutes was chosen fo r all 616 kHz OBS degrada t ion experiments . 
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Figure 3.6 OBS f i r s t order degradat ion rates were de te rmined in aqueous solut ions ( I m M , 3 0 0 m L ] 
exposed to cont inuous ul t rasound ( f = 205 kHz, 20±°C) . Notice that the cor re la t ion between OBS 
degradat ion and sonolysis t ime is h igh ly l inear up to the sonolysis t i m e o f 15 minutes . A f t e r this t ime 
the rate o f reaction slows and the cor re la t ion decreases. To investigate the in i t i a l degradat ion rate, a 
to ta l sonolysis t ime of 15 minutes was chosen fo r all 205 kHz OBS degradat ion exper iments . 
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Figure 3.7 OBS first order degradation rates were determined in aqueous solutions ( I m M , 300mL) 
exposed to continuous ultrasound (f = 69 kHz, 2 0 ± o C ) . Notice that the correlation between OBS 
degradation and sonolysis time is linear up to the sonolysis time of 150 minutes at least. After this 
time the rate of reaction slows and the correlation decreases. To investigate the initial degradation 
rate, a total sonolysis time of 60 minutes was chosen for all 69 kHz OBS experiments. 
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Figure 3.8 HTA f o r m a t i o n as a func t ion o f sonolysis t ime was de te rmined in aqueous solut ions 
[ I m M , 300mL) exposed to cont inuous ul t rasound [ f = 616 kHz, 2 0 ± o C ) . Notice tha t the cor re la t ion 
between HTA f o r m a t i o n and sonolysis t ime is h ighly l inear up to the sonolysis t i m e of 30 minutes . 
Af t e r this t ime the rate of react ion slows and the corre la t ion decreases. To investigate the in i t i a l 
degradation rate, a to ta l sonolysis t ime of 10 minutes was chosen f o r al l 616 kHz HTA experiments. 

Figure 3.9 HTA f o r m a t i o n as a func t ion o f sonolysis t ime was de te rmined i n aqueous solut ions 
[ I m M , 300mL) exposed to cont inuous ul t rasound [ f = 205 kHz, 2 0 ± o C ] . Notice tha t the cor re la t ion 
between HTA f o r m a t i o n and sonolysis t ime is h ighly l inear up to the sonolysis t ime o f 35 minutes . 
A f t e r this t ime the rate of react ion slows and the corre la t ion decreases. To investigate the in i t i a l 
degradat ion rate, a to ta l sonolysis t ime of 10 minutes was chosen f o r al l 205 kHz HTA experiments . 
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Figure 3.10 First order ultrasonic degradation of OBS (run in triplicate) in aqueous solution ( I m M , 
300ml) exposed to continuous ultrasound (f = 205 kHz; P = 27W; tsonoiysis = 16 min) The weighted 
degradation rate constant, kweighted = 5.5 xlO 3 m i n 1 ; adjusted correlation coefficient, R2Adi = 0.992; 
were determined using the JMP program for this set (NTOT =20). 

Figure 3.11 First order ultrasonic degradation of OBS (run in duplicate) in aqueous solution ( I m M , 
300ml) exposed to pulsed wave (100ms lengths and 100ms intervals) ultrasound (f = 205 kHz; P = 
27W; tsonoiysis = 15 min) The weighted degradation rate constant, kWeighted = 7.2 xlO 3 m i n 1 ; adjusted 
correlation coefficient R2Adj = 0.984; were determined using the JMP program for this set (NTOT =11). 
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Figure 3.12 Zero order ultrasonic formation of HTA [run in duplicate) in aqueous solution [ I m M , 
300mL) exposed to continuous ultrasound [f = 205 kHz; P = 27W; tsonoiysis = 10 min) The weighted 
formation rate constant, kweighted = 0.713 mM min"1; adjusted correlation coefficient R2Adj - 0.9994; 
were determined using the JMP program for this set [NTOT =12). 
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Figure 3.13 Zero order ultrasonic formation of HTA [run in duplicate) in aqueous solution [ I m M , 
300ml) exposed to pulsed wave [100ms lengths and 100ms intervals) ultrasound [f = 205 kHz; P = 
27W; tSOnoiysis = 10 min) The weighted formation rate constant kweighted = 0.686 mM m i n 1 ; adjusted 
correlation coefficient R2Adj = 0.9994;were determined using the JMP program for this set [NTOT =12). 
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CONTINUOUS PUtSING 

Pulse tength/ ms 

Pulse Interval/ ms 
PUtSING 

Pulse tength/ ms 30 60 100 160 320 

Initial OBS Deg radation Rate Constant ^ 5 , d e r r o r 1 ^ ' n - 1 ) } ' " ' 3 

5 7+0 05 3C 5.5r0.3 5.4+0 2 4.810 3 3.3:0.3 

60 5.6i0.3 5.5+0.1 5.710.3 6.810.1 

100 
5.8i0.1 5.510.1 6.3+0.1 5.7±0 5.0:0.2 

160 5.S 10 .1 5.610.2 5.7+0.1 5.S10 1 5.8t0.3 

320 5.3i0.1 5.7+0.1 5.6+0 1 5.2+0 2 5 .7±0.1 

Initial HTA Formation Rate Constant ( k ± 5 t d ^ o r i m M m m ' ^ l O 3 

0 .695±0.007 30 0.823+0.004 0.803t0.005 0.77610 004 0 .747±0 006 0.72910.004 

60 
078040.007 0.753:0,007 0.77010 005 0 .762±0 003 0.726+0.010 

100 0.786+0.008 0.790-0.007 0.759+0 006 0.765+0 006 0.722+0.007 

160 0.779+0.007 Q.77ir0.005 0.7761O 003 0.767+0 009 0.762+0.007 

320 
0.78110.007 0.780:0.007 0.754+0 009 0.78110 007 0.77010.006 

Table 3.1 616 kHz OBS and HTA kweighted values at each pulsed setting are shown. The reported 95% 
confidence intervals associated with each rate constant are also reported. 
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CONTINUOUS PULSING Pulse Interval/ ms 

Pulse Length/ ms 30 60 100 160 320 

Initial OBS Degradation Rate Constants p a std error 1 m m - 1 ) . . i 

5.3+0.11 30 5.3±0.1 6.210.2 5.8+0.4 6.1:0.1 4.7+0.8 

60 5.0-0.1 5.6:0.2 6.5t0.3 6.5±0.2 

100 6.1+0.2 5.5:0.2 7.2:0.3 5.4:0.3 5.9:0.1 

160 5.Sr0.2 5.5+0.1 5.2+0.2 5.710.1 6.310.3 

320 5.3+0.3 5.8i0.3 5.7:0.1 5.2+0.1 4 7+0 2 

Initial HTA Formation Rate Constants { k ± ^ e r r o r i m M •*> 1 ^ 

0.713+:.OO5 30 0.70810.008 0.726+0.007 0.7^6+0.008 0.71210.008 0.759+0.007 

60 0.73710.008 0.72210.003 0.67210.007 0.73510.009 0.695+0.004 

100 0.71110.004 0.69910.005 0.68610.005 0.711+0.008 

160 0.71:0.02 0.655+0.005 0 . 6 9 7 ± O 0 0 4 0.720+0.006 0.704+0.006 

320 0.72210.003 0.701+0.004 0.677*0.004 0.69510.008 0.71010.005 

Table 3.2 205 kHz OBS and HTA kweighted values at each pulsed setting are shown. The reported 95% 
confidence intervals associated with each rate constant are also reported. 
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CONTINUOUS PULSING Pulse I n t e r v a l / ms 

Pulse Length/ ms 30 60 100 160 320 

Initial OBS Degradation Rate Constant {lt± std error ( m m - 1 ) } x I O 3 

0 . 49 :0 . 029 30 0 .57+0 .04 0 . 4 9 ± 0 06 0.41+0.02 0 .72±0 .09 0 . 5 0 ± 0 05 

60 0 .41+0 .05 0.62+0 05 0 . 4 5 ± 0 . 0 6 0 .41+0 .02 0 . 5 8 ± 0 05 

100 0 .59+0 .07 0.53±O 07 0.43+0.03 0 .30+0 .04 0 .461005 

160 0 .59+0 .07 0 . 5 7 ± 0 06 0 . 3 1 ± 0 . 0 3 O.38±0.O3 0 . 3 1 ± 0 03 

320 0 .32+0 .02 0 . 5 4 ± 0 05 0.32+0.03 0 .49±0 .04 0 . 5 7 ± 0 0 5 

Table 3.3 69 kHz OBS and HTA kweighted values at each pulsed setting are shown. The reported 95% 
confidence intervals associated with each rate constant are also reported. 
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C H A P T E R 4 

DISCUSSION 

In Tables 3.1 to 3.3 document ing rate constants fo r sonolysis o f separate aqueous solut ions 

of OBS and TA at 616, 205 and 69 kHz, I observed that pulsed u l t rasound can s tat is t ical ly increase or 

decrease both the rate o f degradat ion of OBS and the rate of f o r m a t i o n o f HTA. F rom the data in 

Tables 3.1 to 3.3, however, i t is apparent that not all puls ing condi t ions stat is t ical ly change the rate o f 

these sonochemical reactions compared to continuous wave ul t rasound. Also, the effect o f pulsed 

ul t rasound on sonochemical rates depended on the f requency of sonolysis. Therefore , these results 

c o n f i r m that the exper imenta l design used in the cur ren t study, was a useful technique to help 

understand the effect o f puls ing on the sonochemical degradat ion of surface active solutes. 

Yang et al. (2008) completed a comparat ive s tudy on the sonochemical degradat ion o f OBS 

and have explained a number o f observations of the effects o f pulsed u l t rasound on the sonochemical 

degradation o f OBS, in re la t ion to the effect o f pulsed u l t rasound on the sonochemical y ie lds 

observed in the i r system. Al though the authors made a number of in te res t ing observat ions and 

conclusions f r o m the i r w o r k (Yang et al., 2008) , the i r s tudy only considered t w o pulsed condi t ions at 

each of the frequencies investigated. The current w o r k , however, considers the effect o f a to ta l o f 

twen ty - f ive puls ing condi t ions at each frequency and therefore enables a de t e rmina t ion o f w h e t h e r 

any specific t rends in the sonochemical rate of OBS degradat ion are observed under var ious pu ls ing 
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condit ions and ul t rasound frequencies. In Section 4.1 below, a discussion o f t h e sonochemical rates 

of OBS degradation was developed to d r aw appropr ia te comparisons w i t h the sonochemical ac t iv i ty 

in the system [i.e., HTA f o r m a t i o n rates) under various pulsed modes and frequencies. This 

comparison under d i f f e r en t condi t ions facilitates iden t i f i ca t ion o f the mechanism[s) by w h i c h 

puls ing enhances or also l imi t s the rate of sonochemical degradation of OBS. Iden t i f i ca t ion o f 

mechanisms involved is necessary to determine the most ef f ic ient condit ions fo r removal o f surface 

active contaminants f r o m po l lu ted water . Fur ther op t imiza t ion investigations focused on long 

sonolysis t imes under pulsed and cont inuous condi t ions are discussed in Section 4.2, w h i c h 

represents a step closer to a more realistic s i tuat ion, f o r appl icat ion in env i ronmenta l engineer ing 

processes. 

The rate data shown in Tables 3.1 to 3.3 provides a s u m m a r y of all o f t h e data collected 

d u r i n g this s tudy under cont inuous and pulsed u l t rasound condit ions. However, to gain an 

appreciat ion fo r the effect o f puls ing at d i f f e r en t frequencies on OBS degradat ion rates compared to 

the HTA fo rma t ion rates, the data was converted to a "pulse enhancement" value at each f requency, 

f o l l o w i n g the w o r k of Weavers and co-workers [Yang et al., 2005, 2006, 2008) and as described i n 

the f o l l o w i n g Section. 

4.1 HTA and OBS P U L S E D E N H A N C E M E N T S 

In order to understand the effect of pulsed u l t rasound on the rate of degradat ion o f OBS and 

h o w this relates to sonochemical ac t iv i ty in the system [i.e., de te rmined f r o m the rate o f HTA 

fo rma t ion ) , the pulsed degradat ion rate constants were compared to the cont inuous rate constants 

fo r each exper iment at all frequencies (i.e., 616, 205 and 69 kHz) . Specifically, pulse enhancement 

values, w h i c h give a measure of the effect o f pulsed u l t rasound relat ive to the sonochemical rate 

observed under cont inuous mode exposure, were de te rmined f o r OBS degradat ion and HTA 
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fo rma t ion . Calculation o f the pulsed enhancement is shown in Equation 4.1 (Yang et al., 2005, 2006, 

2008) : 

Pulsed Enhancement{%) = C a k p u l s e d C o k c w x 100 (4 .1 ) 
c0kCW 

where Co is the in i t i a l concentrat ion (Co = 1 m M f o r bo th OBS and HTA) ; fcpuised is the sonochemical 

rate observed under pulsed sonolysis and /few is tha t observed du r ing cont inuous wave u l t rasound 

exposure. I f the pulsed enhancement is posi t ive, then the rate of react ion was faster under the 

specific pulsed sonication mode than that observed d u r i n g cont inuous mode u l t rasound exposure. 

Al terna t ive ly , i f the pulsed enhancement is negative, then the rate o f react ion observed under the 

cont inuous mode was faster than that observed d u r i n g pulsed sonolysis. 

Figure 4.1 shows calculated pulsed enhancements fo r (a) OBS and (b) TA sonolysis at a 

f requency o f 616 kHz as a func t ion of the puls ing condit ions. The 9 5 % confidence in tervals o f the 

pulsed enhancements were calculated using the s tandard statistical me thod f o r propagat ion o f the 

standard errors fo r each data poin t shown i n Table 3.1. The l ine going th rough 0% pulsed 

enhancements is, by de f in i t ion (i.e.. Equat ion 4.1), the pulse enhancement value f o r the cont inuous 

wave experiments , to w h i c h al l pulsed mode enhancements in the sonochemical react ion rates are 

compared. In addi t ion , a pulsed enhancement is on ly considered to be ei ther posi t ive or negative i f 

the 9 5 % confidence in terval fo r a data po in t is clearly above or be low the 0% line. Otherwise the 

sonochemical rate o f reaction under pulsed mode sonolysis is considered to be s imi la r to tha t 

observed d u r i n g continuous wave u l t rasound (i.e. 0%) . As an example, the data points at a pulse 

length o f 30 ms and pulse intervals o f 100 ,160 or 320 ms dur ing pulsed OBS sonolysis (Figure 4.1a) 

indicate that puls ing fo r these condit ions has caused a decrease in the sonochemical rate of 

degradat ion of OBS, relative to that observed d u r i n g the continuous mode. Al te rna t ive ly , all o f the 

pulsed mode condit ions considered in the cur ren t s tudy resulted in an enhancement o f HTA 

f o r m a t i o n at 616 kHz dur ing pulsed mode compared to the cont inuous mode set t ing (Figure 4.1b). 
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Figures 4.2 and 4.3 are s imi lar to that described above f o r Figure 4 .1 , except tha t the experiments 

were done at 205 and 69 kHz, respectively. 

For 69 kHz sonolysis (Figure 4.3), no HTA data was obtained. The purpose of de te rmin ing 

the rate o f f o r m a t i o n o f HTA du r ing various pulsed u l t rasound modes and at d i f f e r e n t frequencies 

was to compare the sonochemical ac t iv i ty in the solut ion to the rate of degradat ion o f OBS at these 

d i f f e ren t condi t ions. However, i t can be seen f r o m the data in Figure 4.3 tha t the s tandard errors fo r 

all of the data points are relat ively large compared to those observed in Figures 4.1 and 4.2. On closer 

examinat ion o f t h e successive sets of r a w data o f t h e f i r s t -o rder plots f o r sonochemical degradat ion 

of aqueous OBS solutions (see Appendix C, f o r 69 kHz sonolysis) t w o observat ions are immedia te ly 

apparent. First, the corre la t ion coefficients w i t h i n a given sonochemical exper iment are usually 

be low 0.9 and therefore de terminat ion o f t h e f i r s t order reaction rate is affected by the general ly 

large spread o f data w i t h i n a given exper imenta l r un . For example, see Append ix C, Figure C l . l and 

note the spread of data w i t h i n each o f t h e t w o exper imenta l runs shown. Second, there is general ly 

very poo r r ep roduc ib i l i t y f r o m one sonochemical experimental r u n to another, under presumably 

ident ical exper imenta l condit ions. For example, see the considerably l o w r e p r o d u c i b i l i t y between the 

sets o f exper iments shown in ei ther of Figures C1.2, C1.4 or C1.5 i n Append ix C. 

The observat ion of relat ively large scatter w i t h i n a given exper iment is consistent w i t h the 

observat ion of poor reproduc ib i l i ty between successive runs under the same u l t rasound exposure 

condit ions, bu t i t is not real ly clear w h y i t is occur r ing at 69 kHz. One poss ib i l i ty is tha t the observed, 

re la t ive ly large amount of agitat ion caused in the so lu t ion at 69 kHz compared to higher frequencies 

of sonolysis is par t ly responsible. This vigorous agi ta t ion of l iqu id at this f requency caused a 

dramat ic ins tab i l i ty o f the gas/solut ion surface o f the 300 m L sample so lu t ion , as observed upon 

t u r n i n g on the u l t rasound. I t is k n o w n tha t the sonochemical y ie ld is affected by the presence of a 

s tanding wave in the l iqu id , f o rmed f o l l o w i n g the ref lec t ion o f the inc ident ul t rasonic wave f r o m the 

gas /so lu t ion surface o f the sample solut ion. For this reason i t is i m p o r t a n t to keep the solut ion 

vo lume re la t ive ly constant dur ing sonolysis, especially at l o w ul trasonic frequencies (Sostaric et al., 

69 



2001] . The vo lume of solut ion changes the height of solut ion above the ul t rasonic f la t plate, and 

therefore the phase at w h i c h the incident wave is ref lected back f r o m the gas /so lu t ion interface. 

Therefore, as the nature o f the standing wave changes the sonochemical ac t iv i ty observed per 

vo lume of solut ion w i l l also change. It is possible tha t r andom agi ta t ion and ins tab i l i ty of the 

gas /solut ion interface in the ul t rasound un i t at 69 kHz causes a s imi l a r effect. 

Because o f this, the data shown in Figure 4.3 should be v i e w e d w i t h a very l o w degree o f 

statistical confidence and no reliable conclusions can, nor should be made on the pulse 

enhancements shown i n Figure 4.3. For this reason, the data in Figure 4.3 w i l l no t be discussed i n this 

s tudy w i t h respect to unders tanding the effect of puls ing on the sonochemical degradat ion rate o f 

OBS i n comparison to that o f HTA fo rma t ion . 

As discussed by Yang et al. (2008] , i t was i m p o r t a n t on ly to make comparisons between 

pulse enhancements f o r OBS and HTA at any given pulsed mode and especially only w i t h i n a 

par t icular f requency o f sonolysis. The reason for this is tha t a change in u l t r a sound f requency results 

in a change i n the cavi ta t ion bubble f ie ld in a way tha t cannot be unders tood in te rms o f energy i n p u t 

to the system and convers ion of that u l t rasound energy in to sonochemis t ry by the cavi ta t ion bubbles 

(Petrier et al., 1992] , (Riesse et al., 1996] , (Sostaric and Riesz, 2 0 0 2 ] . Essentially, the u l t rasound 

f requency w i l l change the number of bubbles in the system, the size o f these bubbles, the amoun t o f 

OH radicals that can escape in to the bu lk solut ion to react w i t h h y d r o p h i l i c solutes, the t empera tu re 

of bubble collapse (Beckett and Hua, 2001] and the ab i l i ty o f OBS to adsorb dynamica l ly at the 

gas /solu t ion interface of cavi ta t ion bubbles (Sostaric and Riesz, 2 0 0 1 , 2 0 0 2 ] . Therefore , i t is a lmost 

impossible to understand w h a t aspect o f the cavi ta t ion bubbles changed to create an observed 

change in sonochemical rate o f reaction if, fo r example, pulse enhancement of OBS at one f requency 

was compared to tha t at another frequency. 

Fo l lowing this me thod of comparat ive sonochemistry, Yang et al. ( 2008 ) on ly made 

comparisons o f OBS degradat ion rates to HTA fo rma t ion rates w i t h i n a g iven f requency and at a 

par t icu lar pulsed u l t rasound mode. This way, i t was possible to gain ins igh t in to h o w an observed 

70 



change in the rate o f OBS degradat ion du r ing pulsed ul t rasound occurred w i t h respect to the 

sonochemical ac t iv i ty in the system, under identical exposure condi t ions . This comparat ive me thod 

is ext remely i m p o r t a n t in tha t once such a comparison is made, i t is then possible to i n t e rp re t h o w 

the "comparison" is affected by a change in ul t rasound frequency or puls ing condi t ions . The 

hypothesis is tha t the m a j o r i t y o f variables that affect sonochemical rates o f react ion w h e n the 

f requency or pulsed mode is changed, do not affect the comparison, since the effect o f most o f these 

variables are essentially "cancelled out" in making the comparison, as described in detai l by Sostaric 

and Riesz (2002) . 

Yang et al. (2008) iden t i f i ed three specific "sets" of OBS/HTA pulse enhancement 

comparisons w i t h i n any given f requency and pulsed mode o f sonolysis. The three sets o f compara t ive 

data are also ident i f iable f r o m the collective data presented in Figures 4.1 and 4.2 o f the cu r ren t 

study. Therefore, f o r clari ty, these data sets are described and adhered to i n the cur ren t w o r k . 

Data Set 1 was def ined as all comparat ive data sets i n w h i c h the pulse enhancement f o r OBS 

degradat ion at the par t icu lar u l t r asound exposure condi t ion was posi t ive , w h i l e no pulse 

enhancement was observed f o r HTA fo rma t ion , w i t h i n the e r ro r o f t h e exper iment . Comparat ive data 

in Set 2 were def ined as data sets in w h i c h no pulse enhancements w e r e observed fo r ei ther OBS 

degradat ion rates or HTA f o r m a t i o n rates. Comparative data in Set 3 w e r e described as data sets 

where continuous wave exposure was more effective f o r both OBS degradat ion and HTA f o r m a t i o n , 

i.e., bo th had a negative pulse enhancement value. 

However, i t is immedia te ly clear f r o m the data shown in Figure 4.1 (616 kHz) tha t none o f 

the data f i t in to any one o f the above described sets of comparat ive data. A pulse enhancement was 

always observed f o r HTA; un l ike the w o r k o f Yang et al. (2008) at 616 kHz; Yang et a l . (2008) d i d no t 

observe any HTA pulse enhancements 1 . Therefore, this result provides a n e w set o f compara t ive data 

' Worthy o f note is that there was one apparent H T A enhancement observed during pulsed sonolysis (100 
ms: 100 ms) at 206 kHz, however at the same exposure conditions an OBS pulse enhancement was 
observed that was an order o f magnitude greater than the H T A pulse enhancement, leading to Yang et al. 
(2008) to conclude that this particular data set belonged to Set 1(a), Table 4 .1 . 
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that had not been considered in the previous study. To c lar i fy , all o f the possible sets o f data are 

tabulated, i n Table 4 . 1 . 

Yang et al. (2008) observed comparat ive data Set 2 (Table 4.1), i.e., no pulse enhancement 

fo r ei ther OBS degradat ion or HTA f o r m a t i o n rates at frequencies o f 620 and 803 kHz at bo th o f the 

pulsed modes tha t they considered (i.e., pulse lengths : pulse intervals o f 100 ms : 100 ms and (3540 

acoustic cycles / f ) ms : 100 ms). The observat ion was explained in te rms o f pu ls ing at these t w o 

par t icular frequencies having no effect on the sonochemically active bubble popu la t ion . They 

proposed tha t the bubbles were o f a par t icu lar size at these frequencies w h e r e ne i ther d isso lu t ion 

effects (due to the Laplace pressure) or coalescence had any effect on the act ive bubble popu la t ion . 

However, i t is clear that this is not the case f o r 616 kHz sonolysis i n the cu r ren t study, since 

all of the HTA f o r m a t i o n rates were pulse enhanced under al l pulse modes. There are a n u m b e r of 

possible explanations fo r observed pulse-enhancements fo r HTA i n the cu r r en t study, i nc lud ing the 

phenomena of declustering (Sostaric thesis, 1999) and coalescence (Sunart io et al., 2007 ) . D u r i n g 

continuous wave u l t rasound, i t was proposed tha t bubble clusters can f o r m (Leighton, 1994) . These 

clusters prevent bubbles on the inside o f the cluster f r o m adsorbing enough energy to become 

sonochemically active cavi ta t ion bubbles. The other possibi l i ty is tha t the re la t ive ly close v i c i n i t y of 

bubbles to one another can result in an increase of bubble coalescence (Sunart io et al., 2007) . This 

results in the f o r m a t i o n of bubbles that are larger than the resonance radius and the re fo re these 

bubbles cannot experience iner t ia l collapse and s imply f loa t out o f the so lu t ion (Sunart io et al., 

2007) . The clusters can be dispersed by puls ing the ul t rasound wave, thereby a l l o w i n g a greater 

popula t ion of bubbles to become sonochemically active (Leighton, 1994) . 

Pulse enhancements fo r HTA f o r m a t i o n rates at 620 kHz were essentially no t observed i n 

the study by Yang et al. (2008) , possibly because that s tudy was conducted using 500 m L solut ions 

and at a higher ca lor imet r ica l ly de termined ul trasounic power o f 33 W. Since the effects o f u l t rasonic 

power and solut ion vo lume on pulse enhancement comparisons has no t been s tudied , d i rec t 

comparisons to the data o f Yang et al. (2008) are tenuous at best. 
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W i t h i n the pulsed enhancement data at 616 kHz exposure, and pulse lengths o f 30 ms 

(Figure 4.1a and b, data w i t h i n the green oval . A n apparent decrease in the pulse enhancement data 

for bo th OBS degradat ion rates and HTA f o r m a t i o n rates occurs as the pulse in te rva l is increased. 

However, f u r t h e r exper imenta t ion w o u l d be valuable to con f i rm this t r end . A poss ib i l i ty to explain 

this t r end is the effect of longer pulse intervals on the bubble populat ion. I t is k n o w n tha t f o r 

re lat ively shor t pulse lengths, extended pulse intervals cause a loss o f t h e active bubble popu la t ion 

th rough dissolut ion due to the Laplace pressure effect [Henglein, 1993; 1995) . Therefore , a l though 

there is enough t ime fo r bubbles to nucleate i n so lu t ion du r ing a 30 ms pulse length, no t al l bubbles 

have enough t ime to g r o w to the i r resonance size and collapse, before s ta r t ing to dissolve away 

du r ing the pulse in te rva l (Henglein, 1993; 1995) . A n even greater p r o p o r t i o n o f these bubbles 

dissolve away as the pulse in te rva l is increased, thereby explaining the observed decreasing t r end as 

the pulse in te rva l is increased at the 30 ms pulse lengths (Figure 4.1a and b, green ova l ) . 

However, a l though the above discussion seems to explain the observed decreasing pulse 

enhancement t rends at longer pulse intervals , i t is no t consistent w i t h the observat ion tha t al l HTA 

pulse enhancements are always greater than those observed under cont inuous wave u l t rasound . 

That is, al l HTA data points are above the 0 % l ine [Figure 4.1b, green oval) . On the o ther hand, i t is 

clear tha t the m a j o r i t y o f the pulsed condi t ions w i t h 30 ms pulse lengths resul ted i n 0 % or a negative 

pulse enhancement f o r OBS degradation rates. Therefore , this par t icular data set corresponds to set 

5a and b, i n Table 4 . 1 . This observat ion is d i f f i c u l t t o explain by just t h i n k i n g about the possible 

effects tha t OBS has on cavi ta t ion bubbles d u r i n g pulse intervals. 

Dur ing pulse intervals, i t is expected tha t OBS w i l l more readi ly adsorb to the gas / so lu t ion 

interface o f cavi ta t ion bubbles compared to tha t d u r i n g cont inuous wave u l t rasound. This is because 

pulse intervals a l l ow the surfactant s l ight ly more t ime to dynamical ly adsorb at the surface o f these 

cavi tat ion bubbles. This being the case, a greater surface excess of OBS at the bubble surface leads to 

a number of effects. First, i t may result i n enhanced declustering, due to a larger electrostat ic 

repuls ion between l ike charged bubbles in a cluster [Sostaric thesis, 1999) . In add i t ion , i t w i l l h inde r 
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bubble coalescence to a greater degree than d u r i n g continuous wave u l t rasound [Lee, et al., 2005; 

Sunartio, et al., 2007) , where surfactants cannot adsorb as dynamical ly to the gas / so lu t ion interface 

[Sostaric and Riesz, 2 0 0 1 ; 2002) . Finally, the l o w e r surface tension produced w h e n more surfactant 

is adsorbed to bubbles results in a decrease in the Laplace pressure inside the bubble and therefore 

increases the bubble l i f e t ime dur ing the pulse in te rva l [Yang et al., 2008) . Therefore , compared to the 

pulse enhancements fo r HTA fo rma t ion rates, OBS degradation rate should have resul ted in a greater 

pulsed enhancement, yet essentially the opposite was observed. 

The resul t may, however be described on f u r t h e r considerat ion o f the types o f cavi ta t ion 

bubbles tha t are f o r m e d in a cavitat ion bubble f ie ld , a po in t that was no t considered by Yang et al. i n 

their s tudy because the observation of pulse enhanced HTA fo rma t ion was no t observed [Yang et al., 

2008) . A t 616 kHz, there w i l l be a mixed popu la t ion of t ransient and stable cav i ta t ion bubbles that 

can produce sonochemistry [Leighton, 1994) . As described in detail by Sostaric and Riesz [ 2 0 0 2 ) and 

con f i rmed by Sunartio et al. [ 2 0 0 7 ] , surfactants w i l l no t adsorb to the gas / so lu t ion in terface o f 

t ransient cavi ta t ion bubbles, since the i r l i f e t i m e is too short, i.e., only a f e w cycles o f the ul t rasonic 

wave. Therefore , Sostaric and Riesz [2002) concluded that al l o f t h e surfactants in the i r system 

dynamica l ly adsorbed at rap id ly v ib ra t i ng surfaces o f HES cavitat ion bubbles over hundreds o f cycles 

of the ul t rasonic wave [i.e., "high energy stable" bubbles that can produce sonochemis t ry) . The 

surfactants used in the i r s tudy were s t ra ight chained, sod ium dodecyl sulfate (SDS) and s o d i u m 

pentane sulfonate (SPSo), so i t is probable tha t the above discussion is t rue f o r OBS too; p robab ly 

more so because o f the larger head group of OBS and the expected decrease in dynamic adsorp t ion 

proper t ies compared to straight chain surfactants l ike SDS and SPSo (Fer r i and Stebe, 2000) . 

F rom the discussion above, the f o l l o w i n g in te rpre ta t ion is proposed f o r the data at 30 ms 

pulse lengths (Figures 4.1a and b, green oval ) . OBS, w h i c h only adsorbed at a pos i t ive surface excess 

at the surface o f HES bubbles, only decomposes by the rma l decomposi t ion at the surface o f these 

bubbles. HTA, however, is f o rmed by react ion o f TA w i t h OH radicals tha t are f o r m e d and ejected in to 

the b u l k so lu t ion f r o m both t ransient and stable cavi ta t ion bubbles. I f this is t rue , t h e n the 

74 



observat ion that HTA fo rma t ion rates are always enhanced may be explained on the basis of puls ing 

p reven t ing cluster ing of relat ively stable bubbles. The clustering of re la t ive ly stable bubbles not on ly 

leads to a l o w e r adsorpt ion of u l t rasound energy by bubbles in the cluster center, bu t w i l l also have a 

negative effect on the fo rma t ion o f t rans ient cavi ta t ion bubbles in the cont inuous u l t rasound 

s i tuat ion. W h e n pulsed, these clusters are broken, a l lowing more t rans ient bubbles to f o r m in 

solut ion d u r i n g the successive 30 ms pulse lengths. 

For the case o f stable bubbles, these bubbles are severely affected by longer pulse intervals . 

This is apparent f r o m the negative pulse enhancements that are eventual ly observed f o r OBS 

degradat ion rates at pulse intervals of 100 ms, 160 ms and 320 ms at pulse lengths o f 30 ms (Figure 

4.1a], because OBS adsorbs to and decomposes only at the interface of stable bubbles (Price et al., 

2004; Sostaric and Riesz, 2002] 

Finally, HTA fo rma t ion rates are s imi l a r ly affected by the d i m i n i s h i n g popu la t ion o f stable 

cavi ta t ion bubbles as the pulse intervals are increased at the 30 ms pulse length at 616 kHz (Figure 

4.1b, green ova l ] . However because of the con t r i bu t i on of OH radicals tha t can react w i t h TA in the 

bu lk so lu t ion f r o m transient cavi tat ion bubbles, HTA fo rma t ion rates are a lways pulse enhanced, i.e., 

because o f enhanced transient bubble popula t ions due to declustering effects at all puls ing 

condi t ions . 

The proposed transient and stable bubble mechanisms to describe pulsed enhancements 

observed at 30 ms pulse lengths (Figure 4.1b, green oval ] are also va l id at the longer pulse lengths 

considered i n the current s tudy at 616 kHz (Figure 4.1b, all pulsed modes] . The p o i n t tha t OBS can 

only adsorb to the interface of stable cavi ta t ion bubbles has been proposed p rev ious ly (Sostaric and 

Riesz, 2002; Sunartio et al., 2007] . This is a p o i n t that had not been considered prev ious ly w i t h 

respect to the effects of pulsed u l t rasound on sonochemical degradat ion o f surfactants (Yang, 2005, 

2007, 2008 ] , a l though i t is possible that i t is an i m p o r t a n t point, as described above. 

Another no tewor thy observat ion f r o m the data o f 616 kHz sonolysis is i l lus t ra ted at the 

pulsed u l t rasound condi t ion of 60 ms pulse length and 320 ms pulsed in t e rva l , labeled w i t h the 
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purp le box in Figure 4 .1 . This data set is an example of where bo th the pulse enhancements fo r OBS 

degradat ion rates and HTA f o r m a t i o n rates are positive. This par t icu la r data set f i ts into the 

comparat ive data Set 4, described in Table 4 .1 . I t is d i f f i c u l t to explain the occurrence of this 

par t icu la r pulse enhancement fo r OBS degradation rate compared to the re la t ive ly small 

enhancement of HTA f o r m a t i o n rate at this pulsed condi t ion . I t is possible to conclude that the 

enhanced OBS degradation rate was due to either more adsorp t ion o f OBS to the bubble surface 

d u r i n g the pulse in terval , leading to greater bubble s tabi l i ty t h rough decluster ing or l o w e r i n g o f the 

Laplace pressure. However, i t is d i f f i c u l t to understand w h y such an effect w o u l d only arise at such a 

re la t ive ly long pulse in terva l o f 320 ms. This condi t ion also occurs at pulsed length : in te rva l t imes o f 

100 ms : 100 ms and 30 ms : 30 ms. 

The results of Figure 4.2 at a sonolysis f requency o f 205 kHz are in te res t ing compared to 

those observed at 616 kHz f r o m the perspective o f the larger spread o f compara t ive data sets 

observed. Given this spread in the data and a lack of any obvious t rends w i t h the puls ing condi t ions 

considered, i t has to be concluded that the pulse enhancement data at 205 kHz shows that the 

sonochemical y ie ld , accumulat ion o f OBS on stable bubble surfaces and the relat ive ac t iv i ty o f stable 

and t ransient cavitat ion bubbles all play an i m p o r t a n t role in de t e rmin ing the outcome of the pulsed 

enhancement value fo r ei ther HTA f o r m a t i o n rates or OBS degradat ion rates. Essentially, at this 

par t icu la r f requency of sonolysis, given the lack o f t rends observed in the data i t is d i f f i c u l t to d r a w 

any conclusions on wh ich of these variables is causing an effect f r o m one puls ing condi t ion to 

another. 

W i t h this in m i n d , representat ive data sets f r o m Table 4.1 have been labeled on Figure 4.2 to 

aid in the discussion of par t icu lar comparat ive data sets, as described earlier . The blue box is 

representat ive of data Set 5b. This data set is interest ing because i t shows tha t a l though puls ing has 

resul ted in an enhanced sonochemical y ie ld (Figure 4.2b, blue b o x ] , th is pulsed cond i t ion has c lear ly 

resul ted in a decrease in the sonochemical degradation rate of OBS. In essence, the data set tel ls us 
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that we cannot use the HTA formation rates (i.e. OH- yield) as a measure of the efficiency of 

ultrasound to degrade surface active pollutants at all pulsing conditions. 

The orange box (Figure 4.2) is representative of data Set 4 (Table 4.1). For this pulsing 

condition, pulsed enhancements were observed for both the rate of degradation of OBS and the rate 

of formation of HTA. The result does not help to determine any mechanistic aspects for enhanced 

OBS degradation, which may be due to an enhanced population of sonochemically active cavitation 

bubbles or due to enhanced adsorption of OBS to stable bubble interfaces during pulse intervals. 

As was described in the study by Yang et al. (2008), the data Set 1 (i.e., the red box in Figure 

4.2) is of great practical interest since it is a case where there was a slight decrease in the 

sonochemical activity in the system due to pulsing, yet the sonochemical degradation of OBS was 

substantially enhanced. This indicates that the surfactant properties had played a role in creating this 

effect. As described in Yang et al. (2008), the most probable reasons for this relatively large pulse 

enhancement for OBS degradation rates are related to enhanced adsorption of OBS to the surface of 

cavitation bubbles, since it cannot be related to an enhanced sonochemical yield during pulsing (Yang 

et al., 2008). During the pulse interval, more time is available for OBS to adsorb to the gas/solution 

interface and therefore the active bubble population will have a greater surface concentration of OBS 

during a pulsing condition with a pulsed length and width of 100ms each (Figure 4.2a, red box). 

Again, this will lead to enhanced stabilization of active bubbles due to a reduction in the Laplace 

pressure (Yang et al., 2008; Sostaricet al., 2002) and prevention of dissolution during pulse intervals. 

This can also enhanced declustering effects leading to more active bubbles through better adsorption 

of the ultrasound energy (Sostaric, thesis, 1999) and prevention of coalescence (Sunartio et al., 

2007). The enhanced adsorption process only affects stable cavitation bubbles, for the reasons 

discussed above; therefore, in this case, there is at least one probable reason for the decrease in the 

pulse enhancements of HTA at this pulsed condition (Figure 4.2b, red box). That is, HTA is 

hydrophilic and cannot stabilize stable bubbles in the way that OBS can, therefore there is a loss in 

OH radical formation due to the rapid dissolution or coalescence of stable bubbles. 
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The green box represents data set 3 in Table 4.1. In this case the pulse enhancements were 

negative for both the sonochemical activity in the solution as determined by HTA formation rates and 

also for the degradation rate of OBS. Using the comparative method in the current study, little 

information is gained regarding the effect of pulsed ultrasound on this particular comparative data 

set, since the negative enhancement in OBS degradation could again be due to a number of variables, 

namely a decrease in the active cavitation bubble population during pulsing. It is interesting just to 

note that of all of the pulsing conditions considered in the current study, data set 3 is a very rare 

occurrence and has only occurred for the particular pulsing condition shown in the green box (Figure 

4.2]. 

Finally, data Set 2 from Table 4.1 has not been labeled on the 205 kHz graph (Figure 4.2] but 

represents the case where no pulse enhancement was observed for either OBS degradation rates or 

HTA formation rates (i.e.. Figure 4.2, length : interval times of 100 ms : 160 ms and 160 ms : 160 ms]. 

It is again difficult to understand why such a situation would arise, especially given that there should 

at least have been an observed effect on the degradation rate of OBS during pulsing due to an 

enhancement of OBS adsorption to stable bubble interfaces during pulse intervals. However, such a 

result simply confirms the limitations of this particular comparative method to the current system, 

where conclusions on the nature of the cavitation bubble field can only be made in a very specific set 

of circumstances. For example, when the types of trends arise that were observed for the 616 kHz 

study shown in Figure 4.1 (green oval]. 

Although the 69 kHz OBS degradation rate data is not used in the HTA formation rate 

comparative studies, there is still useful information that can be taken from the rate constants shown 

in Table 3.3. Notice how the degradation rate of OBS is much slower than that of the two higher 

frequencies. As the frequency of a system is decreased to 69 kHz, it is known that there will be a 

greater population of transient bubbles present. (Leighton, 1994]. Therefore, the OBS cannot 

effectively adsorb to the bubbles in comparison to HES bubbles which would result in a decreased 
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rate of degradation. This idea fits with the above discussions to reinforce the effects of stable versus 

transient bubbles to explain what mechanisms of degradation are occurring. 

4.2 OBS D E G R A D A T I O N A T E X T E N D E D SONOLYSIS T I M E S 

Although the data in the comparative study is useful to understand how the 

cavitation field is being effected by pulsing in frequency it doesn't give a full picture of how the 

compound is being degraded over the long term. Therefore additional experiments were conducted 

to gain a clearer picture of how OBS degrades over the longer experimental times. Those settings of 

pulsed enhancement were chosen where there was a pulsed enhancement seeing that these would be 

most applicable to future use of this technology. 

An inflection in the pseudo first-order degradation pattern occurred at longer sonication 

times in the absence of pulsing as shown in Figures 4.4(616 kHz), Figure 4.7 (205 kHz], and Figure 

4.9 (69 kHz]. The degradation of OBS will depend on many aspects of the sonication process, 

including power, solution volume, frequency, temperature but as Abu-Hassan et al. (2006] (also 

DeVisscher et al., 1996] observed, it also depends on the sonication time. 

Figure 4.1 shows a deviation in the pseudo first-order degradation rate of OBS (1 mM, 300 

mL] under continuous wave ultrasound after 20 minutes. The most probable reason for this 

observed decrease in the rate is due to a buildup of shorter chain surface active compounds as 

described in Chapter 3. At a high enough concentration it is possible that these byproducts compete 

with the parent compound (OBS) for space at the air-water interface. If this occurs, then the 

degradation of the initial OBS compound decreases as a direct result. Even though these byproducts 

are shorter in chain length than the parent compound and are therefore less surface active than the 

parent compound, they are more dynamic. Less time is needed for shorter chain surface active 
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compounds to adsorb and orient at an interface than the longer and more bulky parent compound 

(Sostaric et al. 2001; 2002). A decrease in the degradation rate in Figure 4.4 after 20 minutes is 

consistent with a shorter chain byproduct interfering with OBS degradation. Similarly, Figure 4.7 

shows the degradation of OBS at 205 kHz; after 15 minutes the initial pseudo first-order degradation 

rate slows as well. Additionally, this same effect is observed in Figure 4.9 at 69 kHz under 

continuous wave ultrasound where initial degradation rate loses its linearity after 150 minutes. 

In contrast, over 60 minutes. Figure 4.5 shows good linearity in the degradation of OBS 

under pulsed conditions with a 100 ms pulse length and a 100 ms pulse interval at a frequency of 

616 kHz. Perhaps a pulse interval allows the thermodynamically more surface active compound (i.e., 

OBS) to absorb to the bubble surface compared to the shorter chain byproducts, when more time is 

available for adsorption. During the pulse interval the less surface active but more dynamic shorter 

chain byproduct moves into the bulk solution and allows the more surface active parent OBS 

compound to adsorb to the interface. Therefore, the compound is more effectively degraded during 

pulsed ultrasound where it competes more successfully against shorter chain byproducts for the 

bubble surface, compared to sonolysis during continuous wave ultrasound. To add, it is likely that 

the byproducts that are formed stay at or close to the bubble interface, as the HES bubbles collapse 

and reform. If this were to occur the initial adsorption of the byproducts to the bubble would not be 

as much of a factor. When the mode of ultrasound is pulsed the byproduct will equilibrate with the 

bulk (move out from the bubble interface) during the off times allow the OBS to adsorb. 

To determine if this occurs at other pulsing conditions and frequencies, extended 

experiments were run under pulsing conditions where pulsed enhancements under these conditions 

were observed. Figure 4.6 shows the extended degradation of OBS at 616 kHz, where the pulsed 

mode was set to a length of 60 ms, and a pulsed interval of 320 ms. At 205 kHz there was a pulsed 

enhancement at 100 ms pulsed length and 100 ms pulsed interval, and an extended experiment at 

this setting is shown in Figure 4.8. Also at 69 kHz, extended experiments were run under pulsed 

conditions were both had a pulse length of 60 ms and pulse interval of 30 ms, (Figure 4.10) and a 
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pulse interval of 60 ms, (Figure 4.11]. Both conditions show a pulse enhancement in the degradation 

of OBS compared to continuous. Notice the linearity of each figure as plotted over pseudo first order 

degradation. The change observed in the degradation rate under the continuous conditions at each 

frequency observed in Figures 4.4, 4.7 and 4.9 is not present in any of the extended pulsed mode 

experiments. In fact, the average correlation coefficient for the extended pulsing experiments is 0.99. 

Another possibility is that as time increases a small amount of gaseous hydrocarbon ends up 

in the bubble core upon hot spot formation. Ashokkumar et al. (2005] reported that the ionization of 

hydrocarbons requires lOOOkJ / mol of energy. Therefore, if OBS byproducts are present in the 

bubble core they have the potential to lower the temperature of the hot spot considerably. 

Therefore, the temperature available to degrade OBS is lowered and would explain why after a 

certain amount of time (of gaseous hydrocarbon build up] the degradation rate under continuous 

wave ultrasound changes more dramatically as shown in Figures 4.4, 4.7, and 4.9 in comparison to 

that resulting from selected pulsed modes as shown in Figures 4.5, 4.8 and 4.10. It is hypothesized 

that during the pulsed interval of the pulse setting more gaseous product can escape into the bulk of 

the solution and therefore over time in comparison to continuous there will be less of this gaseous 

byproduct built up in the bubble core. Therefore, upon bubble collapse the temperature of collapse 

will be less cushioned when the mode of ultrasound is pulsed in comparison to continuous. Under 

this possibility the greater linearity to the correlation of the extended pulsed mode experiments may 

also be expected. 
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Set Pulsed Enhancement 
Category OBS Degradation HTA Formation 

<• 

l a + 0 
l b + — 

l c 0 
2 0 0 

4 + + 

5a 0 — 

5b -
5c 0 

Table 4.1. Description of possible comparative data sets, following the definitions of Yang et al. 
(2008) for Sets 1(a), 2 and 3. Additional sets shown are described for the first time in the current 
work. "+" refers to a pulse enhancement."-" indicates a negative pulse enhancement value (i.e., data 
points that lie below the 0% line in Figures 4.1 and 4.2. "0" indicates that no pulse enhancement was 
observed. 
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Cb) 

Figure 4.1Pulsed enhancement values for, degradation of OBS (a) and formation of HTA (b) under 
various pulsed ultrasound (f= 616 kHz, P= 27W) conditions (data points), relative to continuous 
wave ultrasound (i.e., the dashed line). The 95% confidence interval for all observations within each 
pulsed setting is marked with the upper and lower bound bars. 
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Figure 4.2 Pulsed enhancement values for degradation of OBS (a) and formation of HTA (b] under 
various pulsed ultrasound (f= 205 kHz, P= 27W} conditions (data points), relative to continuous 
wave ultrasound (i.e.,the dashed line). The 95% confidence interval for all observations within each 
pulsed setting is marked with the upper and lower bound bars. 
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Figure 4.3 Pulsed enhancement values for degradation of OBS under various pulsed ultrasound 
[{=69 kHz; P = 27W] conditions (data points), relative to continuous wave ultrasound (i.e., the dashed 
line). The 95% confidence interval for all observations within each pulsed setting is marked with the 
upper and lower bound bars. 
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Figure 4.4 OBS first order degradation rates were determined in aqueous solutions ( I m M , 300mL) 
exposed to continuous ultrasound (f = 616 kHz, 20±°C3. Notice that the correlation between OBS 
degradation and sonolysis time is highly linear up to the sonolysis time of 20 minutes. After this time 
the rate of reaction slows and the correlation decreases. To investigate the initial degradation rate, a 
total sonolysis time of 20 minutes was chosen for all 616 kHz OBS degradation experiments. 

Figure 4.5 First order ultrasonic degradation of OBS in aqueous solution ( I m M , 300ml) exposed to 
pulsed wave (length = 100ms; interval = 100ms) ultrasound [f = 616 kHz; P = 27W; tsonoiysis = 60 min) 
The weighted degradation rate constant, k= 5.103 X IO 3 ; adjusted correlation coefficient, R 2 = 
0.9995; were determined using the JMP program for this set (NTOT = 13). 
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Figure 4.6 First order ultrasonic degradation of OBS in aqueous solution ( I m M , 300ml) exposed to 
pulsed wave (length = 60ms; interval = 320ms) ultrasound (f = 616 kHz; F = 27W; tsonoiysis = 78 min) 
The degradation rate constant, k = 5.521 X IO 3 ; adjusted correlation coefficient, R 2 = 0.991;were 
determined using the JMP program for this set (NTOT = 15). 
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Figure 4.7 OBS first order degradation rates were determined in aqueous solutions ( I m M , 300mL} 
exposed to continuous ultrasound (f = 205 kHz, 20±°C). Notice that the correlation between OBS 
degradation and sonolysis time is highly linear up to the sonolysis time of 15 minutes. After this time 
the rate of reaction slows and the correlation decreases. To investigate the initial degradation rate, a 
total sonolysis time of 15 minutes was chosen for all 205 kHz OBS degradation experiments. 
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Figure 4.8 First order ultrasonic degradation of OBS in aqueous solution ( I m M , 300ml] exposed to 
pulsed wave (length = 100ms; interval = 100ms] ultrasound (f = 205 kHz; P = 27W; tsonoiysis = 70 min] 
The degradation rate constant k = 7.015 X IO 3 ; adjusted correlation coefficient, R 2 = 0.989; were 
determined using the JMP program for this set (NTOT =13). 
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Figure 4.9 OBS first order degradation rates were determined in aqueous solutions ( I m M , 300mL) 
exposed to continuous ultrasound (f = 69 kHz, 2 0 ± o C ) . Notice that the correlation between OBS 
degradation and sonolysis time is linear up to the sonolysis time of 150 minutes at least. After this 
time the rate of reaction slows and the correlation decreases. To investigate the initial degradation 
rate, a total sonolysis time of 60 minutes was chosen for all 69 kHz OBS experiments. 
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Figure 4.10 First order ultrasonic degradation of OBS in aqueous solution ( I m M , 300ml] exposed to 
pulsed wave (length = 60ms; interval = 30ms] ultrasound (f = 69 kHz; P = 27W; tsonoiysis = 3885 min] 
The degradation rate constant, kweighted = 6.130 X IO 4 ; adjusted correlation coefficient, R 2 Adj = 0.989; 
were determined using the JMP program for this set (NTOT =25]. 
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Figure 4 .11 First order ultrasonic degradation of OBS in aqueous solution ( I m M , 300ml) exposed to 
pulsed wave (length = 60ms; interval = 60ms) ultrasound (f = 69 kHz; P = 27W; tsonoiysis = 2000 min) 
The degradation rate constant, kweighted = 4.019 X IO 4 ; adjusted correlation coefficient, R 2 Adj = 0.998; 
were determined using the JMP program for this set (NTOT =26). 
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C H A P T E R 5 

CONCLUSIONS 

A very careful understanding of the type of comparative study used in the current study as well as 

that used by Yang et al. (2008] needs to be firmly established. The data are of value from the 

perspective of understanding fundamental aspects of how pulsing and frequency affects acoustic 

cavitation and the resulting sonochemical degradation of OBS. However, it was difficult to 

understand some of the observed data as a result of the chosen comparative method. As a result of 

the broad range of empirical conditions considered in this study, additional observations and 

hypotheses to those made by Yang et al. (2008) are presented. 

The first was the hypothesis that the different types of bubbles present in a system 

(transient or stable) will effect OBS degradation in a different manner to HTA formation. This effect 

was observed throughout each frequency to different degrees. At 616 kHz the observation that HTA 
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formation rates are always enhanced during pulsing, amongst other observations, can be understood 

in relation to the effect of the different bubbles on HTA formation rates and OBS degradation rates. It 

is predicted that transient and high energy stable (HES) bubbles create the chemical reactivity (i.e., 

OH radical yield) of the system, but only HES bubbles result in the degradation of OBS that has 

accumulated at the interface of these bubbles. Because transient bubbles are of a very short lifetime, 

it is predicted that an insignificant amount of OBS can adsorb to and decompose at the surface of 

these bubbles. HTA formation rates however, will be affected by both bubble types. This hypothesis 

readily explains the results observed at 616 kHz. The above hypothesis is further supported by the 

observation that at an ultrasound frequency of 69 kHz, the degradation rate of OBS is greatly 

decreased relative to that observed at the two higher frequencies used in the present study. As a 

result it was concluded that under 69 kHz, there is a greater population of transient bubbles present 

in solution. Therefore, the OBS cannot effectively adsorb to the bubbles in comparison to HES 

bubbles. It is therefore concluded that OBS degradation and HTA formation are being affected 

differently under the same sonochemical environments. Although the comparative study with HTA 

formation rates gives some valuable insights into how OBS is adsorbing to and degrading at 

cavitation bubble surfaces under different modes and frequencies of sonolysis, a comparative study 

that uses two similar surfactants with slightly different n-alkyl chain lengths may provide further 

information of the effect of dynamic adsorption properties of surfactants on degradation rates during 

pulsed mode sonolysis. 

The experimental time of OBS degradation was extended relative to the shorter sonolysis 

times used in section 4.1 for select conditions of pulsed mode ultrasound where an enhancement in 

OBS degradation occurred. It was observed that OBS degradation under continuous mode sonolysis 

at relatively long sonolysis times was marked by an inflection point where its degradation slowed 

greatly in comparison to the initial rate of degradation. This inflection point was not observed under 

any of the pulsed mode conditions at extended sonolysis times. This observation was attributed to 

two possibilities. The first, was that as sonolysis time increased the parent OBS compound was 
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degrading to shorter chain surface active byproducts, which after a certain amount of time built up to 

a concentration where they were adsorbing and competing with the parent OBS compound for space 

at the bubble interface. During continuous mode sonolysis, it was proposed that dynamic adsorption 

was the main mechanism of adsorption of all surface active compounds to the bubble. During pulsed 

ultrasound, the bubble surface is less dynamic in nature and the better thermodynamic adsorption 

properties of OBS results in its adsorption to cavitation bubbles in preference to the byproducts that 

posses a shorter n-alkyl chain. Therefore, the rate of OBS degradation occurs at a similar rate to the 

initial rates of degradation under pulsed mode at long sonication times. 

The second possibility for the differences observed between continuous and pulsed modes 

at longer sonication times was attributed to the buildup of volatile hydrocarbons entering the stable 

cavitation bubbles at longer sonication times due to the effects of rectified diffusion. This buildup 

would act to cushion the elevated temperature upon hot spot formation, effectively resulting in a 

decrease in the degradation rate of OBS observed at the longer sonication times under the 

continuous mode. The observation that pulsing the ultrasound relieved this effect was attributed to 

the alleviation in the buildup ofthe gaseous products during the pulsed intervals. This would allow 

diffusion of these gaseous products out ofthe bubble as the bubble acted to diffuse inwards during 

the pulsed intervals. [Leighton, 1994] 

Some valuable observations could be made using the techniques used in the current study. It 

has been shown that any type of sonochemical reaction cannot be relied upon to understand the way 

a pollutant surfactant will decompose during a comparative sonochemical reaction. It is difficult to 

use an O B S / H T A type comparison in order to gain clarity about what is happening to the cavitation 

bubble field when you pulse, because too many variables are present as a result. Instead, it might be 

more valuable to compare two sonochemical reactions which are very similar in most respects in 

order to remove as many variables from the system as possible, when the comparison is made, for 
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example, comparing the rate of degradation of two surfactants from a homologous series of 

surfactants (Sostaric and Riesz, 2002; Yang, et al., 2007). 
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Figure A l . l Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
[ ImM, 300ml) exposed to continuous ultrasound [f = 616 kHz; P = 27W; kweighted = 5.7 x IO - 3 min" 1 ; 
R 2Adi = 0.998; NTOT =17; tsonoiysis = 20 min). 
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Figure A1.2 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
[ ImM, 300ml) exposed to pulsed wave (30ms lengths and 30ms intervals) ultrasound [f = 616 kHz; P 
= 27W; kweighted = 6.2 x 10 3 m i n 1 ; R zAdj = 0.990; NTOT =16; tsonoiysis = 20 min). 
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Figure A1.3 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (30ms lengths and 60ms intervals] ultrasound (f = 616 kHz; P 
= 27W; kweighted = 5.5 x l O ^ m i n 1 ; R 2Adi - 0.963; NTOT =16; tsonoiysis = 20 min]. 

Figure A1.4 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (30ms lengths and 100ms intervals] ultrasound (f = 616 kHz; 
P = 27W; kweighted = 5.4 x IO 3 m i n 1 ; R 2Adi = 0.985; NTOT =17; tsonoiysis = 20 min]. 
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Figure A1.5 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (30ms lengths and 160ms intervals) ultrasound (f = 616 kHz; 
P = 27W; kweighted = 4.8 x 10 3 m i n 1 ; R 2Adj = 0.956; NTOT =17; tenolysis = 20 min). 
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Figure A1.6 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (30ms lengths and 320ms intervals) ultrasound (f = 616 kHz; 
P = 27W; kweighted = 3.3 x IO 3 m i n 1 ; R 2Adj = 0.926; NTOT =17; tsonoiysis = 20 min). 

104 



Figure A1.7 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (60ms lengths and 30ms intervals] ultrasound (f = 616 kHz; P 
= 27W; kweighted = 5.8 x IO 3 m i n 1 ; R 2Adj = 0.979; NTOT =16; tsonoiysis = 20 min]. 

Figure A1.8 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (60ms lengths and 60ms intervals] ultrasound (f = 616 kHz; P 
= 27W; kweighted = 5.6 x l O ^ m i n 1 ; R 2Adj = 0.959; NTOT =17; tsonoiysis = 20 min]. 
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Figure A1.9 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (60ms lengths and 100ms intervals) ultrasound (f = 616 kHz; 
P = 27W; kweighted = 5.5 x IO 3 m i n 1 ; R 2

A di = 0.990; NTOT =17; tsonoiysis = 20 min). 
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Figure A1.10 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (60ms lengths and 160ms intervals) ultrasound (f = 616 kHz; 
P = 27W; k w e i g h t e d = 5.8 x 10-3min 1 ; R 2 A D . - o.966; NTOT =18; tsonoiysis = 20 min). 
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Figure A l . l l Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (60ms lengths and 320ms intervals] ultrasound (f = 616 kHz; 
P = 27W; k w e i g hted = 6.8 x l O ^ m i n 1 ; R 2Adj = 0.996; NTOT =14; tsonoiysis = 20 min]. 
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Figure A1.12 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (100ms lengths and 30ms intervals] ultrasound (f = 616 kHz; 
P = 27W; kweighted = 5.8 x IO 3 m i n 1 ; R2Adj = 0.991; N T O T =17; tsonoiysis = 20 min]. 
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Figure A1.13 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, SOOml] exposed to pulsed wave (100ms lengths and 60ms intervals) ultrasound (f = 616 kHz; 
P = 27W; kweighted = 5.5 * IO 3 m i n 1 ; R 2Adj = 0.995; NTOT =16; tsonoiysis = 20 min). 

Figure A1.14 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (100ms lengths and 100ms intervals) ultrasound (f = 616 
kHz; P = 27W; kweighted = 6.3 x l O ^ m i n 1 ; R 2Adj = 0.992; NTOT =17; tsonoiysis = 20 min). 
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Figure A1 .15 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (100ms lengths and 160ms intervals] ultrasound (f = 616 
kHz; P = 27W; kweighted = 5.7 x lO^min" 1 ; R 2Adj = 0.970; NTOT =15; tsonoiysis = 19 min]. 

Figure A1 .16 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (100ms lengths and 320ms intervals] ultrasound (f = 616 
kHz; P = 27W; kweighted = 5.0 x l O ^ m i n 1 ; R 2Adj = 0.976; NTOT =18; tsonoiysis = 20 min]. 
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Figure Al.ll Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (160ms lengths and 30ms intervals] ultrasound (f = 616 kHz; 
P = 27W; kweighted = 5.8 x l O ^ m i n 1 ; R 2Adj = 0.993; NTOT =16; t S o„oiy S i S = 20 min]. 

Figure A1.18 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (160ms lengths and 60ms intervals] ultrasound (f = 616 kHz; 
P = 27W; kweighted = 5.6 x IO 3 m i n 1 ; R ^ d , = 0.988; NTOT =15; tsonoiysis = 20 min). 
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Figure A1.19 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (160ms lengths and 100ms intervals] ultrasound (f = 616 
kHz; P = 27W; kweighted = 5.7 x l O ^ m i n 1 ; R 2Adi = 0.994; NTOT =17; tsonoiysis = 20 min]. 

Figure A1.20Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (160ms lengths and 160ms intervals] ultrasound (f = 616 
kHz; P = 27W; kweighted = 5.9 x l O ^ m i n 1 ; R 2Adi = 0.992; NTOT =16; tsonoiysis = 20 min]. 
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Figure A1.21 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (160ms lengths and 320ms intervals] ultrasound (f = 616 
kHz; P = 27W; kWeighted = 5.8 x l O ^ m i n 1 ; R 2Adj = 0.973; NTOT =15; tsonoiysis = 20 min]. 
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Figure A1.22 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (320ms lengths and 30ms intervals] ultrasound (f = 616 kHz 
P = 27W; kweighted = 5.3 x IO 3 m i n 1 ; R 2Adi = 0.992; NTOT =14; tsonoiysis = 20 min]. 
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Figure A1.23 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (320ms lengths and 60ms intervals) ultrasound (f = 616 kHz; 
P = 27W; kweighted = 5.9 x 10 -3min 1 ; R 2Adi = 0.985; NTOT =17; tsonoiysis = 20 min). 

Figure A1.24 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (320ms lengths and 100ms intervals) ultrasound (f = 616 
kHz; P = 27W; kweighted = 5.6 x l O ^ m i n 1 ; R 2Adi = 0.990; NTOT =16; t S o n o i y S i S = 20 min). 
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Figure A 1 . 2 5 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (320ms lengths and 160ms intervals] ultrasound (f = 616 
kHz; P = 27W; kweighted = 5.2 x l O ^ m i n 1 ; R 2Adj = 0.970; NTOT =15; tsonoiysis = 20 min). 

Figure A 1 . 2 6 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (320ms lengths and 320ms intervals] ultrasound (f = 616 
kHz; P = 27W; knighted = 5.7 x IO 3 m i n 1 ; R 2Adi = 0.991; NTOT =16; tsonoiysis = 20 min]. 
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Figure A2.1 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to continuous ultrasound (f = 616 kHz; P = 27W; kweighted = 0.695mM 
m i n 1 ; R 2Adi = 0.998; NTOT =12; tsonoiysis = 10 min]. 

Figure A2.2 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (30ms lengths and 30ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.823 mM m i n 1 ; R 2Adi = 0.9996; NTOT =12; tsonoiysis = 10 min]. 
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Figure A2.3 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (30ms lengths and 60ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.803 mM m i n 1 ; R 2Adi = 0.9996; NTOT =12; tsonoiysis = 10 min). 
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Figure A2.4 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (30ms lengths and 100ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.776 mM m i n 1 ; R 2Adi = 0.9997; NTOT =12; tsonoiysis = 10 min). 
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Figure A2.5 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (30ms lengths and 160ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.747 mM m i n 1 ; R 2 Adi = 0.9992; NTOT =12; t So„oiysis = 10 min). 
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Figure A2.6 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (30ms lengths and 320ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.729 mM m i n 1 ; R 2Adi = 0.9995; NTOT =12; tsonoiysis = 10 min). 
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Figure A2.7 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (60ms lengths and 30ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.780 mM m i n 1 ; R 2 Adi = 0.9990; NTOT =12; tsonoiysis = 10 min]. 
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Figure A2.8 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (60ms lengths and 60ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.783 mM m i n 1 ; R 2 Adi = 0.9993; NTOT =12; tsonoiysis = 10 min]. 
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Figure A2.9 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (60ms lengths and 100ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.771 mM m i n 1 ; R 2Adj = 0.9995; NTOT =12; tsonoiysis = 10 min]. 

Figure A2.10 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (60ms lengths and 160ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.762 mM m i n 1 ; R 2Adi = 0.9992; NTOT =11; tsonoiysis = 10 min]. 
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Figure A 2 . l l Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (60ms lengths and 320ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.726 mM m i n 1 ; R 2Adi = 0.998; NTOT =12; tsonoiysis = 10 min]. 
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Figure A2.12 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (100ms lengths and 30ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.786 mM m i n 1 ; R 2Adj = 0.9990; NTOT =11; tsonoiysis = 10 min]. 
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Figure A2.13 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (100ms lengths and 60ms intervals) ultrasound (f = 
616 kHz; P = 27W; k„eighted = 0.790 mM m i n 1 ; R 2Adi = 0.9992; NTOT =12; tsonoiysis = 10 min). 

12.5 

Sonolysis Time/ min 

Figure A2.14 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (100ms lengths and 100ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.759 mM m i n 1 ; R 2Adj = 0.9993; NTOT =12; tsonoiysis = 10 min). 
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Figure A2.15 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (100ms lengths and 160ms intervals) ultrasound (f 
616 kHz; P = 27W; kweighted = 0.765 mM m i n 1 ; R 2Adi = 0.9993; NTOT =12; t s o n o i y S i S = 10 min). 
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Figure A2.16 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (100ms lengths and 320ms intervals) ultrasound (f 
616 kHz; P = 27W; kweighted = 0.722 mM m i n 1 ; R 2Adj = 0.9991; NTOT =12; tsonoiysis = 10 min). 
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Figure A2.17 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (160ms lengths and 30ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.779 mM m i n 1 ; R 2Adj = 0.9992; NTOT =12; tenolysis = 10 min]. 

Figure A2.18 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (160ms lengths and 60ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.774 mM m i n 1 ; R 2Adj = 0.9994; NTOT =12; tsonoiysis = 10 min]. 

123 



1 1 1 1 1 1— 
0 2.5 5 7 5 10 12.5 

Sonolysis Time/ min 

Figure A2.19 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (160ms lengths and 100ms intervals) ultrasound (f 
616 kHz; P = 27W; kweighted = 0.776 mM m i n 1 ; R 2Adi = 0.998; NTOT =12; tsonoiysis = 10 min). 

Figure A2.20 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (160ms lengths and 160ms intervals) ultrasound (f 
616 kHz; P = 27W; kweighted = 0.767 mM m i n 1 ; R 2Adj = 0.998; NTOT =12; tsonoiysis = 10 min). 
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Figure A2.21 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution [ I m M , 300ml) exposed to pulsed wave (160ms lengths and 320ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.763 mM m i n 1 ; R 2Adi = 0.999; NTOT =12; t s o n o iys i S = 10 min). 
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Figure A2.22 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (320ms lengths and 30ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.781 mM m i n 1 ; R 2Adi = 0.9990; NTOT =12; tS Onoiysis = 10 min). 
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Figure A2.23 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (320ms lengths and 60ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.780 mM m i n 1 ; R 2Adj = 0.9992; NTOT =12; t So„oiysis = 10 min]. 
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Figure A2.24 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (320ms lengths and 100ms intervals] ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.794 mM m i n 1 ; R 2Adi = 0.998; NTOT =12; tsonoiysis = 10 min]. 
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Figure A2.25 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (320ms lengths and 160ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.781 mM m i n 1 ; R 2

A d j = 0.998; NTOT =12; tsonoiysis = 10 min). 

Figure A2.26 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (320ms lengths and 320ms intervals) ultrasound (f = 
616 kHz; P = 27W; kweighted = 0.770 mM m i n 1 ; R 2Adi = 0.9992; NTOT =12; tsonoiysis = 10 min). 
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Figure B l . l Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to continuous ultrasound (f = 205 kHz; P = 27W; kweighted = 5.5 x l O ' 3 m i n _ 1 ; 
R2Adi = 0.992; NTOT =20; tsonoiysis = 16 min). 

Figure B1.2 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (30ms lengths and 30ms intervals) ultrasound (f = 205 kHz; P 
= 27W; kweighted = 5.3 x K H m i i r 1 ; R 2Adj = 0.994; NTOT =15; tsonoiysis = 15 min). 
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Figure B1.3 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (30ms lengths and 60ms intervals] ultrasound (f = 205 kHz; P 
= 27W; kweighted = 6.2 xlO^ m i n 1 ; R 2Adj = 0.991; NTOT =11; tsonoiysis = 15 min]. 
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Figure B1.4 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (30ms lengths and 100ms intervals] ultrasound (f = 205 kHz; 
P = 27W; l i g h t e d = 5.7 xlO"3 m i n 1 ; R 2Adj = 0.945; NTOT =15; tsonoiysis = 25 min]. 
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Figure B 1 . 5 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (30ms lengths and 160ms intervals] ultrasound (f = 205 kHz; 
P = 27W; kweighted = 6.1 xlO^ m i n 1 ; R2Adj = 0.989; NTOT =18; t S o„ 0 iysis = 15 min]. 

Figure B 1 . 6 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (30ms lengths and 320ms intervals] ultrasound (f = 205 kHz; 
P = 27W; l i g h t e d = 4.7 xlO 3 m i n 1 ; R2Adj = 0.946; NTOT =18; tsonoiysis = 15 min]. 
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Figure B1.7 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (60ms lengths and 30ms intervals) ultrasound (f = 205 kHz; P 
= 27W; kweighted = 6.0 xlO^ m i n 1 ; R 2Adj = 0.994; NTOT =10; t S o„ 0 iysis = 17 min). 
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Figure B1.8 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (60ms lengths and 60ms intervals) ultrasound (f = 205 kHz; P 
= 27W; k„eighted = 4.8 xlO^ m i n 1 ; R 2Adj = 0.976; NTOT =12; tSOnoiysis = 15 min). 
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Figure B1.9 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
[ ImM, 300ml} exposed to pulsed wave (60ms lengths and 100ms intervals] ultrasound (f = 205 kHz; 
P = 27W; kweighted = 5.6 x lO 3 m i n 1 ; R 2Adi = 0.988; NTOT =12; tsonoiysis = 15 min]. 

Figure B1.10 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (60ms lengths and 160ms intervals] ultrasound (f = 205 kHz; 
P = 27W; kweighted = 6.5 x lO" 3 mur 1 ; R 2Adi = 0.972; NTOT =18; tsonoiysis = 15 min). 
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Figure B l . l l Duplicate and separate first order ultrasonic degradation of O B S in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (60ms lengths and 320ms intervals) ultrasound (f = 205 kHz; 
P = 27W; kweighted = 6.5 x l O 3 m i n 1 ; R 2Adj = 0.986; NTOT =18; tsonoiysis = 15 min). 

Figure B1.12 Duplicate and separate first order ultrasonic degradation of O B S in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (100ms lengths and 30ms intervals) ultrasound (f = 205 kHz; 
P = 27W; kweighted = 6.1 x l O ^ m i n 1 ; R^^ = 0.983; N T O T =12; tsonoiysis = 15 min). 
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Figure B1.13 Duplicate and separate first order ultrasonic degradation of O B S in aqueous solution 
( ImM, 300ml} exposed to pulsed wave (100ms lengths and 60ms intervals} ultrasound (f = 205 kHz; 
P = 27W; kweighted = 5.5 x l O 3 m i n 1 ; R ^ d , = 0.984; NTOT =12; tsonoiysis = 15 min}. 

Figure 81 .14 Duplicate and separate first order ultrasonic degradation of O B S in aqueous solution 
( I m M , 300ml} exposed to pulsed wave (100ms lengths and 100ms intervals} ultrasound (f = 205 
kHz; P = 27W; l i g h t e d = 7.2 x l O ^ m u v 1 ; R 2Adi = 0.984; NTOT =11; t s 0 n o i y s i s = 15 min}. 
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Figure B1.15 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (100ms lengths and 160ms intervals) ultrasound (f = 205 
kHz; P = 27W; kweighted = 5.4 x l O ^ m i n 1 ; R 2Adj = 0.943; NTOT =17; tsonoiysis = 15 min). 
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Figure B1.16 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (100ms lengths and 320ms intervals] ultrasound (f = 205 
kHz; P = 27W; kweighted = 5.9 x l O ^ m l n 1 ; R 2 Adj = 0.995; NTOT =20; tsonoiysis = 15 min). 
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Figure Bl.ll Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, SOOml] exposed to pulsed wave (160ms lengths and 30ms intervals] ultrasound (f = 205 kHz; 
P = 27W; kweighted = 5.9 x l O ^ m i n 1 ; R 2Adi = 0.987; NTOT =19; tonoiysis = 15 min]. 

Figure B l . 18 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (160ms lengths and 60ms intervals] ultrasound (f = 205 kHz; 
P = 27W; l i g h t e d = 5.5 x l O 3 m i n 1 ; R 2Adi = 0.993; NTOT =18; tsonoiysis = 15 min). 
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Figure B1.19 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, SOOml) exposed to pulsed wave (160ms lengths and 100ms intervals) ultrasound (f = 205 
kHz; P = 27W; kweighted = 5.2 x l O ^ m i n 1 ; R 2Adi = 0.979; NTOT =16; tsonoiysis = 15 min). 

Figure B1.20 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (160ms lengths and 160ms intervals) ultrasound (f = 205 
kHz; P = 27W; kweighted = 5.7 x l O ^ m i n 1 ; R 2Adj = 0.992; NTOT =13; tsonoiysis = 15 min). 
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Figure B1.21 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (160ms lengths and 320ms intervals] ultrasound (f = 205 
kHz; P = 27W; kweighted = 6.3 x l O ^ m i n 1 ; R 2Adj = 0.958; NTOT =25; t s o „oiys is = 15 min). 
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Figure B1.22 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (320ms lengths and 30ms intervals] ultrasound (f = 205 kHz; 
P = 27W; kweighted = 5.3 x l t H i m n 1 ; R 2Adj = 0.960; NTOT =19; tsonoiysis = 15 min). 

139 



-0.125-L_ 
0 5 10 15 

Sonolysis Time/ min 

Figure B 1 . 2 3 Duplicate and separate first order ultrasonic degradation of O B S in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (320ms lengths and 60ms intervals] ultrasound (f = 205 k H 
P = 27W; kweighted = 5.8 x l O ^ m i n 1 ; R2Adi = 0.954; NTOT =17; tsonoiysis = 15 min]. 
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Figure B1.24Duplicate and separate first order ultrasonic degradation of O B S in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (320ms lengths and 100ms intervals] ultrasound (f = 205 
kHz; P = 27W; knighted = 5.7 x l O 3 m i n 1 ; R 2

A d j = 0.993; NTOT =19; tsonoiysis = 15 min]. 

140 



T 1 1 1 1 ' r 
0 5 10 15 

Sonolysis T i m e / min 

Figure B 1.25 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, SOOml] exposed to pulsed wave (320ms lengths and 160ms intervals] ultrasound (f = 205 
kHz; P = 27W; kweighted = 5.2 xlO^ m i n 1 ; R 2 Adj = 0.985; NTOT =19; tsonoiysis = 15 min). 
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Figure B1.26 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (320ms lengths and 320ms intervals] ultrasound (f = 205 
kHz; P = 27W; Weighted = 4.6 xlO^ m i n 1 ; R 2Adi = 0.963; NTOT =16; tsonoiysis = 15 min]. 
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Figure B2.1 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution [ I m M , 300ml] exposed to continuous ultrasound (f = 205 kHz; P = 27W; kweighted = 0.713mM 
m i n 1 ; R 2 Ad| = 0.9994; NTOT =12; tsonoiysis = 10 min). 
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Figure B2.2 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (30ms lengths and 30ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.709 mM m i n 1 ; R 2Adi = 0.998; NTOT =12; tsonoiysis = 10 min]. 
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Figure B2.3 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (30ms lengths and 60ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.726 mM m i n 1 ; R 2Adj = 0.998; NTOT =12; tSonoiysiS = 10 min]. 

Figure 82 .4 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (30ms lengths and 100ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.746 mM m i n 1 ; R 2Adj = 0.998; NTOT =12; tsonoiysis = 10 min]. 
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Figure B2.5 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (30ms lengths and 160ms intervals] ultrasound (f = 
205 kHz; P = 27W; ^weighted — 0.712 mM m i n 1 ; R 2Adj = 0.998; NTOT =12; tsonoiysis — 10 min]. 

Figure B2.6 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (30ms lengths and 320ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.759 mM m i n 1 ; R 2Adj = 0.9990; NTOT =12; t S o„oiy S is = 10 min]. 
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Figure B2.7 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (60ms lengths and 30ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.737 mM m i n 1 ; R 2Adj = 0.998; NTOT =12; tsonoiysis = 10 min). 

Figure B2.8 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (60ms lengths and 60ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.722 mM m i n 1 ; R 2Adj = 0.9998; NTOT =12; tsonoiysis = 10 min). 
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Figure B2.9 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (60ms lengths and 100ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.672 mM m i n 1 ; R 2Adi = 0.9998; NTOT =12; t So„oiysis = 10 min). 
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Figure B2.10Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (60ms lengths and 160ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.735 mM m i n 1 ; R 2Adj = 0.998; NTOT =10; tsonoiysis = 10 min). 
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Figure Bl.ll Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave [60ms lengths and 320ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.695 mM m i n 1 ; R 2Adj = 0.9996; NTOT =11; tsonoiysis = 10 min]. 
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Figure B2.12 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (100ms lengths and 30ms intervals] ultrasound (f = 
205 kHz; P = 27W; knighted = 0.711 mM m i n 1 ; R 2Adj = 0.9996; NTOT =12; tsonoiysis = 10 min]. 
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Figure B2.13 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml} exposed to pulsed wave (100ms lengths and 60ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.699 mM m i n 1 ; R 2Adi = 0.9994; NTOT =11; t s o „oiys is = 10 min]. 
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Figure B2.14 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (100ms lengths and 100ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.6857 mM m i n 1 ; R 2Adi = 0.9994; NTOT =12; tsonoiysis = 10 min]. 
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Figure B2.15 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (100ms lengths and 160ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.711 mM m i n 1 ; R 2Adj = 0.998; NTOT =12; tsonoiysis = 10 min). 
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Figure 82 .16 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (100ms lengths and 320ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.675 mM m i n 1 ; R 2Adi = 0.993; NTOT =12; tS Onoiysis = 10 min). 
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Figure B2.17 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (160ms lengths and 30ms intervals] ultrasound (f = 
205 kHz; P = 27W; k weighted — 0.714 mM m i n 1 ; R 2Adj = 0.994; NTOT =12; tsonoiysis — 10 min]. 
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Figure 82 .18 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (160ms lengths and 60ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.655 mM m i n 1 ; R 2Adi = 0.9994; NTOT =12; Unoiysis = 10 min]. 
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Figure B2.19 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml} exposed to pulsed wave (160ms lengths and 100ms intervals} ultrasound (f 
205 kHz; P = 27W; kweighted = 0.697 mM min"1; R 2Adj = 0.9995; NTOT =12; tSonoiysis = 10 min}. 
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Figure B2.20 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml} exposed to pulsed wave (160ms lengths and 160ms intervals] ultrasound (f 
205 kHz; P = 27W; kweighted = 0.720 mM m i n 1 ; R 2Adj = 0.9991; NTOT =12; tsonoiysis = 10 min]. 
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Figure B2.21 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (160ms lengths and 320ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.704 mM m i n 1 ; R 2Adj = 0.9990; NTOT =12; tsonoiysis = 10 min]. 
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Figure B2.22 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml] exposed to pulsed wave (320ms lengths and 30ms intervals] ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.722 mM m i n 1 ; R 2Adj = 0.9997; NTOT =12; tsonoiysis = 10 min]. 
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Figure B2.23 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (320ms lengths and 60ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.701 mM m i n 1 ; R 2Adi = 0.9996; NTOT =12; tsonoiysis = 10 min). 
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Figure 82 .24 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (320ms lengths and 100ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.677 mM m i n 1 ; R 2Adj = 0.9996; NTOT =12; tsonoiysis = 10 min). 
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Figure B2.25 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , SOOml] exposed to pulsed wave (320ms lengths and 160ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.695 mM m i n 1 ; R 2Adj = 0.998; NTOT =12; tsonoiysis = 10 min). 

Figure B2.26 Duplicate and separate zero order ultrasonic HTA formation reactions of in aqueous 
solution ( I m M , 300ml) exposed to pulsed wave (320ms lengths and 320ms intervals) ultrasound (f = 
205 kHz; P = 27W; kweighted = 0.710 mM m i n 1 ; R 2Adi = 0.9995; NTOT =12; tsonoiysis = 10 min). 
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Figure C l . l Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to continuous ultrasound (f = 69 kHz; P= 27W. kweighted = 4.9 X IO 4 m i n 1 , 
R 2Adi =0.908; NTOT = 34. 

Figure C1.2 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (30ms lengths and 30ms intervals) ultrasound (f = 69 kHz; P 
= 27W; kweighted = 5.7 X IO 4 m i n 1 ; R 2Adi = 0.87; NTOT =33; tsonoiysis = 60 min). 
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Figure C1.3 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , SOOml] exposed to pulsed wave (30ms lengths and 60ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 4.9 X IO 4 m i n 1 ; R 2Adi = 0.857; NTOT =20; tsonoiysis = 60 min]. 
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Figure C1.4 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (30ms lengths and 100ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 4.4 X IO 4 m i n 1 ; R 2Adi = 0.95; NTOT =22; tsonoiysis = 60 min]. 
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Figure C1.5 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (30ms lengths and 160ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 7.2 X IO 4 m i n 1 ; R 2 Ad| = 0.81; NTOT =26; tsonoiysis = 60 min]. 
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Figure C1.6 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (30ms lengths and 320ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 5.0 X IO 4 m i n 1 ; R 2Adj = 0.84; NTOT =29; tsonoiysis = 60 min]. 
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Figure C 1 . 7 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (60ms lengths and 30ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 4.1 X IO 4 m i n 1 ; R 2Adi = 0.81; NTOT =24; tSonoiysiS = 60 min]. 
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Figure C 1 . 8 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml] exposed to pulsed wave (60ms lengths and 60ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 6.2 X IO 4 m i n 1 ; R 2 A d j = 0.88; NTOT =24; tsonoiysis = 60 min]. 
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Figure C1.9 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (60ms lengths and 100ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 4.5 X IO 4 m i n 1 ; R 2Adi = 0.78; NTOT =37; tsonoiysis = 60 min]. 

Figure C1.10 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (60ms lengths and 160ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 4.1 X IO 4 m i n 1 ; R 2 A d i = 0.93; NTOT =24; tsonoiysis = 60 min]. 
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Figure C l . l l Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
[ ImM, 300ml] exposed to pulsed wave (60ms lengths and 320ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 5.8 X IO 4 m i n 1 ; R 2Adi = 0.82; NTOT =21; tsonoiysis = 60 min]. 
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Figure C1.12 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (100ms lengths and 30ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 5.9 X IO 4 m i n 1 ; R2Adj = 0.75; NTOT =21; tSonoiysiS = 60 min]. 
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Figure C1.13 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (100ms lengths and 60ms intervals) ultrasound (f = 69 kHz; P 
= 27W; kweighted = 5.3 X IO 4 m i n 1 ; R 2Adj = 0.80; NTOT =36; tsonoiysis = 60 min). 
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Figure C1.14 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (100ms lengths and 100ms intervals) ultrasound (f = 69 kHz; 
P = 27W; kweighted = 4.3 X 10 4 min ^ R 2Adj = 0.88; NTOT =22; tsonoiysis = 60 min). 
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Figure C1.15 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (100ms lengths and 160ms intervals) ultrasound (f = 69 kHz; 
P = 27W; kweighted = 3.0 X IO 4 m i n 1 ; R 2Adj = 0.755; NTOT =22; t So„oiysis = 60 min). 

Figure C1.16 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (100ms lengths and 320ms intervals) ultrasound (f = 69 kHz; 
P = 27W; kweighted = 4.6 X IO 4 m i n 1 ; R 2Adi = 0.86; NTOT =22; tsonoiysis = 60 min). 
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Figure Cl.ll Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (160ms lengths and 30ms intervals) ultrasound (f = 69 kHz; P 
= 27W; kweighted = 5.9 X IO 4 m i n 1 ; R 2Adj = 0.85; NTOT =23; t s o „ o i y s i s = 60 min). 
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Figure C1.18 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (160ms lengths and 60ms intervals) ultrasound (f = 69 kHz; P 
= 27W; kweighted = 5.7 X IO 4 m i n 1 ; R 2Adi = 0.85; NTOT =33; t So„oiysis = 60 min). 
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Figure C1.19 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (160ms lengths and 100ms intervals) ultrasound (f = 69 kHz; 
P = 27W; kweighted = 3.1 X IO 4 m i n 1 ; R 2Adj = 0.90; NTOT =27; tsonoiysis = 60 min). 

Figure C1.20 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml) exposed to pulsed wave (160ms lengths and 160ms intervals) ultrasound (f = 69 kHz; 
P = 27W; kweighted = 3.8 X IO 4 m i n 1 ; R 2Adj = 0.90; NTOT =22; tsonoiysis = 60 min). 
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Figure C1.21 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
[ I m M , 300ml} exposed to pulsed wave (160ms lengths and 320ms intervals} ultrasound (f = 69 kHz; 
P = 27W; kweighted = 3.1 X IO 4 m i n 1 ; R 2Adj = 0.76; NTOT =29; Waiysis = 60 min}. 

Figure C1.22 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml} exposed to pulsed wave (320ms lengths and 30ms intervals} ultrasound (f = 69 kHz; P 
= 27W; kweighted = 3.2 X 10 4 min"1; R 2 Ad i = 0.90; NTOT =22; tsonoiysis = 60 min}. 
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Figure C1.23 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , SOOml] exposed to pulsed wave (320ms lengths and 60ms intervals] ultrasound (f = 69 kHz; P 
= 27W; kweighted = 5.4 X IO 4 m i n 1 ; R 2Adj = 0.86; NTOT =22; tsonoiysis = 60 min]. 

Figure C1.24 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( ImM, 300ml] exposed to pulsed wave (320ms lengths and 100ms intervals] ultrasound (f = 69 kHz; 
P = 27W; kweighted = 3.2 X IO 4 m i n 1 ; R 2Adi = 0.87; NTOT =19; tsonoiysis = 60 min]. 
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Figure C1.25 Triplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (320ms lengths and 160ms intervals) ultrasound (f = 69 kHz; 
P = 27W; kweighted = 4.9 X IO 4 m i n 1 ; R 2Adj = 0.88; NTOT =33; tsonoiysis = 60 min). 
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Figure C1.26 Duplicate and separate first order ultrasonic degradation of OBS in aqueous solution 
( I m M , 300ml) exposed to pulsed wave (320ms lengths and 320ms intervals) ultrasound (f = 69 kHz; 
P = 27W; kweighted = 5.7 X IO 4 m i n 1 ; R 2

A d j = 0.90; NTOT =22; tsonoiysis = 60 min). 
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VflC V / I D C 
STflRT 60 kHz 'oSC 500 mVol t STOP 75 kHz 

Marker STIMULUS VAL 

0 75 kHz 27.9279 S2 
1 66.10035 kHz 5.63078 2 
2 69.3867 kHz 285.6 S2 
3 72.79365 kHz 19.4719 £2 
4 73.39665 kHz 107.632 S 

Figure D . l Impedance test output of the 70 kHz transducer. 
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0 215 kHz 11.6887 Q 
1 191 .29645 kHz 10.4206 £2 
2 205.04485 kHz 461.293 £2 
3 209.86885 kHz 8.2098 £2 
4 211.97935 kHz 22.3921 £2 

Figure D.2 Impedance test output of the 205 kHz transducer 
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jpQ 
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V / I D C — 
STOP 630 kHz 

VAL 

• 
1 
2 
3 
4 

630 kHz 
613 .1253 kHz 
616 .0197 kHz 
618 .9744 kHz 
625 .7883 kHz 

19 .7444 £2 
3 1 0 . 3 7 2 Q 
2 6 . 9 4 7 4 £2 
124 .347 £2 
4 .96838 £2 

Figure D.3 Impedance test output of the 620 kHz transducer 
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If)Q 
OSC 500 mVo l t 
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STOP 820 kHz 

Marker STIMULUS VAL 

0 820 kHz 7.45292 Q 
1 801.32095 kHz 58.2207 Q 
2 807.3811 kHz 56.6834 £2 
3 775 kHz 9.5845 £2 
4 775 kHz 9.5845 £2 
5 775 kHz 9.5845 £2 
6 775 kHz 9.5845 £2 
7 775 kHz 9.5845 £2 

Figure D.4 Impedance test output ofthe 806 kHz transducer 
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1 2 7 6 . 9 7 5 2 kHz 122.631 S2 
2 279.5681 kHz 1 2 3 . 7 1 3 S2 
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4 290 kHz 2 3 . 8 9 9 2 £2 
5 290 kHz 2 3 . 8 9 9 2 £2 
6 290 kHz 2 3 . 8 9 9 2 £2 
7 290 kHz 2 3 . 8 9 9 2 £2 

Figure D.S Impedance test output ofthe 279 kHz transducer 
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JpQ 
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STOP 1.2 MHz 

Marker STIMULUS VAL 

0 1.2 MHz 46.8327 Q 
1 1 .035982 MHz 66.3157 £2 
2 1.068946 MHz 20.4794 £2 
3 1 .134874 MHz 263.539 S2 
4 1 .13809 MHz 56.7141 S2 
5 1.141708 MHz 141.631 Q 
6 1 .146934 MHz 25.3825 J2 
7 1 .153366 MHz 48.1771 J2 

Figure D.6 Impedance test output of the 1054 kHz transducer 
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0 450 kHz 12 .4183 Q 
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4 385 .8295 kHz 17 .6284 S2 
5 400 .9045 kHz 2 . 7 5 0 5 4 J2 
6 400 kHz 2 . 7 7 4 3 2 £2 
7 400 kHz 2 . 7 7 4 3 2 £2 

Figure D.7 Impedance test output ofthe 354 kHz transducer 
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Figure D.S Comparative Impedance test output of a standard 20 kHz transducer 
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