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ABSTRACT 

There are many reports indicating the presence of emerging contaminants such 
as: estrogen hormones, 1,4-dioxane and perfluoro-octanoic acids in the natural 
environment. Estrogen hormones are considered important emerging class of 
contaminants due to their endocrine disrupting effects. These compounds are 
invariably found in the environment originating mostly from natural sources. 
Trace concentrations of estrogen hormones (low µg/L concentrations) have been 
detected in municipal wastewater treatment plants and observed in receiving 
water bodies.  
 

1,4-Dioxane (C4H8O2) is used as an organic solvent and solvent stabilizer 
numerous in chemical processes. The United States Environmental Protection 
Agency (US-EPA) has recognized 1,4-dioxane as a toxic chemical and a 
possible human carcinogen. 1,4-dioxane has been detected as a contaminant in 
the natural environment, drinking water supplies, superfund sites, public 
groundwater sources in the United States, Canada and Japan at concentrations 
greater than the permissible standards. Perfluorinated chemicals such as 
perfluoro-octanoic acid (PFOA) and perfluorooctane-sulfonate (PFOS) have been 
manufactured for use in a variety of industrial and consumer applications. Due to 
their environmental persistence, PFOAs have been detected in surface waters at 
a number of locations at concentrations ranging from pg/L to ng/L. Elevated 
concentrations of PFOAs have been measured in surface and ground waters 
near specific point sources. 
 
 Through this project, successful attempts have been made for the 
destruction of emerging contaminants using ultrasound. This study deals with the 
optimization of various process parameters for the destruction of estrogen 
hormones. The influence of process parameters such as power density, reactor 
geometry, power intensity, ultrasound amplitude, and external mixing was 
investigated. Artificial neural network (ANN) approach was used to describe the 
interactions between optimized parameters. The important findings obtained in 
the present work for the optimized estrogen degradation can help tackle the 
challenges of scale up such as operational optimization and energy consumption.  
 
 The effect of process conditions such as pH and presence of oxidizing 
agents on the ultrasonic destruction of 1,4-dioxane and PFOA was studied. 
Acidic conditions favored the destruction of both the compounds. The presence 
of activated sulfate radicals enhanced the reaction rate kinetics.  
 
 An innovative technology using electric potential and ultrasound for the 
removal organic contaminants was developed. The existence of organic 
contaminants in ionic form under certain process conditions has led to the 
development of this technology. Applying a low electric potential across the 
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probe enhances the mass transfer of the contaminants into effective reaction 
zone, thereby enhancing the total destruction. A two-fold increase in the reaction 
rates was observed. This study shows ultrasound as an efficient and effective 
treatment technology for the destruction of emerging contaminants. 
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1 

CHAPTER 1 

EMERGING CONTAMINANTS: BACKGROUND AND 

PROJECT OBJECTIVES 

1.1 INTRODUCTION 

Emerging contaminants (ECs) are defined as the group of hazardous materials 

such as naturally occurring or manmade chemicals, microbial (biological agents) 

and radiological substances that are characterized by the following: 

• Pose a real or potential threat to the human health or the environment 

• No published guidelines or evolving standards 

• Insufficient or limited data on toxicity information 

• Significant new sources or pathways to the environment 

• Detection limit information 

 

ECs are also referred to as micro-pollutants, chemical compounds of emerging 

concern, micro-constituents and trace organics. Some of the ECs include: 

Pharmaceuticals (Estrogen Hormones and Antibiotics) 

Personal care products (soaps, musks, dyes and detergents) 

Others (1,4-dioxane, perfluorinated compounds, fire retardants etc.) 

 

The focus of this study is on the destruction of ECs including: estrogen 

hormones, 1,4-dioxane and perfluoro-octanoic acid (PFOA).  
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1.2 Estrogen Hormones 

The endocrine system consists of small organs that involve the release of extra 

cellular signaling molecules known as hormones. These hormones act as 

chemical messengers binding with target cell receptors present anywhere in the 

body. The endocrine system serves in regulating metabolism, growth, and 

development of reproductive system (Coller and Murray 2006; Hiller-Sturmhofel 

and Bartke 1998). The list, structure and properties of estrogen hormones in this 

study are shown in Appendix A, Table A1 and Table A2. 

 

There are certain chemicals that mimic these naturally occurring 

hormones and react with the receptors. Such an incident produces unnatural 

response due to the interference of an external substance with the hormone 

receptor. Chemicals that interfere with the endocrine system are known as 

Endocrine Disrupting Compounds (EDCs). EDCs include compounds such as 

natural and synthetic hormones, alkyl-phenols, pesticides, phthalates, 

surfactants, and others. Of these EDCs, the most toxic are estrogen hormones; 

these are known to be several thousand times more potent than industrial 

chemicals, pesticides and metals (Sanderson et al. 2004).  

 

For a number of years, concern has been growing over the changes in the 

health and fecundity of wildlife, which may be associated with the disruption of 

hormonal systems by EDCs at trace level concentrations (Halling-Sorensen et al. 

1998; Kolpin et al. 2002). Male fish when exposed to certain estrogen hormones 
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had high concentrations of plasma vitellogenin, an estrogenic protein found only 

in female fish. It was reported that feminization of male fish occurs at 

concentrations as low as 14 ng/L of estrone, 0.1 ng/L of ethinylestradiol, and 3.3 

ng/L of 17β-estradiol (Larsson et al. 1999; Lintelmann et al. 2003; Purdom et al. 

1994; StahlschmidtAllner et al. 1997). Some of the major impacts of EDCs in the 

environment are: 

• Feminization of male fish (Jobling et al. 1998; Jobling and Tyler 2003); 

• Presence of intersex roaches and fishes (Baronti et al. 2000) 

 

Table 1.1 shows the count of male and female fish upstream and downstream of 

municipal wastewater treatment plants (WWTPs) in Boulder, Colorado, 

discharging estrogen hormones. An equal distribution of male and female Fish 

was observed upstream of the discharge point. A statistical increase in female 

fish count was observed and also intersex fish were detected downstream of the 

discharge point (Harshbarger et al. 2000; Lange et al. 2001; Vajda et al. 2008; 

Woodling et al. 2006).  

Table 1.1: Fish count upstream and downstream of a WWTP releasing estrogenic 
compounds in the effluent (Woodling et al. 2006) 
Sampling site Fish Count Females Males Intersex 

13 8 5 0 
Upstream 

20 10 9 0 

21 20 1 0 
BOULDER 
CREEK 

Downstream 
39 29 4 4 

Upstream 6 4 2 0 Denver Metro 
WWTP Downstream 20 16 0 4 
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A study performed by Baronti et al. (2000) has shown the presence of intersex 

roaches in the downstream of domestic sewage effluent (Adeoya-Osiguwa et al. 

2003; Baronti et al. 2000; Routledge et al. 1998). Estrogens are naturally 

produced in mammalian bodies and synthetically created for medical use. 

Hormones excreted by human beings and animal bodies are one of the most 

significant sources of contamination in the environment. Table 1.2, shows the 

average daily excretion values of some of the estrogen hormones (Sharpe and 

Skakkebaek 1993; Ying et al. 2002). The synthetic estrogens are used as oral 

contraceptives, management of menopausal and postmenopausal syndrome, 

and physiological replacement therapy in deficiency states. 

 
Table 1.2: Levels of estrogens excreted in µg/day by men and women (Ying et al. 2002) 

Category 17β-estradiol Estrone Estriol 17α-ethinylestradiol 

Men 1.6 3.9 1.5 - 
Menstruating females 3.5 8 4.8 - 

Menopausal females 2.3 4 1 - 

Pregnant women 259 600 6000 - 

Women - - - 35 
 

Hormones produced by humans and animals are constantly excreted into the 

environment. Many of these hormones are peptides and are rapidly destroyed. 

However, the steroid hormones are chemically very stable and are in the free 

form or as conjugates (Wenzel et al. 1998). These conjugated estrogens are 

converted to free estrogens by bacteria such as Escherichia coli (E. coli), which 

produces an enzyme β-glucuronidase that can deconjugate the estrogens when 

they enter the sewage systems or municipal WWTPs. (Belfroid et al. 1999; 

D'Ascenzo et al. 2003; Desbrow et al. 1998). These free forms have adverse 
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effects on the ecosystem. Estrogen hormones are excreted by humans in the 

conjugated form with high concentrations of 7, 2.4, 4.4 µg/day of estrone, 17β-

estradiol, and estriol, respectively (Belfroid et al.). 

 

Animal manure is one of the major sources of natural estrogens and 

testosterone, reaching the environment. Manure is a mixture of feces, urine, and 

bedding. The use of animal manures for agricultural activities and the production 

of concentrated animal feeding operations (CAFO’s) has increased the impact of 

the manures on water sheds (Shore et al. 1992). Animal manure is mostly used 

for fertilization of fields in the United States. About 12,000,000 tons/year of 

poultry litter was produced in the United States, most of which is applied to 

grasslands as fertilizer. Shore et al (2003) have also reported an estrogen 

content of 14 – 533 µg per kg of dry solids in the chicken manure (Finlay-Moore 

et al. 2000; Shore and Shemesh 1993; Shore and Shemesh 2003a). Wenzel et al 

(1998) have reported an estrogen presence of 600 – 1600 µg per kg of dry solids 

in cow manure (Wenzel et al. 1998). Estrogen hormones can enter the 

environment in several different pathways. A typical pathway of estrogen 

hormones to the environment is shown in Figure 1.1. Some of the point and non 

point sources of estrogen hormones include: 

 

• Effluents from municipal wastewater treatment plants, 

• Effluents from industrial wastewater treatment plants, 

• Runoffs from concentrated animal feeding operations (CAFO’s) and 
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• Agricultural applications of municipal bio-solids, and animal wastes 

 

Figure 1.1: Pathways of estrogen hormones to the environment, Source: Halling-Sorensen 
et al. 1998 
 

At WWTPs, steroid hormones are mostly degraded but some amounts are 

detected in the effluents. These chemicals are hydrophobic in nature (have low 

water solubility, and high octanol – water partitioning coefficients) and some 

fraction is likely to adsorb on to the bio-solids in the treatment plants (Chimchirian 

et al. 2007; Lai et al. 2000; Velicu and Suri 2009).  

 

Presence of estrogen hormones in 21 surface water streams located in 

Eastern Pennsylvania was studied (Velicu and Suri 2009). All the sampled 

streams showed presence of at least one hormone compound. Estrone was 
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detected very frequently with concentrations ranging from 0.6 – 2.6 ng/L. Estriol 

was detected in very high concentrations of 19.7 ng/L (Velicu and Suri 2009). 

Figure 1.2 shows the presence of steroid hormones in streams.  

 

 
Figure 1.2: Average concentration of detected steroid hormones in different land use 
areas, Source: (Velicu and Suri 2009).  
 

Shore et al (1995) have surveyed 17 streams in the Conestoga River Valley of 

the mid-Atlantic region of the United States in an attempt to identify possible 

sources of steroid hormones. Four of ten sites had testosterone concentrations 

above 1ng/L. Several other studies of estrogen content in surface waters have 

been reported. 17β-estradiol was detected at concentrations ranging from 0.8 – 

29 ng/L with a median concentration of 1.7ng/L (Wenzel et al. 1998). 

 

Chimchirian et al (2007) have studied the presence of natural and 

synthetic estrogen hormones in the influents and effluents of municipal 
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wastewater treatment plants. Estrogen hormones such as: 17β-estradiol, 17α-

dihydroequilin, 17α-ethinylestradiol, estriol, and estrone were detected at 

concentrations ranging from 1.2 – 259 ng/L in the influents and 0.5 – 49 ng/L in 

the effluents (Chimchirian et al. 2007). Table 1.3 shows the presence of estrogen 

hormones in the influents and effluents of WWTPs employing different treatment 

technologies. The first plant uses a trickling filter with attached growth that was 

rated at 0.9 million gallons per day (MGD).  The second plant is an activated 

sludge reactor with suspended growth that is rated for 2 MGD.  The third plant 

utilizes rotating biological contactors that are rated for 3 MGD. The percentage 

removal of the estrogens in the first two plants ranged from 60 to 99%. Treatment 

plant 3 did not have a high percentage removal. Similar studies were performed 

by Shore (1993) in an activated sewage treatment plant over a period of one 

year. During high flow time, 54 and 19 ng/L of estrogen and testosterone were 

observed in the sewage after primary and secondary treatment, respectively. In 

the effluent the values of estrogen and testosterone were 6.4 and 7.2 ng/L, 

respectively. During low flow times, the initial concentration of estrogen was 

around 50 – 140 ng/L, and the discharge effluents contained 38 – 50 ng/L of 

estrogen (Shore et al. 1993). Several other researchers have also reported the 

presence of estrogen hormones in the final effluents of WWTPs (Baronti et al. 

2000; Esperanza et al. 2004; Holbrook et al. 2002; Johnson et al. 2005; Purdom 

et al. 1994).  
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Some extensive surveys were also conducted on the presence of estrogen 

hormones in springs and wells used for drinking water. The levels were usually 

under 1.0 ng/L. In an old survey of 64 wells in southern Germany 0.1 – 0.9 ng/L 

of estradiol was observed (Rurainski et al. 1977). In a survey of wells receiving 

contaminated water, it was found that six wells had detectable concentrations of 

estrogens in the range of 1.7 – 5 ng/L. Municipal water supplies in Arkansas, a 

state with extensive use of poultry manure for land reclamation, had 

concentrations of 30 ng/L of 17β-estradiol (Shore et al. 1997). Surface water is 

generally used as drinking water sources. Abstraction of water may occur from 

points that are downstream of effluent discharge points. Drinking water 

abstraction from groundwater can also contain these endocrine disruptors. There 

were other reports indicating the presence of trace level estrogen hormones in 

drinking water (CNN 2008; Weyer and Riley 2001).  

 
Table 1.3: Presence of estrogen hormones (ng/L) in the influents and effluents of three 
WWTPs, Chimchirian et al (2007) 

PLANT 1 PLANT 2 PLANT 3 
ANALYTE 

Influent Effluent Influent Effluent Influent Effluent 

17α-estradiol nd nd nd nd nd nd 

17β-estradiol 11.2 ± 1.2 5.4 ± 0.6 161.6 ± 14.5 1.5 ± 0.5 nd nd 

17α-dihydroequlin nd nd nd nd 23.8 ± 3.2 23.6 ± 3.6 

17α-ethinylestradiol 1.2 ± 0.2 0.6 ± 0.5 nd nd nd nd 

Estriol 79.9 ± 4.2 3.9 ± 0.7 259.2 ± 32.4 2.2 ± 0.3 nd nd 

Estrone 83.3 ± 2.5 49.1 ± 4.9 57.8 ± 6.9 6.3 ± 0.9 59 ± 0.8 11.5 ± 5.9 

nd: non-detect 

 

Treatment technologies such as adsorption, chlorination, biological, ozonation, 

and photo-degradation have been reported for the removal of estrogen 
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hormones. Adsorption involves the usage of solid media onto which the organic 

contaminants are adsorbed. Typical solid media used for adsorption are silica, 

alumina, and activated carbon. Rosewell et al (2009) have shown that adsorption 

can significantly remove estrogen hormones (17β-estradiol, estrone, estriol, and 

17α-ethinylestradiol) from wastewater, but can be affected by the presence of 

natural organic matter (Rowsell et al. 2009). Zhang et al (2005) have studied the 

removal of estrone and 17β-estradiol using adsorbents such as: granular 

activated carbon (GAC), chitin, chitin, chitosan, ion exchange resins and 

carbonaceous adsorbents. The carbonaceous adsorbent and GAC showed very 

high adsorption capacities. Using carbonaceous adsorbents, adsorption 

constants of 87500 and 116000 ml/g were observed for removal of estrone and 

17β-estradiol, respectively (Zhang and Zhou 2005). Using GAC, the constants 

were 9290 and 12200 ml/g, respectively. However, in the presence of surfactants 

and humic acids, the adsorption capacity of activated carbon significantly 

reduced (Rowsell et al. 2009; Zhang and Zhou 2005).  

 

Chlorination is one of the oldest technologies used, which is relatively in 

expensive. Chlorine is a strong oxidant, when introduced into the water sample 

kills most of the bacteria and few viruses. However, excessive chlorination can 

react with organic compounds present, forming trihalomethanes and other 

disinfection byproducts (Fukuhara et al. 2006). Researchers have observed 

oxidation of few pharmaceuticals and estrogen hormones (17β-estradiol, 17α-
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ethinylestradiol) by chlorination, however, the reaction rate was very slow (Huber 

et al. 2005b). 

 

Biodegradation involves breakdown of chemicals by microorganisms. 

Removal of estrogen hormones (17β-estradiol, estrone, and 17α-ethinylestradiol) 

is mainly due to sorption by sludge and subsequent biodegradation due to the 

presence of diverse microbial community. Enhancement in the removal of 

estrogens was observed by increasing the solids retention time in wastewater 

systems (Pholchan et al. 2008). Effluents from wastewater treatment plants 

employing biological treatment processes still contain estrogenic compounds at a 

level that may cause disruption of endocrine systems in some species (Khanal et 

al. 2006). 

 

Ozonation is one of the advanced treatment technology for removal of 

organic compounds. The tri-atomic oxygen molecule is extremely strong 

oxidizing agent. Ozonation of water eliminates odor, reduces COD and BOD, 

color, turbidity, surfactants, phenolics, and cyanide concentrations (Huber et al. 

2005a). Ozone also increases the oxygen content of the solution. More that 96% 

removal of 17β-estradiol and 17α-ethinylestradiol was observed during ozonation 

(Huber et al. 2004). However, ozone is highly unstable. Due to this, ozone has to 

be produced in situ. This involves high capital costs, and high electricity 

consumption. Also, ozone is highly corrosive with commonly used materials such 

as, steel, iron, and neoprene. Therefore, ozone compatible material should be 
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used for the construction of equipment and pipelines. Also, there is a possibility 

of formation of oxidation byproducts that could be toxic. The excess ozone and 

off gases produced should be destructed before venting to the atmosphere 

(Huber et al. 2005a; Westerhoff et al. 2005).  

 

1.2 1,4-Dioxane 

Dioxane is cyclic ether with chemical formula: C4H8O2. Molecular structure is 

shown in Figure 1.3. Table 1.4 lists the physical properties of 1,4 – Dioxane. 

Dioxane is used as an organic solvent and also as solvent stabilizer numerous in 

chemical processes. It is used primarily as a solvent stabilizer in paints, 

varnishes, lacquers, cosmetics, deodorants, cleaning and detergent 

preparations, and in scintillating fluids. The United States Environmental 

Protection Agency (US-EPA) has recognized 1,4-dioxane as a toxic chemical, 

hazardous pollutant and a possible human carcinogen.  

 

In the United States, 1,4-dioxane was listed as a high production volume 

chemical with more than 500 metric tons produced in or imported (Coller and 

Murray 2006). More than 90% of the total dioxane was used to stabilize 1,1,1-

trichloroethane (TCA) in vapor degassing of metals (Mohr 2001). It was also 

estimated that in 1995, more than 1.3 million pounds of 1,4-dioxane was 

released to the environment (Stepak 2009). In Bedford, MA, four municipal 

supply wells were closed when trichloroethene and 1,4-dioxane (2,100g/L) were 

detected in the water (Weimar 1980). Johns et al. (1998) identified 1,4-dioxane 
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as a frequent contaminant of the lower Mississippi River. 1,4-dioxane has been 

detected as a contaminant in the natural environment, drinking water supplies, 38 

Superfund sites, 65 public groundwater sources in the United States, Canada 

and Japan at concentrations greater than the permissible standards (3 – 85µg/L) 

set by different states (Abe 1999; Johns et al. 1998; Kawata et al. 2003; Mohr 

2004). It was also reported that 1,4-dioxane is likely to be found in the sites that 

are contaminated by TCA. 

 

   

Figure 1.3: 2D and 3D Chemical Structures of 1,4-dioxane  
 

Currently no federal water standard has been established (DHHS 2002). 

However, several EPA regions and states have developed guidelines for treating 

1, 4-dioxane in soil and water. In September 2004, Colorado has established an 

enforceable cleanup standard in ground water and surface water. The standards 

required facilities to have met 6.1µg/L and 3.2µg/L limits by March 2005 and 

March 2010, respectively (EPA, 2006). 

 

Unique properties of 1,4 – dioxane make it very mobile and persistent in 

the aquatic environment. Volatilization and adsorption are not expected to be 

significant removal processes because of 1,4-dioxane’s low Henry’s Law 



 14 

 

constant, low Octanol–Water partition coefficient (Kow) and high solubility in 

water. Heterocyclic structure with two ethers linkages also explains its resistance 

to abiotic and biologically mediated degradation (Alexande.M 1973; Zenker et al. 

2003). Roy and Griffin (1985) have listed 1,4-dioxane first in a ranking of the 

mobility of more than 100 organic compounds (Roy and Griffin 1985). 

 

 Table 1.4: Physical and Chemical Properties of 1,4-dioxane 

Property Value 

Formula C4H8O2 

Physical Description (room temperature) Flammable liquid with a 
faint, pleasant odor 

Molecular Weight (g/mol) 88.10 
Water Solubility Soluble in water (miscible) 
Boiling point (oC) 101.1 oC at 760mm Hg 
Vapor pressure at 25oC (mm Hg) 38.0 

Specific gravity 1.033 

Log Octanol – Water partition coefficient (log Kow) -0.27 
Log Organic – Carbon partition coefficient (log Koc) 1.23 
Henry’s law constant (atm m3/mol) 4.88 x 10-6 

Odor threshold 9.8 mg/m3 
Flammability 
Flash point 
Auto ignition temperature 
Flammable limits in air (percent by volume) 

 
18.3 oC 
180 oC 
Lower 2.0; upper 22 

 

  

A number of field studies have reported that subsurface retardation of 1,4-

dioxane is very limited. Patterson et al (1985) have reported that 1,4-dioxane is 

the most mobile of six contaminants present at the Gloucester Landfill. 

Retardation factors at the Gloucester Landfill were estimated to be 1.1 from 
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laboratory scale column experiments and varied between 1.4 and 1.6 based on 

field monitoring results (Patterson et al. 1985; Priddle and Jackson 1991). Low 

retardation factor for 1,4-dioxane greatly increases its potential for contaminating 

large volumes of groundwater.  

 

1,4-dioxane is not efficiently removed in most conventional water and 

wastewater treatment processes such as: precipitation-coagulation, air stripping, 

adsorption and conventional biological treatment. However, advanced oxidation 

processes (AOPs) using hydrogen peroxide, ozone, and/or UV achieved 

substantial removal of 1,4-dioxane. However, the operational and maintenance 

costs for AOPs are significantly high. Advances are being made in the 

development of innovative biological treatment processes to reduce 1,4-dioxane 

levels at a reasonable cost. 

 

Conventional water and wastewater treatment processes include chemical 

treatment, air stripping, carbon adsorption, and biological treatment. McGuire et 

al. (1978) reported that ferric chloride coagulation; powdered activated carbon, 

permanganate oxidation, and chlorine did not significantly remove 1,4- dioxane. 

Aeration/air stripping typically resulted in poor 1,4-dioxane removal. McGuire et 

al. (1978) reported that aeration for 2.4 hours at an 80:1 air-to-water ratio 

reduced 1,4-dioxane by only 3%. In an air stripper designed to treat groundwater 

contaminated with chlorinated solvents, 1,4-dioxane was only reduced by 30%, 

from 610 to 430g/L (Bowman 2001; Mcguire et al. 1978). 
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Granular activated carbon (GAC) adsorption is the only conventional water 

treatment process that has shown to be moderately effective in removing 1,4- 

dioxane. McGuire et al. (1978) observed 67% removal efficiency for 1,4-dioxane 

during passage through GAC columns. Johns et al. (1998) reported that 

activated carbons created from pecan and walnut shells removed equal or higher 

amounts of 1,4-dioxane than commercially available alternatives. However, the 

removal efficiency of 1,4-dioxane was approximately 50% (Johns et al. 1998; 

Mcguire et al. 1978). 

 

There is currently very little information on the removal of 1,4-dioxane in 

conventional wastewater treatment plants. However, from the available 

information on biodegradation, sorption and air stripping it can be assumed that 

removal efficiencies for 1,4-dioxane will be very low. Abe (1999) examined 1,4-

dioxane concentrations in the effluent from three large wastewater treatment 

systems (19, 53, and 80 MGD) in Japan receiving both municipal and industrial 

wastes. The effluent concentration at these plants was 1.0–88, 3.6–97, and 1.7–

3.0g/L, respectively. However, an activated sludge treatment system at a nearby 

chemical plant reduced 1,4-dioxane concentrations from 26–98 mg/L to 12–38 

mg/L (Abe 1999). The low 1,4-dioxane removal efficiency of wastewater 

treatment processes contributes to its presence in natural environment.  
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Although the available data indicates that 1,4-dioxane is not appreciably 

removed in conventional biological treatment systems (Abe 1999) recent 

research suggests that high 1,4-dioxane removal efficiencies can be achieved in 

modified biological processes. Roy et al. (1994) investigated the biodegradation 

of 1,4-dioxane by electrolytic respirometery using activated sludge with prior 

exposure to 1,4-dioxane to seed the reactor. After an adaptation period of 32 

days, 150 mg/L of 1,4-dioxane was biodegraded to below detection. However, at 

higher initial concentrations, biodegradation was incomplete suggesting inhibition 

from toxic byproducts (Roy et al. 1994). Sock (1993) used a continuous flow, 

attached growth reactor to develop a mixed culture that could biodegrade 1,4-

dioxane as the sole carbon and energy source. Cowan et al. (1994) determined 

that the microorganisms responsible for 1,4-dioxane biodegradation belonged to 

the genus Rhodococcus. The 1,4-dioxane biodegradation rate was highly 

dependent on temperature, with the optimum growth rate occurring at 35°C. A 

fluidized bed reactor consistently treated an influent stream containing 100 mg/L 

of 1,4-dioxane to below 1 mg/L. However, long residence times were required to 

achieve satisfactory removal, as the growth rate was very slow (Cowan et al. 

1994; Sock 1993).  

   

Two conceptual plans for the biological treatment of 1,4-dioxane 

contaminated wastewater were proposed by Grady et al. (1997) based on the 

laboratory-scale work of Sock (1993) and Cowan et al. (1994). The first one 

involved the use of tanks in series model. Simulations based on two tanks in 
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series, a 9-day solids retention time, and 35°C predicted effluent 1,4-dioxane 

concentrations of less than 0.1 g/L. The second plan investigated the 

pretreatment of segregated 1,4-dioxane-contaminated wastewater streams 

originating from polyester manufacturing plants. Pilot-scale tests performed with 

wastewater from a polyester fiber manufacturing facility resulted in effluent 

concentrations of less than 40g/L. Phytoremediation may be effective for the 

removal of 1,4-dioxane from shallow subsurface environments. Hybrid poplars 

can remove greater than 80% of 1,4-dioxane from soil within 15 days, 76 to 83% 

of which is transpired from leaf surfaces (Aitchison et al. 2000; Schnoor et al. 

1997). Kelley et al. (2001) showed that mineralization of 1,4-dioxane could be 

enhanced through bio-augmentation of hybrid poplar roots with the 1,4-dioxane 

degrading microorganism Amycolata CB1190 (Kelley et al. 2001). 

 

Advanced oxidation processes (AOP), which use the hydroxyl radical as 

the oxidant, can achieve substantial reductions in 1,4-dioxane. Adams et al. 

(1994) investigated the use of Ozone and H2O2 for the removal of 1,4-dioxane. 

When used alone, neither O3 nor H2O2 readily oxidized 1,4-dioxane. However, 

when used together, O3 plus H2O2 effectively degraded 1,4-dioxane with an 

associated increase in the biochemical oxygen demand, suggesting the 

formation of biodegradable oxidation products (Adams et al. 1994). 

 

Ultra Violet irradiation in combination of H2O2 is also a commonly used 

AOP. However, 1,4 – dioxane is a relatively weak absorber of UV light and thus 
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poorly degraded by direct photolysis. UV light can be used in combination with 

H2O2 to produce hydroxyl radicals that would react with 1,4-dioxane. Stefan and 

Bolton (1998) determined that the degradation kinetics of 1,4-dioxane exposed to 

UV/H2O2 treatment followed first-order kinetics, and achieved a 90% reduction in 

1,4- dioxane in 5 min. Simultaneous production of a variety of intermediates 

including aldehydes, organic acids and mono & diformate esters of ethylene 

glycol was observed. The pH of the solution also decreased from 5 to 3 during 

treatment, due to the formation of organic acids. UV, in combination with a TiO2 

catalyst, has also been demonstrated to degrade 1,4-dioxane (Stefan and Bolton 

1998). Hill et al. (1997) achieved 99% reduction in 1,4-dioxane using 

wavelengths greater than 300 nm. Ethylene diformate was observed as the most 

significant oxidation byproduct. Hydrogen peroxide can also be used in 

combination with ferrous ion (Fenton’s reagent) to degrade 1,4-dioxane (Hill et al. 

1997). Klecka and Gonsior (1986) observed a 97% reduction in 1,4-dioxane after 

10 h of incubation in Fenton’s reagent with a 12:1 ratio of H2O2 to 1,4-dioxane 

(Klecka and Gonsior 1986). Beckett et al. (2000) and Son et al. (2006) have 

investigated sonication as one of the treatment technology for destruction of 1,4-

dioxane at a laboratory scale. They have observed a removal of 70 – 95% after 

120 to 200 minutes of sonication in the presence of oxidants (Beckett and Hua 

2000; Son et al. 2006). 

  

There are several different AOPs that are commercially available for the 

treatment of 1,4-dioxane that use combinations of H2O2, O3, and UV light (Mohr, 
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2001). Initial capital costs are comparable to stripping and polishing processes. 

However, operating costs are significantly high due to the high costs for 

chemicals, electric power, and UV lamp replacements (Alonso et al., 2000). Mohr 

(2001) reported operating costs of $0.15 to $0.50 per 1000 gallons treated for 

several full-scale AOP systems where annual operating costs were between 30 

and 150% of the initial capital cost.  

 

1.3 Perfluoro-Octanoic Acid 

Perfluoro-Octanoic acid (PFOA) has a chemical formula C8HF15O2 and is also 

commonly know as C8. Figure 1.4 shows the molecular structure and Table 1.5 

lists the physical and chemical properties of PFOA. Perfluorinated chemicals 

such as PFOA and perfluoro-octane sulfonate (PFOS) have been manufactured 

for use in a variety of industrial and consumer applications (Houde et al. 2006; 

Prevedouros et al. 2006). Due to their environmental persistence, PFOAs have 

been detected in surface waters at a number of locations at concentrations 

ranging from pg/L to ng/L (Kwadijk et al. 2010; Murakami et al. 2008; So et al. 

2004). Elevated concentrations of PFOAs have been measured in surface and 

ground waters near specific point sources (Clara et al. 2008; Konwick et al. 

2008). PFOAs are chemically inert due to the strength of the C-F bonds, and 

there is no direct evidence to date of their biodegradation (Key et al. 1998; 

Schultz et al. 2006). Conventional water and wastewater treatment processes 

cannot remove PFOAs (Schultz et al. 2006; Sinclair and Kannan 2006). 
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Figure 1.4: Structure of PFOA 
 
Table 1.5: Physical and Chemical Properties of PFOA  

Property Value 

Formula C8HF15O2 
Physical Description (room temperature) Colorless liquid 

Molecular Weight (g/mol) 414.07 
Water Solubility 9.5 g/L 
Boiling point (oC) 189 – 192 oC 

Specific gravity 1.8 

pKa 2 – 3 

 

The presence of PFOS and PFOA in the environment has initiated the 

development of advanced treatment technologies. PFOAs are recalcitrant to the 

conventional treatment processes (Schultz et al. 2006). Due to their relatively low 

reaction rates with OH*, advanced oxidation processes such as ozonation, 

UV/Peroxide were ineffective in treating PFOAs (Schroder and Meesters 2005). 

Carbon adsorption, reverse osmosis and nanofiltration can potentially treat 

PFOAs in wastewater, however, the removal efficiency can significantly be 

affected by the presence of natural organic matter (Tang et al. 2006).  

1.4 Project Objectives 

The presence of ECs in the natural environment indicates that conventional 

water and wastewater treatment plants are not fully equipped to completely 
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remove these emerging contaminants. This leads to the need for development of 

efficient and advanced water treatment technologies to prevent potential risk to 

human health, or for conventional municipal and industrial wastewater treatment 

processes to decrease the pollution of ECs to the natural systems. The overall 

goal of this project is to develop and optimize an advanced and effective 

treatment process for the removal ECs. 

1.4.1 Specific objectives of the project 

Specific objectives of this project include the following:  

• Study the presence of estrogen hormones in: 

o Municipal wastewater treatment plants 

o Biosolids, animal manure and agricultural wastes  

o Study the leaching properties solid waste matrices  

• Study the effect of various reactor design variables: 

o Power density 

o Mixing requirements  

o Ultrasound amplitude; and  

o Reactor configuration 

• Study the degradation kinetics of ECs in: 

o Presence of oxidizing agents 

o Application of low electric potential across the probe 

• Reactor design Modeling 

o Artificial neural networks and statistical 3D 
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CHAPTER 2 

ULTRASOUND TECHNOLOGY 

Ultrasound is defined as the sound, which is beyond the range of human hearing 

(16 Hz to 16 kHz). The range 20 kHz to 100 kHz is designated as the power 

ultrasound region. The use of power ultrasound mainly focuses on cleaning, 

plastic welding, and catalyzing chemical reactions. Frequencies greater than 1 

MHz are known as high frequency or diagnostic ultrasound, which refers to the 

domain of non-destructive techniques, which include medical-sonography 

(ultrasonic imaging), ultrasonic testing, and chemical analysis by the study of 

molecular relaxation phenomenon.  

 

Sonolysis process involves the passage of sound waves through liquid 

medium that create acoustic cavitations. Detected in 1894 (by Thornycroft and 

Barvaby) as a result of high velocity flows, cavitation has been extensively 

studied. Cavitation is characterized by the phenomena of formation, growth and 

subsequent collapse of micro-bubbles or cavities that last for a few microseconds 

(≈ 2µs). These cavitations result when ultrasound, which is a series of 

compressions and rarefactions cycles pass through liquid medium. The cavities 

are created when the ultrasound amplitude is large enough to stretch the water 

molecules irreversibly during the rarefaction cycle to a distance more than the 

critical molecular distance that maintains the liquid continuity. These cavities 
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implode during the subsequent compression cycle. Adiabatic conditions are 

maintained due to the rapid implosion of these cavitations.  

 

The collapse of these cavitations releases large magnitudes of energy, 

generating very high temperatures (1000 – 5000 K) and pressures (100 – 50,000 

bar) at microscopic points (Suslick 1990). While experimental (room 

temperatures and pressures) conditions prevail in the bulk solution, severe 

conditions are generated at microscopic points (locally). These bring about the 

observed chemical and physical changes. Figure 3.1 shows the formation, 

growth and implosion of ultrasonic cavitations. 

 

 

Figure 2.1: Ultrasonic cavitations & implosion; three stages, Source: (Fuchs 2003)  
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There is also a release of free radicals due to pyrolysis of water. This 

phenomenon is explained by the addition of potential energy to the cavitation as 

the bubble grows. Once the bubble reaches critical size it implodes, releasing 

high amount of energy. This implosion generates heat and pressure at 

microscopic points in the liquid that is associated with cavitation. Acoustic 

cavitation provides a unique interaction of energy and matter, and ultrasonic 

irradiation of liquids causes high energy chemical reactions to occur, often 

accompanied by the emission of light (Suslick 1989).  

 

2.1 Theory of Cavitation 

The influence of ultrasound on the liquid medium that leads to the chemical or 

physical changes can be explained on the basis of cavitation phenomena. 

Although it is widely accepted that the sonochemical effects have their origin in 

cavitation, the actual theory behind the cavitation has been interpreted differently. 

The first theory states that there is an electrical discharge during cavity collapse, 

whereas, the second theory that is widely accepted explains it on the basis of 

adiabatic collapse of the bubbles. 

 

2.1.1. Micro-discharge theory 

Harvey first proposed the micro-discharge theory in 1939. It was assumed that 

an electric discharge similar to that during lightening occurs during cavity 

collapse, leading to the chemical and physical effects. It was assumed that 
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during the growth phase the bubble is lenticular in shape initially and becomes 

spherical as a result of transfer of vapor and gas to the growing bubble. During 

this period, ions of opposite charge collect on the two sides of the cavity and the 

system behaves as a parallel plate capacitor. However, the non-spherical initial 

cavity and the electric discharge are difficult to justify.  

  

Degrois and Baldo in their anion discharge theory proposed that the gas 

molecules present in the liquid medium are absorbed into the inside of the bubble 

surface, and due to the symmetry, the molecules deform and give rise to an 

induced dipole. Each adsorbed molecule transfers its charge to the bubble such 

that there is an increase in charge density until critical radius is reached during 

the compression. At this point electric discharge occurs, and chemical effects are 

resulted. Due to a few contradictions in the experimental and theoretical aspects, 

the discharge theory is not given high credence in sonochemistry literature.  

 

2.1.2. Hot-Spot theory 

Nolting and Neppiras proposed the Hot-Spot theory in 1950, which has been 

accepted widely by researchers. They observed and utilized the fact that the 

growth of bubble is relatively slow, whereas the collapse is rapid. Due to a slower 

growth phase, isothermal heat exchange occurs between bubble and the 

surroundings. Because of the rapid collapse of the bubble, the heat transfer 

between the liquid and the surroundings is negligible. The collapse can be 

treated as an adiabatic reaction. Calculations show that the collapse generates 
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very high temperatures and pressures. Ultrasonic irradiation causes degradation 

of many organic compounds present in the liquid medium by various 

mechanisms. The area within and surrounding the cavitation bubbles consists 

mainly of three regions where the degradation occurs (Mason and Peters 2002): 

 

Within the cavitation bubble: The inside of a cavitation bubble can be 

thought of as a high-energy micro reactor. The cavitation bubble formed in the 

rarefaction cycle contains vapor from the solvent that enters as the bubble is 

being formed. On collapse, this vapor is subjected to an enormous increase in 

pressure and temperature. In such extreme conditions the solvent is subjected to 

homolytic bond breakage. This generates reactive radicals. When water is 

subjected to sonication, H* and OH* radicals are generated. So any species that 

is dissolved in water when subjected to sonolysis is either oxidized due to the 

formation of the radicals or due to the extreme temperatures and pressures in the 

cavitation.  

 

Interfacial region surrounding the cavitation bubble: At the interface 

between the bubble and the bulk liquid the surface-active reagents may 

accumulate. The radicals produced in the cavity enter the interface. The 

destruction in the interface region can therefore be either due to oxidation or it 

can also be due to some higher temperatures and pressure (lesser than in the 

cavity). 
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The bulk phase: In the bulk phase an intense shock wave is produced as 

the liquid rapidly rushes into the volume previously occupied by the bubble, 

creating an enormous shear force. So chemical degradation can take place in the 

bulk phase due to these shear forces or either due to the diffusion of free radical 

formed the in the cavitations, Figure 2.2 shows the three zones in cavitation 

bubble.  

 

 

Figure 2.2: Cavitation bubble, Source: Chimchirian et al (2005) 
 

At collapse, chemical reactivity is initiated through thermolytic decomposition of 

bubble contents into free radical species, and/or through free radical oxidation of 

dissolved solutes at the gas-liquid interface or the bulk liquid. The chain reactions 

occurring during sonication (>>>) of pure water is the following (Ince et al. 2001): 
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 H2O >>>  OH* + H*    (3.1) 

 OH* + OH*  H2O2     (3.2) 

2OH*  H2O + O     (3.3) 

If the solution is saturated with oxygen, additional radicals are produced in the 

gas phase as shown in Equations 3.4 to 3.7 (Beckett and Hua 2000): 

 O2 >>>  O +O     (3.4) 

 O + H2O  OH* + OH*    (3.5) 

 O2 + H*  O2H*     (3.6) 

 O2H* + O2H*  H2O2 + O2    (3.7) 

 

Sonication of water containing organic compounds (S) results in thermal and/or 

chemical decomposition (radical oxidation) either in the gas phase, bulk liquid 

and the interfacial regions depending on the degree of solutes partitioning 

between gaseous and liquid interfaces. The chain reactions occurring inside the 

cavity are: 

 H2O(g)  H* + OH*     (3.8) 

 S(g)  products     (3.9) 

   OH* + S*  products    (3.10) 

 

2.2 Ultrasound Reactors 

The basic principle involved in the ultrasonic treatment is conversion of electrical 

energy to sound energy via a transducer (Price 1992). Depending upon the 

application of ultrasound process, different design appropriate transducers and 
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generators can be chosen (Ashokkumar and Grieser 1999). There are two major 

types of transducers: 

• Mechanical (gas or liquid driven) 

• Electromechanical (piezoelectric and magnetostrictive) 

 

Based on the application, the type of equipment is chosen. Piezoelectric devices 

are most commonly used for the ultrasonic applications. There are four different 

types of laboratory ultrasonic equipments that are widely used in the industry 

(Amarnath 1998; Mason and Lorimer 1988; Pandit and Moholkar 1996). These 

include: 

• Whistle 

• Bath 

• Probe (horn) 

• Cup-Horn 

• Flow cell on a probe, and  

• Tube reactor 

 

Whistle Reactors are primarily used for emulsification, polymerization, and 

phase transfer reactions. The intensity generated is very low. Figure 2.3 shows 

the schematic of liquid whistle reactor. Here, the ultrasonic vibrations are 

generated as the liquid passes over a steel plate at high velocities. The liquid 

itself couples the vibrations to produce cavitations, resulting in highly efficient 

mixing. There are no moving parts, making the system simple. There are some 
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major limitations to this kind of system. First of all, this configuration cannot be 

used for the processes that need very high intensities. Secondly, the frequency 

depends on the geometry of the steel plate and cannot be adjusted 

independently. Furthermore, the due to the high velocities, there can be 

considerable amount of erosion of the metal surfaces and potential 

contamination, leading to considerable maintenance (Amarnath 1998; Mason 

and Lorimer 1988; Mason and Peters 2002).  

 

Figure 2.3: Liquid whistle reactor, Source: (Chowdhury and Viraraghavan 2009) 
 

Figure 2.4 shows the schematic of low intensity ultrasonic bath system with 

power densities of 1 to 2 W/cc. These systems are simple and economically 

feasible, but temperature control is comparatively hard and ultrasonic intensity is 

limited by the attenuation by the water and wall thickness of reaction vessel.  
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Figure 2.4: Ultrasonic bath system, Source: (Chowdhury and Viraraghavan 2009) 
  

The ultrasonic probe (horn) system is characterized by very high intensities 

but the temperature control is crucial. The ultrasonic horn is the most widely used 

method of introducing the ultrasound energy into the reactant system (Mason 

and Lorimer 1988). Figure 2.5 shows the schematic of the probe system. This 

system offers a wide range of design flexibility, such as intensity variation, 

amplitude variation. Sometimes there are interferences due to cavitational 

erosion on the metal horn tip.  

 

Figure 2.5: Ultrasonic Probe (horn) system, Source: (Chowdhury and Viraraghavan 2009) 
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The cup-horn system, shown in Figure 2.6 is a combination of bath and horn 

system. This type of system has a better control on the temperature, and allows 

having much higher intensities without any contamination by the horn tip material 

(Price 1992). These systems are generally used for direct or indirect sonication of 

liquids for emulsifying, homogenization or cell disruption. The frequency of these 

systems id fixed. However, the power is tunable and there is no generation of 

metal fragments as in direct immersion systems. One of the major advantages of 

these systems over cleaning bath systems is the capability of adjusting the 

power. However, reaction vessels are generally small in size and limit the sample 

size (Mason and Peters 2002). 

 

Figure 2.6: Ultrasonic cup-horn system, Source: (Chowdhury and Viraraghavan 2009) 
 

Probe flow systems are used where there is a need for treating large volumes. 

A probe flow system is preferred over single horn system. Significant advantages 

include high intensity ultrasound provides to continuously flowing liquid, 



 34 

 

temperature control by circulating reaction mixture, variability of residence times. 

Figure 2.7 shows the schematic of probe flow system. Probe flow systems are a 

better choice for the industrial applications where large samples are to be 

processed at high intensities. Some of the disadvantages of these systems 

include: tip erosion due to high power operations and is not suitable for treatment 

of viscous liquids and samples with heavy particulate matter. 

 

 

Figure 2.7: Probe flow system, Source: (Chowdhury and Viraraghavan 2009) 
 

Tube reactors in various sizes and configurations available. Ultrasound is 

imposed on segments of a flow cell. Several conceptual designs have been built 

and a few of them are described below: The Branson-Sonochemical reactor is 

the simplest tube reactor. The schematic is shown in Figure 2.8. It has ultrasonic 

transducers mounted on to the walls of the pipe. Since this system is a 

modification of the probe system, the erosion of the probe tip is observed in 

these systems. Also, in some cases, due to the curvature of the pipe wall and flat 

surface of the transducer, the transfer of ultrasound energy is not efficient. A few 
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design modifications are performed and a section of the pipe is made hexagonal, 

there by eliminating the bonding between flat surface of the probe and curvature 

surface of the pipe. The potential applications of this type of processors include 

degassing, crystallization, dispersion, pasteurization, and emulsifications. 

Schematic of the Hexagonal cross-section reactor is shown in Figure 2.9. 

 

Figure 2.8: Branson Sonochemical Reactor, Source: (Amarnath 1998) 
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Figure 2.9: Hexagonal cross-section reactor, Source: (Amarnath 1998) 
 

Most of the studies describing the degradation of organic chemicals used Probe 

(or horn) type systems because of its high power output, flexibility in the 

variation of amplitude of the system, and optimum performance at different 

amplitudes (Bhatnagar and Cheung 1994; Gaddam and Cheung 2001; Rehorek 

et al. 2004; Sivakumar and Pandit 2001; Suri and Kamrajapuram 2003; Suri et al. 

2007; Suri et al. 2008b; Vajnhandl and Le Marechal 2007). Most of the studies 

conducted were laboratory scale studies with limited reactor capacities.   

 

Sonoelectrochemistry is also one of the fields of increased attention due 

to the effects of insonation upon electrochemical systems. Electrochemical 

systems were observed to be influenced by ultrasound and can provide some 
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practical benefits in wide rage of applications such as: sono-electro-synthesis, 

electrodeposition and electrode coatings (Akkermans et al. 1999; Cognet et al. 

2000; Walton et al. 2003). In general, some of the major advantages include: 

movement of species, concentration gradient changes, sono-chemically induced 

reactions etc (Mason 1999).  Cognet et al (2000) have observed better faradaic 

and chemical yields by using ultrasound for electrochemical process. Hyde et al 

(2002) have observed enhanced electrodeposition of metals in the presence of 

ultrasound due to the enhanced mass transfer (Hyde and Compton 2002). The 

electrical energy helps in converting diffusion controlled systems to charge 

controlled systems.  This phenomenon can be used to transfer the contaminant 

ions into the reaction zone and thereby enhancing the destruction. 

 

2.3 Sonication of ECs 

Sonolysis/Sonication is an advanced oxidation process (AOPs) that has been 

proven to be an advanced and effective treatment of many organic chemicals (Fu 

et al. 2007; Guo and Feng 2009; Katsumata et al. 2007; Suri and Kamrajapuram 

2003; Suri et al. 2008b). AOPs involve in situ generation of hydroxyl radicals, that 

are powerful oxidants compared to typical oxidizing agents (Zhang et al. 2007). 

The OH* radicals generated attack large group of organic chemicals and convert 

them into smaller intermediates that are less toxic.  

 

It was reported that the power of ultrasound has a great potential for use 

in wide variety of processes in the chemical industries. Many of the reported 
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applications include cleaning, sterilization, flotation, drying, degassing, de-

foaming, soldering, plastic welding, drilling, filtration, homogenization, 

emulsification, dissolution, de-aggregation of powder, biological cell disruption, 

extraction, crystallization, and as a stimulus for chemical reactions (Mason and 

Peters). The ultrasound or sonolysis process is not limited with the toxicity and 

low-biodegradability of pollutants. The chemicals could be mineralized or 

degraded to smaller molecules with improved biodegradability or lower toxicity. It 

can be applied to water-solid mixture systems, such as industrial wastes 

containing suspended solids. It also has other advantages such as small 

footprint, no sludge production, no off-gas problem, and possible selective 

degradation of ECs (Mason and Peters 2002).  

 

Sonication was used as one the technology for the destruction of various 

ECs (Beckett and Hua 2000; Fu et al. 2007; Nakajima et al. 2007; Son et al. 

2006; Suri et al. 2007; Suri et al. 2010). Suri et al (2007) have examined the 

destruction of various estrogen hormones in aqueous solutions. The effect of 

process conditions such as power density and power intensity were examined 

using 0.6, 2.0 and 4.0 kW systems. Sonication provided 80 – 90% destruction of 

estrogens (initial concentration of 10µg/L individual estrogen hormone) within 40 

– 60 minutes of sonication (Suri et al. 2007). Fu et al (2007) have investigated 

the effect of process conditions such as: pH, temperature and pressure on the 

destruction of estrogen hormones. After 25 minutes of sonication, a total 

degradation of 80% was obtained (Fu et al. 2007). Effect of process conditions 
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such as: alkalinity and salinity were also tested on the destruction of estrogen 

hormones (Suri et al. 2010).  

 

Sonication of 1,4-dioxane was also studied under presence of various 

oxidants. Beckett and Hua (2000) have observed a 90% destruction of 1,4-

dioxane (initial concentration of 1mM) after 120 minutes of sonication. Also, 

enhanced biodegradability of 1,4-dioxane was observed after sonication (Beckett 

and Hua 2000).  Son et al (2006) have studied the effect of oxidizing agents such 

as Fe0, Fe2+ and S2O8
2– on the ultrasonic destruction of 1,4-dioxane. A 79% 

destruction of 1,4-dioxane was observed after 200 minutes of sonication. Using 

oxidizing agents, an enhancement of 16 – 18% was observed after 200 minutes 

of sonication (Son et al. 2006). Sonochemical destruction of PFOA and PFOS 

was reported (Cheng et al. 2008; Moriwaki et al. 2005). Cheng et al (2008) have 

observed a 40% destruction of PFOA (60 ml sample) after sonicating the sample 

for 60 minutes.  

 

This study focuses on the enhancement of ultrasonic destruction of 

various ECs such as: estrogen hormones, 1,4-dioxane and PFOA. The 

physiochemical effects observed due to sonication is dependent on cavitation 

bubble characteristics. The yield of these cavitations is in turn dependent on the 

applied acoustic pressure field (Dahnke and Keil 1998; Dahnke et al. 1999). The 

acoustic pressure generated depends on the reactor geometry and source of 

ultrasound. The primary objective in optimizing any reaction is making the 
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cavitation yield as efficient as possible with minimum losses. Since the shape 

and size of acoustic pressure field generated depends upon the type of the 

reactor as well as the ultrasonic source, it is critical to optimize all the factors that 

effect the process (Sivakumar and Pandit 2001).  

 

These factors lead to this study on optimization of various process 

parameters such as: power density, power intensity, ultrasound amplitude and 

mixing requirements on the destruction of ECs. In order to achieve the EPA 

discharge limit of 3.2µg/L for 1,4-dioxane, the presence of various oxidizing 

agents on the destruction of 1,4-dioxane was studied. To enhance the ultrasonic 

removal of PFOA, the presence of various oxidants was studied. A new 

technology involving ultrasound and electrical potential was developed for the 

enhancement of reaction kinetics for the destruction of ECs.  
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CHAPTER 3  

EXPERIMENTAL METHODS 

3.1 Steroid Hormone Analysis 

3.1.1 Chemical and reagents 

Quantitative analysis of estrogen hormones was performed using Gas 

Chromatography – Mass Spectrometry (GC/MS) or using gas chromatography – 

tandem mass spectrometry GC/MS/MS). The estrogen hormones were obtained 

from Sigma Aldrich or Sterloids, Inc. The estrogen hormones (minimum purities) 

were as follows: 17α-estradiol (98%), 17β-estradiol (97.1%), 17α-dihydroequilin 

(99.4%), 17α-ethinylestradiol (99.1%), estrone (100%), estriol (100%), equilin 

(99.9%) and 3-O-methyl estrone (internal standard, 98%). The structures of all 

the estrogen hormones are shown in Appendix A, Table 1. Solvents (methanol 

and toluene, HPLC grade) were obtained from Fisher Scientific. Amber glass 

bottles were obtained from Fisher Scientific. Varian Bond Elut 3mL/500mg C-18 

solid phase extraction (SPE) adsorbent cartridges were obtained from Varian Inc. 

 

3.1.2 Glassware preparation 

Glass is known as an inert substance; however, they are generally active at 

some sites and are highly adsorptive. The silanol group (SiOH) present in the 

glass material activates certain sites on the glass surface. These sites interact 

with hydrogen ions present in various groups in aqueous solutions and bond with 
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them. Some of these groups are amines, carboxyl, and hydroxyl functional 

groups. The type of bonding involved in this interaction is intermolecular 

hydrogen bonding. Therefore, glassware deactivation was an important step in 

the experimental procedure.  

 

 All glassware that was used for sample storage or for reactions was 

deactivated prior to use. The first step in glassware deactivation was to wash the 

glassware with soap water and then to rinse with hot water. It is then washed 

with deionized water (Milli-Q). Glassware was then oven dried at 250oC for three 

hours. After drying, they were allowed to cool down to room temperature and the 

glassware was rinsed with a 5% solution of Dimethyldichlorosilane (DMDCS) in 

toluene. DMDCS chemically bonds with the active silanol groups on the glass 

material with a non-adsorptive molecule. After rinsing off the excess DMDCS, the 

glassware was rinsed twice with toluene. In order to remove any excess toluene, 

glassware was rinsed three times with methanol and was dried at 250oC for 2 

hours. All glassware such as sample collection bottles, beakers, amber bottles, 

test tubes, GC inserts are silanized prior to use (Suri et al. 2010).  

 

3.1.3 Calibration standards 

A 0.1 mg L-1 of estrogen stock solution (ES) and 0.1 mg L-1 of internal standard, 

3-O-methyl estrone (IS) will be prepared in silanized amber glass volumetric flask 

using methanol solvent and stored at 4oC. Instrument calibration standards were 

prepared by taking appropriate amounts of this stock solution in to clean 
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silanized test tubes. The range of these standards was from 5 to 300 ng. A fixed 

amount of internal standard was added to each sample. These samples are dried 

in a Genevac Centrifugal evaporator at 45oC and 12 mbar, derivatized and 

analyzed on a GC/MS. Standard calibration curves were plotted with normalized 

data (as shown in Equation 3.1) on X-axis and mass of estrogen on the Y-axis. 

Where, DN is normalized data, Ap is peak area of the analyte, and ISp is the peak 

area of internal standard.  

Dn =
Ap

ISp
     (3.1) 

3.1.4 Solid phase extraction (SPE)  

Varian Bond Elute C-18 SPE cartridge was initially activated using 3ml of 

methanol and rinsed with 3 ml of milli-Q water. Pretreated liquid samples were 

passed through these SPE cartridges at a flow rate of 5 ml min-1. After loading, 

the SPE cartridge was rinsed twice with 3ml of milli-Q water and twice with 3 ml 

of 60:40 milli-Q to methanol volume ratio. The cartridges are then eluted with 6 

ml of methanol. The methanol eluent collected in clean, silanized test-tube was 

spiked with 1 ml of internal standard. The spiked eluent was dried in a Genevac 

centrifugal evaporator at 40oC and 12mbar vacuum. 

 

3.1.5 Derivatization 

Derivatization is a process of chemically modifying a compound to produce a 

new one with properties compatible for the GC analysis. After drying, the 

samples were derivatized by the addition of 15µL of pyridine and 65µL of bis 
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(trimethylsilyl) trifluoro-acetamide containing 1% trimethyl-chlorosilane. The 

sample was allowed to stand for 15 minutes at 26oC to enable sufficient reaction 

time. To this, 250µL of toluene was added, vortexed and the sample transferred 

into a 0.15mL silanized GC glass inserts and prepared for analysis on GC/MS (or 

GC/MS/MS). Derivatization eliminates the polar groups such as OH, NH and SH. 

It also increases the stability of the heavy molecules, which are typically non-

volatile. The general reaction mechanism that occurs during derivatization is as 

shown in Equation 3.2 (Knapp 1979): 

R − AH + R − C O−Si (CH3 )3⎡⎣ ⎤⎦ = H − Si (CH 3 )3 ⇒ R − A − Si (CH 3 )3 + R − C O−Si (CH3 )3⎡⎣ ⎤⎦ = NH  (3.2) 

3.1.6 Estrogen extraction from solid waste matrices 

Wet suspended solids (as collected from the field) were used for the analysis of 

estrogen hormones. Two samples, each containing 4g of solids were collected in 

individual silanized glass centrifuge vial. One sample was spiked with 2 ml of 

estrogen stock solution while the second sample was left unspiked. The spiked 

and unspiked samples were liquid extracted twice with 4 ml of methanol and 

twice with 4 ml of acetone solvents. The solvent collected after each extraction 

was filtered using a 0.45µm syringe filter. The extract was brought up in 

deionized water to a final volume of 1000 ml (methanol and acetone in solution 

was less than 2.4%). These samples were then processed for solid-phase 

extraction (SPE) of analytes. 

 

Standard spiked method was used for the estimation of concentration of estrogen 

hormones in solid wastes. The estrogen concentration (C) and recovery 



 45 

 

efficiency (R) were determined by spiking a known amount of estrogens into 

certain volume (V). The extraction efficiency from spiked sample would be similar 

to the unspiked samples. The mass balance on analyte extraction of spiked and 

unspiked samples could be written as shown in Equations 3.3 and 3.4. 

C ×V × R = m0 = klN0
a      (3.3) 

C + Cs( ) ×V × R = ms = klNs
a     (3.4) 

C and Cs are the concentrations of estrogen hormones in unspiked and spiked 

samples, respectively and m0 and ms are the mass of estrogens extracted from 

the unspiked and spiked samples, respectively. They were obtained from the 

instrument calibration curve, using the normalized peak areas (N0 for unspiked 

sample, Ns for spiked sample), kl and a are the correlation constants from 

instrument calibration. From Equations 3.3 and 3.4, we can calculate the 

concentration of estrogens in the sample using Equation 3.5,  

C =
m0Cs

ms − m0

      (3.5) 

The recovery efficiency of the estrogens in the samples can be obtained from 

Equation 3.6.  

R =
m0

CV
=

ms

Cs + C( )V  
    (3.6) 

 

3.1.7 Desorption experiments 

A known amount of solid sample (biosolids, manure or spent mushroom 

compost) was placed in a clean silanized glass vial. A fixed amount of deionized 
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water was added (liquid to solid ratio of 16:1) and the mixture was continuously 

shaken for 5 hours on a wrist action shaker. This method was similar to that used 

by Lucas et al. 2009 to study desorption of estrogens from different types of soil 

(Lucas and Jones 2009). The sample was centrifuged and the supernatant was 

filtered using 0.45µm filter. The concentration of estrogen hormones in the filtrate 

was determined following the analysis procedure described earlier. 

 

3.1.8 Gas chromatography – mass spectrometry (GC/MS) analysis  

GC/MS analysis was performed using an Agilent 6890N GC & 5973N MS. Auto 

injections were made using a splitless setting. The splitless injections are made 

onto a Pursuit DB-225MS capillary column (30 m x 0.25 mm x 0.25 µm; J&W 

Scientific) with initial temperature of 50°C for 1 min, and a flow of 4.5 ml min-1, 

then ramped to 200°C at 50°C per min with a flow of 4.5 ml per min and held for 

95 min.  Finally, the oven temperature is ramped to 220°C at 10°C min-1 and held 

for 27 min.  During the post run the oven is held at 240°C for 10 min. with a flow 

of 4.8 ml min-1.  Helium is used as a carrier gas. The sample injection volume is 

1µl. The inlet and source temperatures are 240°C, relative source voltage is 

1447. The quad temperature is set at 150°C. 
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3.2 1,4-Dioxane Analysis 

3.2.1 Chemicals and reagents 

The chemicals were obtained from Sigma Aldrich. The Chemicals (minimum 

purity) were as follows: 1,4-Dioxane (99.9%), 1,4-Dioxane-d8 (99%), Methylene 

Chloride (99%) and Sodium Sulfate (99%).  Methanol (HPLC grade) was 

obtained from Fisher Scientific. Supelclean™ coconut charcoal SPE tube 

cartridges (bed weight of 2g, 6ml volume) were obtained from Sigma Aldrich.  

 

3.2.2 Liquid Phase Extraction  

Liquid – Liquid extraction of 1,4-dioxane was carried out using 20 ml of sample, 

spiked with know amount of internal standard. Flow chart for the analysis is 

shown in Figure 3.1. A 10ml sample was placed in clean EPA vial and 20ml of 

methylene chloride and 2gm of sodium sulfate salt were added. The mixture was 

vortexed and aqueous layer was extracted out. The remaining 10 ml sample was 

added to the organic sample, vortexed and the aqueous layer was discarded. 

Small amount of sodium sulfate was added to the organic layer to remove any 

moisture content. The sample was analyzed on GC/MS/MS.  

 

3.2.3 Solid phase extraction 

Solid phase extraction of 1,4 – dioxane was carried out using EPA method 522. 

A 400 ml sample was passed through the SPE cartridges. The cartridges were 

then extracted using 9ml of methylene chloride and a know amount of internal 
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standard was added to the eluent. Small amount of sodium sulfate was added to 

the mixture to remove any moisture content and the sample was analyzed on 

GC/MS/MS.  

 

 
Figure 3.1: Schematic for liquid – liquid extraction of 1,4 – dioxane  
 

3.2.4 Gas chromatography – tandem mass spectrometry Analysis  

GC/MS/MS analysis was performed using Agilent 7890 GC coupled with Waters 

Quattro micro GCTM using a SPBTM -624 fused silica capillary column (30m x 

0.25mm x 1.4µm film thickness; Supelco, Inc.) in Electron Ionization mode. 

Helium was used as a carrier gas with flow rate of 1ml/min. Auto injections were 

made using splitless mode and the injection volume was 1µL. Injection 

temperature was 250 oC an the head pressure was 60kPa of Helium. Initial 

temperature of the oven was 35 oC, held for 1 minute, and then ramped to 90 oC 

at the rate of 7 oC/min. Finally, the oven temperature was ramped to 200 oC at 30 

oC/min and held for 5 minutes. Transfer line temperature to MS was maintained 

at 250 oC, Electron energy was 70 eV, and ion source temperature was at 250 

oC. 
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3.3 Analysis of PFOA 

3.3.1 Chemicals and Reagents 

The chemicals PFOA (99%), C13-PFOA, ferrous sulfate and sodium persulfate 

were obtained from Sigma-Aldrich. Methanol (HPLC grade) was obtained from 

Fisher Scientific. 

3.3.2 Liquid chromatography analysis 

A 10 ml of liquid sample was collected in a clean glass vial and 10 µL of internal 

standard was added. The sample was vortexed and directly injected into 

LC/MS/MS for analysis.   

 

3.4 Sonication Experiments 

3.4.1 Sonication of estrogen hormones 

Batch ultrasonic irradiation experiments were performed using a 2kW (20kHz) 

sonication unit with multi-component system. Titanium alloy probe and horn 

attachment were used for the sonolysis process. The ultrasound system was 

operated at 100% amplitude setting (unless specified). Batch experiments were 

conducted using solution volumes varying from 500 ml – 1800 ml. The effective 

probe area was completely immersed into the solution. The power input to the 

solution was displayed on the control unit of the sonicator. The power input into 

the solution varied depending on the probe and booster combination, resulting in 

different power densities and power intensities. Sonication experiments were 

conducted at a constant temperature of 20°C by using a coolant water bath. 
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Figures 3.2 and 3.3 show the schematics of the Hielscher and Telsonics 

ultrasound systems. 

 

 
Figure 3.2: Schematic of the Hielscher Ultrasound System 

 

Different sized glass reactors were purchased from Glass Dynamics Inc. Glass 

reactors were categorized based on their aspect ratio (r) as shown in Equation 

3.7. Aspect ratio is defined as the ratio of surface area of the probe to the reactor 

cross-sectional area, where Dp and Dr are diameter of the probe and reactor, 

respectively.  

r =
Dp

Dr

⎛
⎝⎜

⎞
⎠⎟

2

=
surface area of the probe

cross-sectional area of reactor
  (3.7) 
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Different boosters (B2-1.2 and B2-1.4) and sonotrodes (BS2d18, BS2d22, 

BS2d34 and BS2d40) were obtained from Hielscher Ultrasonics. The probe 

diameter and ultrasound amplitude values are shown in Table 3.1. 

 
Table 3.1: Amplitude values (in µm) for different combinations of probes and boosters 

Booster as 
reduction 

Booster as 
increase Sonotrode 

Probe 
Diameter, 

cm B2-1.4 B2-1.2 
No Booster 

B2-1.2 B2-1.4 
BS2d18 (F) 1.8 47 55 66 80 96 

BS2d22 (F) 2.2 31 36 43 52 60 

BS2d34 (F) 3.4 14 16 19 23 27 

BS2d40 (F) 4.0 10 12 14 17 20 
 

3.4.2 Sonication of 1,4-dioxane 

Batch sonication experiments were carried out using a 2kW, 20kHz system. 

Figure 5.3 shows the schematic of the ultrasound system. Batch experiments 

were carried out using a sample volume of 2600 ml and initial concentration of 

100 µg/L of 1,4-dioxane. The power input the solution was displayed on the 

control unit of the sonicator and was approximately 0.85kW, which represents a 

power density of 0.33 W/ml. Temperature was controlled using a cooling water 

bath. 1, 4-dioxane solution was prepared by spiking a certain volume of stock 

into Milli-Q water. The pH of the samples was adjusted using NaOH or HCl. 

Labeled Dioxane-d8 was used as an internal standard. 
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Figure 3.3: Schematic of the Telsonics Ultrasound System 
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CHAPTER 4  

PRESENCE OF ESTROGEN HORMONES 

Manuscript submitted to Environmental Monitoring and Assessment, Andaluri, G., Suri, R. P.S., 
Kumar, K., “Occurrence of estrogen hormones in biosolids, animal manure and mushroom 
compost, 2010 

4.1 Estrogens In Municipal Wastewater 

Wastewater samples were collected from two local municipal wastewater 

treatment plants.  Both the treatment plant employ activated sludge processes. 

The first plant has a treatment capacity of 9 MGD and processes 16,000 wet tons 

of sludge into biosolids. The second treatment plant processes approximately 0.2 

– 0.7 MGD of wastewater.  All samples were collected in 4 liter silanized amber 

glass bottles with Teflon lined caps.  After collection, samples were stored at 4°C 

until extraction was performed, no more than 24 hours later.  All samples (i.e., 

influent, primary effluent, secondary effluent and final effluent) were filtered using 

8µm, 0.8µm, and twice with 0.45µm filters. Filtering of the sample was necessary 

due to the suspended solids content and the small particle size (50 – 60 µm) and 

pore diameter of (60 – 87 Å) of the SPE column.  200ml samples were collected 

for SPE. One set of each wastewater was spiked with 0.5ml of 0.1 mg/L estrogen 

stock solution and the second set was kept unspiked. SPE was performed on 

these samples, and the samples were analyzed on the GC/MS.  

 

Liquid sludge was collected at different points from the Valley Forge wastewater 

treatment plant (Primary sludge was collected from the discharge pipes at 
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primary clarifier, secondary sludge was collected from the recycle pipe at the 

secondary clarification tank and mixed liquor was collected from the activated 

sludge aeration tanks). The supernatant and wet suspended solids from the 

sludge were separated by centrifugation of the samples. The supernatant 

collected was filtered using 8, 0.8, 0.45 and 0.45µm filters and analyzed using 

the same procedure for the analysis of wastewater. Solid sludge was analyzed 

using the procedure described for solid samples. 

4.2 Presence of Estrogens In Municipal Wastewaters 

The estrogen hormones in two different municipal wastewater treatment plants 

were investigated. QA/QC tests were performed using the methods established 

in our lab. Details of the recovery efficiency and QA/QC tests are presented in 

Appendix B. Recovery efficiency tests were also performed using influent, 

primary effluent, secondary effluent and final effluent from two different municipal 

wastewater treatment plants. The recovery efficiencies and the concentration of 

the estrogen hormones at different points of the two treatment plants are 

calculated using equations and are shown in Tables 4.1, 4.2, 4.3 and 4.4. 

 

Recovery efficiency of estrogen hormones in wastewater = 
  

C1 − C0

Cs

×100

 Concentration of estrogen in blank wastewater, in ng/l =  
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Cs is mass of estrogen in the spiked sample; Co is mass of estrogen in the extract 

of unspiked wastewater; C1 is mass of estrogen in the extract of spiked 

wastewater; and volume of sample is 200 ml. 

Table 4.1: Recovery efficiencies (RE) and Relative Standard Deviation* (RSD) for Plant I  

Influent Primary 
effluent 

Secondary 
effluent Final Effluent 

Analyte 
RE (%) RSD RE (%) RSD RE (%) RSD RE (%) RSD 

17α-estradiol 94 8 96 16 121 3 132 6 
17β-estradiol 87 14 85 20 108 2 116 5 
17α-dihydroequilin 98 5 72 16 107 2 107 4 
17α-ethinyl estradiol 97 40 102 7 62 17 58 6 
Estriol 72 31 53 6 98 6 104 8 
Estrone 148 23 102 16 117 4 123 3 
Equilin 65 2 73 16 102 5 97 6 

*Triplicate analysis were performed to obtain the RSD; data shown in Appendix C, Table C1, C2, 
C3, C4 
 
Table 4.2: Concentration Of Estrogens At Wastewater Treatment Plant I, ng/L 

Analyte Influent Primary 
Effluent 

Secondary 
Effluent Final effluent 

17α-estradiol Nd 10 Nd Nd 
17β-estradiol 198 38 Nd Nd 
17α-dihydroequilin 20 Nd 8 12 
17α-ethinyl estradiol 16 Nd Nd Nd 
Estriol 710 351 Nd Nd 
Estrone 49 43 15 Nd 
Equilin Nd Nd Nd Nd 

 
 

At wastewater treatment plant I, the influent had high concentrations of 17β-

estradiol, 17α-dihydroequilin, estriol, 17α-ethinylestradiol and estrone were 

detected, but as the water gets treated only 17α-dihydroequilin was detected in 

the final effluent (41% removal) and there was a 100 percent removal from the 

aqueous phase of the remaining estrogens. The variability in concentrations 

could be due to sorption on sludge, season and time of the day.  Concentrations 



 56 

 

of estrogens at WWTP have been shown to vary with season and time of the 

day.  

 
 
Table 4.3: Recovery efficiencies (RE) and Relative Standard Deviation (RSD) for Plant II 

Influent SBR Effluent Final effluent ANALYTE 
RE RSD % RE RE RSD % 

17α-estradiol 104 6 138 136 1 
17β-estradiol 142 8 113 122 2 
17α-dihydroequilin 56 8 100 102 3 
17α-ethinyl estradiol 117 23 92 129 16 
Estriol 97 15 104 123 2 
Estrone 88 9 145 127 0.1 
Equilin 41 26 102 92 2 

Data shown in Appendix C, Table C5, C6 and C7 

 
Table 4.2: Concentration* Of Estrogens At Wastewater Treatment Plant II, ng/L 

ANALYTE Influent SBR 
Effluent 

Final 
Effluent 

17α-estradiol 
17β-estradiol 

Nd Nd Nd 

17α-dihydroequilin 23 20 24 
17α-ethinyl estradiol 
Estriol 

Nd Nd 

Estrone 59 12 
Equilin Nd 

Nd 

Nd 
*Triplicate analysis 
 

At wastewater treatment plant II, two compounds 17α-dihydroequilin and estrone 

were detected from the municipal wastewater treatment plant. For 17α-

dihydroequilin the concentration does not change much from influent to final 

effluent, but for estrone, the concentration decreases a lot from influent to the 

final effluent (around 59ng/l in influent to an average of 11ng/l in final effluent, 

81.3 % removal). 
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Estrogen hormones are hydrophobic in nature and some fraction likely to sorb on 

to biosolids at the wastewater treatment plants. The sludge was divided in to 

liquid supernatant and wet solids. Suspended solids concentration was analyzed 

using standard procedures (Andrew and Mary Ann 1995): 

• Primary sludge: 1660 mg/l 

• Mixed liquor: 1608.3 mg/l 

• Secondary sludge: 3325 mg/l 

Tables 4.5 and 4.6 show the estrogen content in primary, secondary and mixed 

liquor supernatant and wet sludge at wastewater treatment plant I, respectively. It 

was observed that the estrogen content in wet solid sludge was relatively higher 

compared to supernatant. The total estrogen content in primary sludge, mixed 

liquor and secondary sludge solids was 885, 779, and 1357 ng/g dry solids, 

respectively. Higher the suspended solids content in the sludge, higher the 

estrogen content. This may indicate that the primary removal of estrogen 

hormones at the treatment plant is due to the sorption of estrogens on to solid 

sludge. 

Table 4.5: Estrogen recoveries and concentrations in Supernatant of primary, secondary 
sludge and mixed liquor. 

Primary Sludge Mixed Liquor Secondary Sludge 
Analyte 

RE % Concentration 
(ng/L) RE % Concentration 

(ng/L) RE % Concentration 
(ng/L) 

17α-estradiol 109 8 134 8 171 7 

17β-estradiol 63 232 150 Nd 134 6 

17α-dihydroequilin 139 Nd 106 Nd 128 Nd 

17α-ethinyl estradiol 122 35 58 Nd 121 Nd 

Estriol 86 499 87 Nd 83 Nd 

Estrone 141 51 192 9 172 Nd 

Equilin 111 Nd 111 Nd 123 Nd 
Data Shown in Appendix, Tables C8, C9 and C10 
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Table 4.6: Estrogen content in wet solid sludge, ng/g dry solids. 

Analyte Primary Sludge Mixed Liquor Secondary Sludge 

17α-estradiol Nd Nd 64 

17β-estradiol 818 123 166 

17α-dihydroequilin Nd 632 657 

17α-ethinyl estradiol Nd Nd 25 

Estriol Nd Nd Nd 

Estrone 67 24 57 

Equilin Nd Nd 388 

Total 885 779 1357 
 

4.3 Estrogen Hormones In Solid Wastes  

Biosolids samples were obtained from an activated-sludge municipal WWTP. 

The final dewatered biosolids sample was collected from a high-speed centrifuge 

discharge. The samples were stored at 4oC until experiments were conducted. 

The wet suspended solids and supernatant were separated from sludge by 

centrifugation in the laboratory. Poultry manure (PM) and cow manure (CM) were 

collected from concentrated animal feeding operation plant (CAFOs) in the area. 

Spent mushroom compost (SMC) was collected from a mushroom farm located 

in Southeastern Pennsylvania immediately after the mushroom fruit was 

harvested and SMC was discarded. The samples of SMC, PM, and CM were 

preserved by storing at -20oC prior to use. All the experiments were completed 

within 30 days of sample collection.  

4.3.1 Presence and leaching of estrogen hormones 

Four estrogen hormones were detected in biosolids and these were 17α-

estradiol, 17β-estradiol, 17α-dihydroequilin and estrone at concentrations of 463, 
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230, 152, and 98 ng/g of dry solids (DS), respectively (Table 4.7). Estriol, 17α-

ethinylestradiol, and equilin were not detected in the biosolids. The tests 

conducted in this study showed a total estrogen presence of 943 ng/g of DS. A 

survey conducted by Lorenzen et al. 2004 reported hormone presence in 

biosolids ranging from 11 to 1233 ng/g of DS from treatment plants employing 

different treatment processes (Lorenzen et al. 2004). A survey conducted by 

United States Environmental Protection Agency (US EPA) has reported the 

presence of estrogen hormones in biosolids ranging from 193 to 1806 ng/g (US 

EPA 2009). 

Table 4.7: Concentration of estrogen hormones in solid waste matrices (ng/g DS) 

Analyte Municipal 
Biosolids 

Poultry 
Manure Cow Manure Mushroom 

Compost 
17α-estradiol 463 98 6 4 
17β-estradiol 230 150 17 28 
17α-dihydroequilin 152 Nd 27 Nd 
Estrone 99 44 16 5 
Total Estrogen 943 287 66 37 
Nd: Not detected 

In PM, 17α-estradiol, 17β-estradiol and estrone were detected at concentrations 

of 93, 150, and 44 ng/g of DS, respectively, adding up to a total concentration of 

287 ng/g of DS (Table 4.7). Estriol, 17α-ethinylestradiol, 17α-dihydroequilin, and 

equilin were not detected in PM. Shore et al. 1993 reported an estrogen activity 

of 14 - 533 ng/g of DS in PM. As shown in Table 4.7, the primary estrogens 

excreted by poultry are Estradiols and estrone. Estrone and estradiol have also 

been reported by others as the primary estrogens excreted by chicken (Shore 

and Shemesh 1993; Shore and Shemesh 2003b). The hormones detected in CM 
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are 17α-estradiol, 17β-estradiol, 17α-dihydroequilin and estrone at 

concentrations of 6, 17, 27, and 16 ng/g of DS, respectively (Table 4.7). The total 

estrogen content measured in cow manure was 66 ng/g of DS. Estriol and 17α-

ethinylestradiol were not detected in CM. Wenzel et al (1998) have reported an 

estrogen activity (estrone and 17β-estradiol) of 600 to 1600 ng/g of DS in cow 

manure. Estrogen hormones are widely used as growth promoters in livestock 

industry. Estradiols and estrone are natural hormones, whereas 17α-

dihydroequilin is postulated to be a degradation product of certain synthetic 

hormones (Wenzel et al. 1998).  

  

Estrone was detected in all the solid samples (biosolids, animal manure, 

SMC) tested, with concentrations ranging from 5 to 98 ng/g of DS. It has been 

reported that estradiols degrade biologically and can form estrone (Hanselman et 

al. 2003; Holbrook et al. 2002). Large quantities of PM and horse manure are 

used in the preparation of compost for mushroom agriculture. After the growing 

cycle, the spent compost is typically stockpiled on the farms. This compost may 

serve as a source of estrogen hormone contamination in the terrestrial 

environment. Table 4.7 shows the detected estrogen hormones in SMC. Three 

hormones were detected, and they were 17α-estradiol, 17β-estradiol and estrone 

at concentrations of 4, 28, and 5 ng/g of DS, respectively. 17α-ethinylestradiol, 

17α-dihydroequilin, estriol and equilin were not detected in SMC.  
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Based on the data on total manure production data in the United States 

and average concentration of estrogen hormones in different manures, an 

estimate of the total estrogens that may be introduced into the terrestrial 

environment when these manures are land applied as a source of fertilizer for 

crops. According to the National sewage sludge survey (NSSS, 1999) conducted 

by the US EPA approximately 6.9 million dry tons of biosolids were generated in 

the US in 1998, with an estimate of generating 8.2 million dry tons by 2010. 

Approximately 2.8 million dry tons (41%) of the total generated biosolids were 

land applied without further processing, and 1.2 million dry tons (17%) was 

surface disposed in landfills (US-EPA 1999).  From this data it can be estimated 

that approximately 6.5 tons of estrogen waste can be generated from land 

applied municipal biosolids. Finlay et al. 2000 reported that 12,000,000 tons of 

PM is produced in the United States (US), and most of which is used for 

agricultural purposes. Hence, approximately 3.4 tons of estrogen waste could be 

generated from poultry manure. According to United States Department of 

Agriculture (USDA), it was estimated that about 980,164,940 tons of manure is 

produced annually in the United States by all beef and milk cows (Robert et al. 

2000). From this data it can be estimated that approximately 64 tons of estrogen 

may be introduced in the terrestrial environment from CM, as shown in Table 4.8. 

Thus, CM seems to be a major source of estrogens (85%) and biosolids a minor 

source of estrogens (8.5%) in the terrestrial environment.  
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Table 4.8: Estimated amount of estrogen waste generated 

Solid Waste Amount of Solid Waste 
Generated (tons) 

Estimated estrogen 
content (tons) 

 Municipal Biosolids 6,900,000 6.5 

 Poultry Manure 12,000,000 3.4 

 Cow Manure 980,164,940 64.9 

 Mushroom Compost 324,319 0.012 

 Swine Manure a 15,500,000 1.2 

Total 1,014,889,259 76 
a Cromwell et al. 1993 
 

In Chester County, Pennsylvania, more than 460,000 m3 (123,878 tons) of 

mushroom compost waste is generated annually and stockpiled in the area 

(Wuest et al. 1994), and a total of 535,188 m3 (201,155 tons) of mushroom 

compost waste is generated in Pennsylvania (American Mushroom Institute 

2006; (Donald et al. 2004). Chester county accounts for 37 percent of the total 

US mushroom production (Spiro 2006). It can be extrapolated that approximately 

715 million pounds of SMC is generated in the United States. From this data it 

can be estimated that approximately 0.012 tons of estrogen may be generated 

from mushroom agriculture. Cromwell (1993) estimated that the annual 

production of swine manure in the United States is approximately 15.5 million 

tons (Cromwell et al. 1993). Wenzel et al (1998) reported presence of 2 to 84 

ng/g of estrone and 2 to 64 ng/g of 17β-estradiol in swine manure (Wenzel et al. 

1998). From this data it can be estimated that approximately 1.2 tons of estrogen 

waste is generated from swine manure. A total of 76 tons of estrogen waste can 

potentially be generated from solid wastes (municipal biosolids, CM, PM, SMC 
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and swine manure). Excretion rates of estrogen hormones from cattle and poultry 

have been estimated and reported (Lange et al. 2002; Raman et al. 2004). The 

annual estrogen excretion rate of farm animals was estimated to be around 33 

tons in the European Union (EU) and about 49 tons in the United States. In this 

study, it is estimated to be 69.5 tons. The overall hormone (Oestrogens, 

Androgens, and Gestagens) excretion from livestock per year was estimated to 

be at least 360 tons in the EU and 330 tons in the US (Lange et al. 2002) 

  

Solid waste (biosolids, animal manure, and SMC), after being disposed off 

or land applied, may represent an important source of environmental pollution 

due to either leaching or surface runoff of estrogen hormones. To determine the 

amount of hormones which could desorb from solid wastes, batch desorption 

experiments were conducted with municipal biosolids, animal manure and SMC. 

Amount of hormones desorbed from these different solid samples are reported in 

Table 4.9. It was observed that 0.1, 16, 3, and 0.04 ng/g DS of 17β-estradiol 

desorbed from biosolids, PM, CM, and SMC, respectively. About 3, 15, 2, and 

0.01 ng/g DS of 17α-estradiol desorbed from biosolids, PM, CM and SMC, 

respectively. Estrone, on the other hand showed a higher desorption of 59 and 8 

ng/g of DS from PM, and CM, respectively. Kjaer et al (2007) reported a 

maximum desorption of 68.1 and 2.5 ng/L of estrone and 17β-estradiol, 

respectively, from manure treated soils. 
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Table 4.9: Amount of estrogens desorbed from solid waste matrices, ng/g DS 

Analyte Municipal 
Biosolids 

Poultry 
Manure Cow Manure Mushroom 

Compost  
17α-estradiol 3.0 15.0 2.5 0.01 

17β-estradiol 0.1 15.9 3.0 0.04 

17α-dihydroequilin 0.5 9.0 4.9 Nd 

Estrone 0.3 59.4 7.7 0.02 

Total Estrogen 3.9 (0.4)* 99.3 (34.6) 18.1 (27.3) 0.07 (0.2) 
Nd: Not detected; *Value in parenthesis is the % of total estrogens desorbed. 

 

The data on percentage of total estrogens desorbed from different solid samples 

as determined from Equation 4.1 is presented in Table 4.9.  

Desorption(%) =
Ed∑
E∑

×100    (4.1)  

In Equation 7.1, ΣE is the total estrogens present in the sample and ΣEd is the 

total amount of estrogens desorbed in the desorption test. Desorption of estrogen 

hormones from municipal biosolids was 3, 0.1, 0.5, and 0.3 ng/g DS for 17α-

estradiol, 17β-estradiol, 17α-dihydroequilin and estrone, respectively, adding to a 

total of 3.9 ng/g DS. The total estrogen present in the biosolids sample was 

942.9 ng/g DS. The total estrogen desorption from biosolids was calculated to be 

0.4% (Table 4.9). From the land-applied biosolids, 26 kg (Table 4.10) of estrogen 

hormone could potentially runoff to surface water bodies or leach into ground 

water. As shown in Table 4.9, the percentage of estrogens desorbed for PM was 

34.6%, and the amount of estrogens that could potentially leach into the 

environment from the total amount of PM generated was estimated to be 300 kg 

(Table 4.10). It was estimated that 2,696 kg (Table 4.10) of estrogen hormones 
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could potentially desorb from CM into the environment. The estimated potential 

desorption of estrogen hormones from SMC waste was calculated to be 15 

grams per year. The desorbed mass of estrogen hormones from mushroom 

compost and biosolid waste is significantly low. Composting could be an efficient 

method for animal waste management to control estrogen hormone transport into 

the environmental media. More research is needed to determine the 

characteristics of the compost material resulting in low desorption of hormones. 

 
Table 4.10: Estimated annual contribution of estrogen hormones from different matrices 

 Solid Waste Matrix Amount, kg (%) 

 Poultry Manure 300 9.9 

 Cow Manure 2,696 89.2 

 Municipal Biosolids 26 0.9 

 Mushroom Compost 0.015 - 

 Total from all Wastes 3022 100 

 

In the context of land application of these solid wastes to agricultural fields as 

fertilizer, the content of total estrogens introduced may be insignificant. For 

example, if the corn nitrogen requirement is 150 kg/ha, only 9.4g, 0.5g, 0.6g, and 

0.3g per hectare of total estrogens will be added depending on the use of 

biosolids, PM, CM, or SMC, respectively. As part of best management practices 

most often manures, biosolids or other by-products are incorporated into soil 

further diluting the concentrations by as much as 100 times. Furthermore, the 

estrogen hormones will undergo degradation, sorption onto soil and sediments, 

and dilution in surface water. Hence, the concentration of these hormones is 

expected to be very low in the environment. For example, estrogen hormone 
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concentrations have been reported to be less than 51 ng/L in surface water 

(Kolok et al. 2007; Kolpin et al. 2002; Velicu and Suri 2009); < 80 ng/L (Roefer et 

al. 2000; Swartz et al. 2006; Wicks et al. 2004) in groundwater; and < 12 ng/g in 

sediments (Labadie and Hill 2007; Matejicek et al. 2007; Ternes et al. 2002). It 

may be observed from Table 6.4 that for the solid media the highest contribution 

of estrogens is from CM followed by PM. The estrogen contribution from animal 

manure (cow and poultry) is about 99%. The municipal biosolids contribute about 

1% of estrogen load into the environment. The contribution from mushroom 

compost waste is negligible. Of the agricultural sources, cow manure is the 

largest contributor of estrogen load into the environment. It must be mentioned 

that there may be other sources of natural estrogens in the environment that 

were not considered in this study such as from horse manure and other animals, 

municipal waste effluent and septic tanks. 

 

4.4 Conclusions 

The two WWTPs reduced the concentration of estrogens.  However, the 

concentration was not reduced enough to be safe for the environment.  The 

concentrations of individual estrogens exiting the treatment plants ranged from 

7.6 to 24 ng/L. Sorption of estrogen hormones on to the sludge may be the 

primary removal process. Sludge with higher solid content showed higher 

estrogen hormones. Treatment processes need to be improved to prevent these 

chemicals from polluting our waters.  
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Three different solid waste matrices (municipal biosolids, animal manure and 

SMC) were tested for the presence of seven estrogen hormones. The results of 

this study present a representative of potential estrogen hormone content in 

municipal biosolids, animal manure (CM & PM) and SMC. 17α-estradiol, 17β-

estradiol and estrone were detected in all the solid waste matrices. Desorption of 

estrogens from municipal biosolids and SMC was insignificant when compared to 

animal manure (PM & CM). Although an estimate of 76 tons of estrogen 

hormones is generated from different solid waste matrices (PM, CM, SMC and 

municipal biosolids), approximately 3.02 tons of estrogen hormones can 

potentially be released into the aquatic environment. Ignoring the fact that 

estrogens can biodegrade, there is still a significant amount of estrogens that 

could potentially desorb into the surface water and groundwater. Best 

management practices need to be developed to prevent estrogen pollution into 

the environment from animal and agricultural wastes. 
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CHAPTER 5  

SONICATION OF ESTROGEN HORMONES 

Manuscript under preparation for Environmental Science and Technology, Andaluri, G., Suri, R. 
P. S., Rokhina, E., Optimization of sonochemical reactor for removal of estrogen hormones: 
combined theoretical (ANN modeling) and experimental approach, 2010 

5.1 Power Efficiency Tests 

In order to study the energy input efficiency of the ultrasound reactor; calorimetric 

experiments were conducted using commercially available Hielscher ultrasound 

system. An 800 ml sample was placed in a glass beaker and sonicated. 

Temperature readings were recorded at 0, 30 and 60 seconds. Experiments 

were conducted at different amplitudes. Probe was immersed completely in 

water. Power input reading to the system was recorded. Calorimetric power input 

to the system was calculated using the equation below (Kimura et al. 1996): 

     (5.1) 

 

Where, T is the recorded temperature (at 30 and 60 sec), Cp is the heat capacity 

of water (4.2 J/gm K) and M is the mass of water used. Table 5.1 shows the 

power input reading at the generator and experimentally calculated power input 

to the system. It may be observed that the calculated experimental power input 

into the system is similar to the reading displayed on the generator. For example, 

at 25µm amplitude, the reading on the generator was 210 – 230 W and the 

 
P =

dT
dt

! Cp ! M
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experimentally calculated power input was 224 W. This shows that the energy 

input losses to the system are minimal.  

 

Table 5.1: Experimental and calculated power input (probe merged completely in water, 
7cm); Hielscher System; 800ml sample 

Temperature, deg C Measured Power  
Input, W Amplitude, 

µm 
Power reading 
at generator, W Initial T = 30 sec 30sec 

25.0 210 - 230 23 25 224 
23.7 240 - 250 21.5 23.5 224 
22.5 230 - 240 22 23.8 202 
21.2 220 - 230 23 25.3 258 
20.0 210 - 220 23 24.8 202 
18.7 190 - 200 23.1 24.9 202 
17.5 180 - 190 23.4 24.9 168 
15.0 160 - 170 23 24.4 157 
12.5 130 - 140 23 24.1 123 

 

In order to test the effect of merged probe distance and sample volume, 

experiments were conducted by immersing the probe incompletely into the 

system. Sample volumes of 500 and 1500 ml were used for these experiments. 

Table 5.2 shows the influence of merged probe distance and sample volume on 

the energy input to the system. 

 

Table 5.2: Influence of probe merged distance and solution volume on energy input, 
Hielscher System 

Ultrasound 
Unit Volume 

Merged distance 
of the probe in 

the solution 

Power output – 
read on the unit 

(W) 
Calculated Power input to the 

solution, W (%RSD) 

7 cm 250 - 290 170 (9%) 
2kW 500 ml 

4 cm 200 -260 142 (10%) 

7 cm 250 - 290 213 (3%) 
2kW 1500 ml 

4 cm 220 - 270 168 (0%) 
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From Table 5.2 it may be observed that merging the probe incompletely into the 

solution shows higher energy loses. For example, using a 1500 ml sample, the 

calculated experimental power input to the system was 213 and 168 W for 

completely and incompletely immersed probe, respectively. Higher energy losses 

in the system may be observed if the probe is not immersed completely into the 

sample.  

5.2 Influence of Process Parameters 

The physical and chemical effects of sonolysis are dependent on the 

characteristics of the cavitation bubbles. The yield of these cavitations is a 

function of applied acoustic field. The pressure field generated in any reactor is 

dependent upon the reactor geometry and source of ultrasound (Dahnke and Keil 

1998; Dahnke et al. 1999). The ultrasound process is also influenced by the 

reactor design variables such as power, amplitude, and reactor configuration. It 

was shown that there exist optimum values for design variables, which result in 

maximum possible degradation for organic chemicals (Kang et al. 1999; 

Sivakumar and Pandit 2001; Suri et al. 2007). The primary objective of optimizing 

the reaction is making the cavitational yield as efficient as possible with minimum 

possible losses. Optimization of all the factors that influence the process is 

critical in designing the reactors. The effect of various design parameters that 

influence the degradation of estrogen hormones was examined. The design 

parameters include: power density, ultrasound amplitude, reactor configuration 

and mixing requirements in the reactor. 
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5.2.1 Effect of external mixing 

During sonication process vigorous stirring is developed due to turbulent 

conditions are created by cavitation. However, the cavitational activity is much 

higher at the close proximity to the sonotrode, and therefore there is a possibility 

of having dead spots in the reactor. To examine this possible drawback, external 

mixing was introduced in to the reactors by means of magnetic stirrers.  

  

 Figure 5.1 shows the degradation of estrogen hormones with and without 

external mixing in reactor with high aspect ratio of 0.3. A 900 ml sample was 

sonicated for 20 minutes. It was observed that external mixing has no significant 

effect of the degradation of estrogen hormones. For example, the removal 

percentage of 17α-estradiol with and without mixing was 78 and 79, respectively.  

 

 
Figure 5.1: Effect of External Mixing; r = 0.30; sample volume = 900ml; sonication time = 20 
minutes; pH 7; P = 250 – 300W; Average data of two runs; Data shown in Appendix D, 
Table D1 
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Figure 5.2 shows the total degradation of estrogen hormones with and without 

mixing in a reactor with lower aspect ratio of 0.19. Sample volumes of 1200, 

1400, 1600 and 1800 ml were sonicated for 20 minutes with and without external 

mixing. The total degradation of estrogen hormones without external mixing was 

44, 35, 33, and 31 % for 1200, 1400, 1600, and 1800 mL, respectively. In the 

presence of external mixing the degradations were 74, 51, 49, and 55 %, 

respectively. A significant enhancement of 16 – 30 % was observed. Mixing does 

not have a significant effect on smaller sized reactors (r = 0.30), but can have a 

significant impact on the larger sized reactors (r = 0.19). These results reveal the 

existence of dead spots in larger reactors and therefore, external mixing is 

essential for pilot and industrial scale application of immersion sonochemical 

reactors. 
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Figure 5.2: Effect of external mixing; r = 0.19; sonication time = 20 min; pH 7; P = 250 – 
300W; ultrasound amplitude = 25 µm; data shown in Appendix D, Table D2 

 

5.2.2 Effect of ultrasound amplitude 

The power of ultrasonic system is proportional to the intensity of the system, 

which in turn is a function of ultrasound amplitude. Thus ultrasound amplitude 

plays an important role in the optimization of reactor design. Ultrasound 

amplitude can be adjusted using two different ways: (1) adjusting the ultrasound 

input percentage on the generator and (2) using combinations of probes and 

boosters (or reducers). The ultrasonic booster is the device with a tuned half 

wave component shaped so that it is able to increase or decrease the oscillation 

amplitude of the ultrasound wave passed between the transducer and horn. 

Boosters produce negligible heat while running, so its impact on the process can 
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be produced only via oscillation amplitude change. The change in ultrasound 

amplitude also changes the power input to the system.  

 

Figure 5.3 shows the 3D response curve for the total degradation of 

estrogen hormones by changing the ultrasound amplitude at the generator. The 

3D response curve was generated using the software STATISTICA 9. It may be 

observed from Figure 5.3 that the degradation of estrogen hormones increases 

with the increase in amplitude. A significant enhancement of 3% to 40% was 

observed in the degradation of estrogen hormones. Higher power was imparted 

into the solution at higher amplitude. In this case, as the power input to the 

solution increases, there is an increase in the number of cavities generated 

which result in a higher magnitudes of pressure pulses (Gogate and Pandit 

2000). Thus, the overall cavitational yield increases which results in 

enhancement of the estrogen degradation. For example, increasing the 

amplitude from 12.5 µm to 25 µm increased the degradation of 17α-estradiol 

from 23% to 34%, respectively (data shown in Appendix D).  
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Figure 5.3: 3D response surface graph for total degradation of estrogen hormones: 
amplitude vs. power density; pH 7; P = 250 – 300W; Sonication time = 20 minutes 
(amplitude adjusted at the generator); Data shown in Appendix D, Table D3 

 

The ultrasound amplitude was also varied using different sonotrodes and 

boosters. The booster can act both as an amplitude booster and also as a 

reducer (by reversing the direction). Different combinations of the probes and 

boosters resulted in different power input into the solutions resulting in different 

power intensities and power densities (Table 3.1). Figure 5.4 shows the 3D 

response curve of total degradation of estrogen hormones with respect to 

ultrasound amplitude and power density. It was observed that the probe with 

higher surface of irradiation (lower power intensity and lower amplitude; probe: 

BS2d40) resulted in higher total degradation of the estrogen hormones. Gogate 

and Pandit (2000) have shown using numerical simulations that as the surface 

area of ultrasound irradiation increases, there is uniform dissipation of the energy 



 76 

 

over a wider area resulting in higher cavitational yield. In this case, the 

cavitational yield is inversely proportional to the intensity of irradiation; hence, the 

use of lower power intensity is suggested (just above a certain optimum value 

required for the initiation of cavitation defined as threshold intensity). 

 

 
Figure 5.4: 3D response surface graph for total degradation of estrogen hormones: 
amplitude vs. power density; pH 7; P = 250 – 300W; sonication time = 20 minutes; 
Triplicate Experiments; Data shown in Appendix D, Tables D4 – D19 

 

5.2.3 Effect of power density 

Power density (Pd) is defined as the ratio of power input (P) into the solution to 

the volume of the sample (V) as shown in Equation 5.2. Variation in power 

density can be obtained by varying the solution volume. The size of the cavitation 

bubble, implosion time, temperature and the pressure in the cavity depend on the 
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ultrasonic power intensity. Power density is proportional to the power intensity (I) 

and can be represented as a function of ultrasound amplitude (Pa) as shown in 

Equation 5.3, where ρ is the density of the liquid medium and c is the velocity of 

sound in the medium (Chowdhury and Viraraghavan 2009).  

 
 
Pd =

P
V

     (5.2) 

 
  
I =

Pa
2

2ρc
     (5.3) 

           

The maximum bubble size depends on the density of the liquid medium, 

frequency of the system (ωa), hydrostatic pressure (Ph) and the acoustic pressure 

(PA) and can be represented as shown in Equation 5.4 (Chowdhury and 

Viraraghavan 2009):  

  
Rmax =
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   (5.4) 

The implosion or collapse time, τ, is a function of maximum bubble size, Rm and 

can be represented as shown in Equation 5.5; where Pm is the pressure in the 

liquid and Pvg is the vapor pressure inside the bubble.  

  
τ = 0.915Rm

ρ
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    (5.5) 

 

At high acoustic intensity, the cavitation bubbles grow to a larger size during the 

rarefaction cycle, and the time to collapse is insufficient during the compression 
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cycle. The above equations predict that there exists an optimum power density 

that helps in obtaining maximum reaction rates during sonication (Mason and 

Lorimer 1988).  

 

 In order to test the theory of cavitation, experiments were performed in 

reactors of different sizes. In these experiments, the ultrasound amplitude and 

the power intensity were kept constant and a variation in power density was 

obtained by varying the sample volume in the reactor. Figures 5.5a and 5.5b 

show the destruction of estrogen hormones at an amplitude of 25µm in reactors 

with aspect ratio, r = 0.30 and 0.19, respectively. It was observed that as the 

power density of the system increases, the destruction of all the estrogen 

hormones increases; reaches a maximum, and further increase in the power 

density resulted a lower destruction.  Similar experimental results were observed 

at 20µm amplitude using different sized beakers; Figure 5.6 (Data shown in 

Appendix). Power density serves as a better optimization parameter compared to 

power intensity, as it gives an idea on the energy dissipation per unit volume of 

the solution.  
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a) Sonication time = 20 min; aspect ratio = 0.30; sample volume = 800mL; P = 250 – 

300 W; amplitude = 25µm; with mixing; pH 7; data shown in Appendix D, Table D20 

 

 
a) Sonication time = 20 min; aspect ratio = 0.19; sample volume = 1600mL; P = 250 – 

300W; amplitude = 25µm; with mixing; pH 7; data shown in Appendix D, Table D21 
 

Figure 5.5: Effect of Power density on destruction of estrogen hormones; 25 µm Amplitude 
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Figure 5.6: Effect of Power Density; Amplitude = 20µm; Sonication time = 20 min; P = 170 – 
200W; pH 7; with mixing; Data shown in Appendix D, Table D22 – D25 
 
 

5.2.4 Reactor geometry 

Cavitation bubble characteristics depend on the acoustic pressure in the solution, 

hence geometry of the reaction vessel plays an important role in the optimization 

of ultrasonic reactors (Dahnke et al. 1999). In order to examine the effect of 

reactor configuration on the degradation of estrogen hormones, batch 

experiments were carried out using three different sized reactors. In these 

experiments power density, power intensity and ultrasound amplitude were kept 

constant and the reactor size was varied. Experimental conditions are shown in 

Table 5.3. Figure 5.7a shows the total degradation of estrogen hormones as a 

function of aspect ratio. Using amplitude of 25µm (BS2d55 sonotrode) at an 
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further increase in aspect ratio to 0.3 resulted in 26% of total degradation of 

estrogen hormones. Similar experiments were carried at 20µm amplitude 

(BS2d40 sonotrode). At an aspect ratio of 0.07, the total degradation of estrogen 

hormones was 33%. When the aspect ratio was increased to 0.10, the total 

degradation increased to 56%. A further increase in aspect ratio to 0.16 resulted 

in 36% of total degradation of estrogen hormones (Figure 5.7b).  

 

It was observed that as the reactor aspect ratio increases, there was an 

increase in the degradation of estrogen hormones until an optimum size of the 

reactor is reached. Further increasing the size of the reactor resulted in a 

reduction of total degradation of estrogen hormones. The observed trend can be 

attributed to the decrease in the cavitational activity in larger sized reactors. 

There exists an effective sonochemical reaction zone in any reactor geometry. In 

larger sized reactors the cavitational bubbles spread into the non-effective 

reaction zone. When these bubbles diffuse into the non-effective reaction zone, 

the bubble growth is inhibited reducing the overall cavitational activity (Nanzai et 

al. 2009).  

Table 5.3: Reactor dimensions and power input specifications 

 
Probe diameter = 5.5 cm; 

amplitude = 25 µm 
Probe diameter = 4.0 cm; 

amplitude = 20 µm 
 Reactor 1 Reactor 2 Reactor 3 Reactor 1 Reactor 2 Reactor 3 
Aspect Ratio, r 0.30 0.19 0.1 0.16 0.10 0.07 

Diameter of beaker, cm 10 12.7 17.5 10 12.7 15 

Power input, W 270 270 270 170 170 170 

Power Density, W/cc 0.17 0.17 0.17 0.11 0.11 0.11 
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a) Amplitude = 25 µm; sonication time = 20 minutes; Data shown in Appendix D, Table 

D26 
 

 
b) Amplitude = 25 µm; sonication time = 20 minutes; Data shown in Appendix D, Table 

D27 

Figure 5.7: Total degradation of estrogen hormones with aspect ratio  
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Figure 5.8 shows combination of optimum amplitude (20 µm), various reactors 

and different volumes. The 3D response curve for total degradation of estrogen 

hormones with respect to power density and reactor aspect ratio was generated 

using STATISTICA 9.0. It may be observed from Figure 5.8 that for every aspect 

ratio, as the power density increases the degradation of estrogen hormones 

increased up to a certain point where the degradation is maximum and a further 

increase in the power density resulted in decrease of estrogen degradation.  

 
Figure 5.8: 3D response surface graph for total degradation of estrogen hormones: Power 
density vs. Aspect ratio; sonication time = 20 minutes; pH 7; P = 150 – 200W; Hielscher 
System; Data shown in Appendix D 
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5.2.5 Artificial neural network (ANN) modeling 

Artificial neural network (ANN) approach was used to describe the interactions 

between optimized parameters. ANN is a mathematical or computational model 

that is based on the functional aspects of biological neural networks. ANN can be 

used to relate the complex relations between input and output variables. The 

relationship between the variables is obtained by training the neural network with 

the experimental data (Sakkas et al. 2010).  

 

The ANN feed-forward network also known as multilayer perceptron 

(MLP) was designed with STATISTICA 7 software.  Number of layers, nodes in 

each layer and the nature of transfer functions neural network determine 

topology of ANN. Neuron in any layer of the network is connected with all the 

neurons/nodes of the previous layer. The output signals from the first layer are 

the inputs for the output layer. The operational parameters such as power 

density, power intensity, amplitude, aspect ratio, diameter of sonotrode, reactor 

volume and the presence of booster/reducer were taken as inputs, whereas the 

removal efficiency of estrogen hormones was the output. The layers between the 

input and output layers are known as hidden layers (neurons in these layers are 

called hidden neurons).  In the current ANN only one hidden layer was applied 

with sigmoid functions as a neurons. The MLP was trained by back propagation 

algorithm. During the neural network learning process, the weights of the 

connections are adjusted by propagating backwards, layer by layer, the error 

signals originated at the output of the neural network until the error between the 
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predicted outputs and the actual outputs is minimized. The data set for training 

and validating the neural network model consists experimental data presented in 

Appendix D, Table D28. The total number of experiments to feed the ANN 

structure was 140. The data sets were divided into training, validation and test 

subsets. The validation and test sets were randomly selected from the 

experimental data to assess, validate and model power of the nets. The ANN 

performance was stabilized after the inclusion of 10 nodes in the hidden layer. 

Variations in the training data set composition can have significant impact on 

neural network performance for unseen objects. To evaluate the performance of 

MLP the data from testing set were not used during the training procedure.   

 

The main feature of an efficient reactor is the enhancement of the 

cavitational activity, and subsequent improvement of the target contaminants 

degradation with low energy consumption. In this study, optimization of the 

reactor design was performed using theoretical and experimental approaches. 

Initially, the experimental data were examined using ANN to estimate the relative 

importance of operational parameters. The optimum combinations of the 

operational parameters were determined to achieve maximum analyte 

degradation. 

 

 In this study, the ANN was built to correlate the process parameters to the 

removal efficiency of seven estrogens. The designed ANN contained the 

following input parameters: power density, power intensity, oscillation amplitude 



 86 

 

of the ultrasonic wave, diameter of the sonotrode, aspect ratio, reactor volume 

and the presence of external mixing. The general ANN scheme consisted of the 

input layer and output layer representing the degradation efficiencies of estrogen 

hormones and three hidden layers. For the present study, the existing ANN was 

extended and trained for intermediate parameters not included in the experiment. 

Figure 5.9 shows the experimental vs. predicted values of estrogen removal 

under optimized conditions. The training error was negligible (0.17) and 

correlation coefficient was high (0.98), thereby suggesting that the prediction was 

achieved with high accuracy. Therefore, the developed neural network could be 

utilized to predict the estrogen degradation with high accuracy. 

 

 
Figure 5.9: Experimental vs. ANN predicted degradation rate of estrogen hormones 
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To identify the importance of each variable for the degradation of estrogen 

compounds, Equation 5.6 was used, where Ij is the relative importance of the jth 

input variable on output variable; Ni and Nh are the number of input and hidden-

neurons, respectively; Ws are connection weights; the superscripts i, h and o 

refer to input, hidden and output layers, respectively; and subscripts k, m and n 

refer to input, hidden and output neurons, respectively (Garson 1991). 
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The relative importance for each variable is summarized in Table 5.4. All the 

studied variables (power density, power intensity, oscillation amplitude of the 

ultrasonic wave, diameters of the sonotrode, aspect ratio, reactor volume, and 

the presence of external mixing) have an impact on the sonochemical 

degradation efficiency of estrogen compounds. Therefore, none of these 

variables should be neglected in the design and optimization sonochemical 

process.  

 

The relative importance of power density and power intensity was 

calculated using Equation 5.6 and correspond to 23.3% and 22.1%, respectively. 
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Therefore, the comprehensive investigation of Pi and Pd is vitally important. 

Changes to the power input, reaction volume and irradiation surface area alters 

the power density and power intensity of the system. Reactor volume and 

sonotrode diameter, had relatively small value of the importance are listed in 

Table 5.4. Operation conditions such as pH and temperature were optimized in 

previous studies (Fu et al. 2007; Suri et al. 2008a), and these factors were 

excluded from the present optimization scheme.  

 

Table 5.4: Relative importance of the process variables 
Input Variable Relative Importance, % 

Power Density 23.2 
Power Intensity 22.1 
Oscillation Amplitude 14.6 
Aspect Ratio 12.4 
External Mixing 5.1 
US Probe Diameter 9.8 
Reactor Volume 6.3 
Time 6.5 

 

Optimization of the sonochemical reactor requires the estimation of critical power 

density and intensity at which the maximum effects of cavitation occurs. 

Chemical reactions are initiated as a result of formation of a certain minimum 

number of free radicals and this number of free radicals depends on the intensity 

of collapse and number of cavitation events; and which in turn depends on the 

operating parameters of ultrasonic irradiation (Sivakumar and Pandit 2001). To 

observe the empirical relationship between the estrogen degradation efficiency 

and the power density and intensity, the plots of the degradation of the mixture of 
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estrogen hormones with respect to power density and intensity were constructed 

(Figure 5.10). The observed empirical correlation for the inherent relationships 

were as following: 

 

Estrogen RR (%)=-80593Pd
2 + 14356Pd - 599.83  (with R² = 0.9553) (5.7) 

Estrogen RR (%)=-2.7936PI
2 + 66.989PI - 363.27 (with R² = 0.7271) (5.8) 

 
a) Power Density vs. Removal rate 
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b) Power Intensity vs. Removal rate 

Figure 5.10: Empirical relationship of ultrasound parameters with degradation efficiency of 
estrogen hormones (a) Power Density (b) Power Intensity 
 

These correlations are valid only for the conditions of this study and may not be 

applicable to other contaminants or reactors. Optimum power densities and 

intensities beyond which there will be no improvements in the removal 

efficiencies of the estrogens were extracted. Gogate and Pandit (2000) reported 

that the cavitational yield is inversely proportional to the intensity of irradiation, 

and they suggested the use of lower power intensity (just above a certain 

optimum value required for the initiation of cavitation defined as threshold 

intensity) (Gogate and Pandit 2000). 

  

During the ANN analysis the influence of the oscillation amplitude of the 

ultrasound wave was estimated as 14.6%. The increase of oscillation amplitude 

led to the increase of the both, power density and power intensity. For instance, 
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with the increase of the amplitude from 10 to 90 um, the 4-fold increase in power 

density and power intensity was observed. Consequently, for the best removal 

efficiency, the optimum ratio between the power density, power intensity and 

oscillation amplitude of the ultrasonic wave is required. During ANN optimization, 

it was observed that the amplitudes higher than 25 um were inefficient for the 

treatment enhancement, whereas in the narrow range of amplitudes between 

12.5 and 25 um the significant improvement in the degradation efficiency was 

observed for all the seven estrogens. Approximately two-fold higher degradation 

efficiencies were observed by adjusting the oscillation amplitude. Therefore, the 

proposed strategy is an effective means to enhance the performance of 

immersed transmitter sonochemical reactor. Moreover, the straight correlation 

between the oscillation amplitude and the power density and intensity was 

observed. This explains the high relative importance estimated from ANN for the 

oscillation amplitude for enhancement of the cavitation process. 

  

The reactor design in terms of ratio of the diameter of the immersion 

transducer to reactor diameter, volume of the reactor, mixing and the position of 

the transducers plays a crucial role in deciding the cavitational activity 

distribution, and hence the efficacy of sonochemical reactors (Sutkar and Gogate 

2009). ANN analysis showed the relatively high importance of aspect ratio, 

whereas diameter of sonotrode, reactor volume and introduction of the external 

mixing were found to be less important. However, the reactor volume and 
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sonotrode diameter are included in the aspect ratio. These parameters are 

significantly interrelated during optimization. 

  

The geometrical parameter representing the ratio of surface area of 

immersion transducer to the reactor surface area, defined as the aspect ratio, 

was observed to have relatively high importance of 12.4 % from ANN 

calculations. Several immersion transducer diameters ranging from 18 to 55 mm 

were examined. Reactors of several different diameters ranging from 100 to 180 

mm were used. These transducer diameters combined with the reactor diameters 

produced different aspect ratios, which were adjusted to have similar power 

density and intensity during the investigation. The influence of both aspect ratio 

and power density on the degradation of estrogenic compounds is shown in 

Figure 5.8. It may be observed that the optimum aspect ratio should not be 

higher than 0.2.  

  

The importance of the external mixing during ANN analysis was found to 

be 5% for the sonochemical degradation of estrogens. This value is relatively 

low, however, several more factors should be taken into account. External mixing 

is an important factor during scale up which should be taken into consideration 

together with the reactor and sonotrode geometry. Mixing does not have a 

significant effect on smaller sized reactors, but can have a significant impact on 

the larger sized reactors. These results reveal the existence of dead spots in 
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larger reactors and therefore, external mixing is essential for pilot and industrial 

scale application of immersion sonochemical reactors. 

 

5.2.6 Results of optimization for Hielscher ultrasound system 

Batch experiments were conducted for two types of the experimental setup: the 

optimized and the commercially available reactors. Two different reactors with 

capacities of 0.5 and 1.6 L were investigated. It maybe observed from Table 5.5, 

the total degradation of the estrogenic compounds with commercial reactor setup 

was 60% for a 500 ml sample. With the optimized conditions, the degradation 

increased to 65% for the same volume. However, it was observed that the power 

input per unit volume reduced from 0.56 W/ml to 0.34 W/ml in the optimized 

reactor. For a larger reactor volume of 1.6 L the total degradation of estrogen 

hormones was 50 and 56 % at pH 7, for the commercial and the optimized 

reactors, respectively. However, the power input per unit volume decreased from 

0.17 W/ml to 0.09 W/ml. Hence, 40 to 47 % reduction in the power consumption 

was observed by using optimized conditions in comparison to the commercially 

available system. However, previously it was reported that at optimal pH 10, 

maximum degradation of estrogen hormones occurs (Fu et al. 2007). The total 

destruction was 97% in both systems with an 84% decrease of power input per 

unit volume in case of the optimized system.  
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Table 5.5. Comparative analysis of the commercially available and optimized reactor 
systems; data shown in Appendix D 

 pH Volume, 
(ml) 

Time, 
(Min) 

Power Density 
(W/cc) 

Total Removal  
Percentage (%) 

7 500 20 0.56 60 

7 1600 20 0.17 50 
Commercial Reactor  

P = 280W 
Amplitude = 25µm 

10 500 8 0.56 97 

7 500 20 0.34 65 

7 1600 20 0.09 56 
Optimized Reactor 

P = 170W 
Amplitude = 20 µm  

10 1600 8 0.09 97 

 

 Figure 5.11 shows the reaction kinetics for total degradation of estrogen 

hormones. It was observed that pseudo first order reaction rate for the 

degradation of estrogen hormones in both the setups was approximately the 

same and equals 0.97 and 0.99min-1. This is because at pH 11 the degradation 

of estrogen hormones is rapid, but the power consumption is much lower in the 

optimized system. The optimized reactor had a power input of 170 W and the 

power input in commercial system was 280 W. 
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Figure 5.11: Estrogen degradation kinetics for commercial and optimized systems; 
Pcommercial  = 250 – 300W; Poptimized = 150 – 200W; data shown in Appendix D. 

 

One of the important aspects during the scale up is the energy consumption. The 

optimization of energy consumption during the sonochemical reactions has 

strong relationship to the degradation efficiency. Electric energy consumption 

(electric energy per order; EE/O), as a ‘figure-of merit’ was introduced by Bolton 

and co-workers on the basis of energy required per amount of a target compound 

removed (Bolton et al. 2001). This ‘figure-of-merit’ (EE/O) is defined as the 

electric energy (in kWh) required to reduce the concentration of a pollutant by 

order of magnitude for a certain volume of sample. The relationship for 

calculation of EE/O value is shown in Equation 5.9, where P is power input (kW), 

t is time (h), V is the reactor volume (L) and Ci and Cf are the initial and final 

concentrations, respectively.  
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EEO =
Pt

V × log Ci

C f

⎛

⎝⎜
⎞

⎠⎟

     (5.9) 

Table 5.6: Electric energy per unit order (EEO) for commercial and optimized reactors 

System pH Power  
(kW) 

Volume  
Treated (L)  Time  

(min) 
EEO  

(kWh/L/order) 

7 0.28 0.5 2.5 20 0.47 

7 0.27 1.6 2 20 0.19 
Commercially 
available System 

10 0.28 0.5 48.9 8 0.04 

7 0.17 0.5 2.86 20 0.25 

7 0.17 1.6 2.72 20 0.08 Optimized System 

10 0.15 1.6 37.1 8 0.008 

 

Table 5.6 shows the EE/O values for commercially available and the optimized 

sonochemical reactors. Significant difference in electrical energy consumption 

was observed between commercially available and optimized system. For 

example, at a pH of 7 and sample volume of 1600ml, EE/O was 0.19 and 0.08 

kWh/L/order for commercial and optimized systems, respectively. The electrical 

energy consumption at a pH of 10 using the commercially available reactor was 

0.04 kWh/L/order. However, using the optimized reactor setup, the electrical 

energy consumption reduced to 0.008 kWh/L/order. This shows a 5-fold 

reduction in the energy consumption. This is consistent with the previous 

conclusions that ‘figure-of-merit’ calculations for smaller scale often lead to the 

much higher EE/O values when compared to the full-scale applications and the 

energetically beneficial process has the highest removal efficiency and the 

highest removal rate (Rokhina et al. 2010).  
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5.3 Comparison of Commercial Ultrasound Systems 

Two different commercially available systems were evaluated for the destruction 

of estrogen hormones. Continuous flow experiments were conducted at an 

optimal solution pH of 10. Figures 5.12 and 5.13 show the schematics of 

Hielscher and Telsonics ultrasound systems, respectively.  

 

 

Figure 5.12: Commercially available Hielscher Ultrasound System, UIP2000 
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Figure 5.13: Commercially available Telsonics Ultrasound System, DG2000 
 

UIP2000 ultrasound system is a 2kW, 20 ± 1 kHz system with an amplitude 

control of 50% to 100%, with maximum amplitude of 200µm at the front face of 

the sonotrode, depending on sonotrode and booster. The ultrasound waves are 

emitted from the bottom surface of the sonotrode. The reactor volume is 250ml. 

Continuous flow experiments were conducted at wave amplitudes of 20 and 25 

µm. DG2000 ultrasound system is a 2kW, 20 kHz system with output regulation 

power of 400 – 2000 W and amplitude regulation range of 50 -100%. The 

commercial system does not have a cooling jacket, so a cooling jacket was built 

in the laboratory around the system. The reactor volume is 2600ml. Continuous 

flow experiments were conducted with and without the presence of temperature 

control. The temperature was maintained at 15 – 20 oC. In this system, the 

ultrasound waves are emitted all across the surface of the probe. In this system, 

the ultrasound waves are emitted all across the surface of the probe.  
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Figure 5.14: Comparison of UIP2000 and DG2000 Ultrasound Systems; Data shown in 
Appendix D 
 

Figure 5.14 shows the comparison of the two different commercially available 

ultrasound systems. It was observed that both the systems destroyed 

approximately 90% of the estrogen hormones after 10 minutes of sonication. 

Faster initial kinetics in the Hielscher system was due to the smaller volume 

treated. The power input using UIP2000 system was 180 – 200 W, using 20µm 

amplitude (BS2d40 sonotrode) and approximately 280 – 300 W using 25µm 

amplitude (BS2d55 sonotrode). The power input to the solution using DG2000 

ultrasound system was approximately 650 – 700 W. The power consumption of 

DG2000 system was approximately three times that of UIP2000 system. 

However, the volume treated using DG2000 was ten times higher when 

compared to the UIP2000. Comparing the systems in terms of electric energy 
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usage per unit volume, the DG2000 system performs better. Electric energy per 

unit order was calculated using Equation 5.8. The values are shown below in 

Table 5.7. A three-fold reduction in energy consumption per unit order was by 

observed using DG2000 ultrasound system. 

Table 5.7: Comparison of UIP2000 and DG2000 systems 

System Reactor Volume, 
mL 

Power Consumption 
(kW) 

EEO 
(KWh/L/order) 

UIP2000; 20µm amplitude 250 0.17 0.12 

UIP2000; 25µm amplitude 250 0.29 0.19 

DG2000 2600 0.67 0.08 

DG2000;  
Temperature control (20 oC) 2600 0.67 0.04 

 

5.4 Industrial Wastewater Treatment  

In order to design a pilot scale ultrasound treatment system for pharmaceutical 

wastewater, lab scale experiments were performed. DG2000 ultrasound system 

was used to perform the laboratory scale experiments. Wastewater was obtained 

from the industry (confidential). The wastewater was characterized for pH, COD, 

color, turbidity, alkalinity, suspended solids and toxicity. The Wastewater was at 

a pH of 10, and had an initial COD of approximately 4800mg/L due to the high 

sugar content. The wastewater was also analyzed for initial concentration of 

estrogen hormones. Due to very high estrogen content, the analysis of estrogen 

hormones was performed using 20, 100 and 1000 dilutions. The average of three 

different dilutions was used for initial concentrations. Tables 5.8 and 5.9 below 

show the characteristics and estrogen content of wastewater, respectively. 
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Table 5.8: Wastewater characteristics, rinse waters containing HT pharmaceutical actives 

Property Sample 1* Sample 2* 

pH 9.8 10.2 

COD, mg/L 4817 4822 

Alkalinity, mg/L as CaCO3 1800 2000 

Color 190 150 

Turbidity, NTU 116 145 

Suspended solids, mg/L 34 32 

Anionic Surfactants, mg/L 0.311 0.128 

Nonionic surfactants, mg/L 1.885 1.818 

COD, filtered sample (mg/L) 5083 5049 

COD, at pH 3, mg/L 4913 4868 

Color at pH 3 130 units 130 units 

Turbidity at pH 3, NTU 6.7 5.6 

Toxicity, EC50 (15 min) 32.1 (toxic) 31.6 (toxic) 

 

Table 5.9: Concentration of estrogen hormones in wastewater 

ANALYTE Estrogen concentration* 
µg/L 

17α-estradiol 59 

17ß-estradiol 11805 

17α-dihydroequilin 332 

17α-Ethinyl estradiol Nd 

Estriol 233 

Estrone 66 

Equilin Nd 

Levonorgestrel Nd 

Gestodene Nd 

Trimegestrone 1348 

Estradiol Valerate Nd 
Nd: non detect; * estrogen concentrations were based on 20, 100 and 1000 dilutions 
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 Batch sonication experiments were conducted at a pH of 2 and 10, without 

the addition of any oxidizing agents. Table 8.7 shows the degradation of estrogen 

hormones. At wastewater pH of 10, the removal of estrogen hormones was 0 to 

47 % in 10 minutes and 0 – 95 % after 15 minute sonication. Reducing the pH of 

wastewater to 2 had no significant enhancement in the degradation of estrogen 

hormones. Due to the limited quantity of wastewater received, duplicate 

experiments were not conducted.  

Table 5.10: Wastewater sonication (no oxidizing agents); Telsonics reactor; sample 
volume = 2600 ml 

10 minute 
Sonication, pH 10 

15 minute 
Sonication, pH 10 15 min, pH 2 

ANALYTE 
Conc., 
µg/L 

% 
Removal 

Conc., 
µg/L 

% 
Removal 

Conc., 
µg/L 

% 
Removal 

17α-estradiol 59 0 53 10 12 80 

17α-dihydroequilin 177 47 168 49 185 44 

17α-Ethinylestradiol -Nd- -Nd- -Nd- -Nd- -Nd- -Nd- 

Estriol 197 15 12 95 -Nd- > 95% 

Estrone 69 0 75 0 88 0 

Equilin -Nd- -Nd- -Nd- -Nd- -Nd- -Nd- 

Levonorgestrel -Nd- -Nd- -Nd- -Nd- -Nd- -Nd- 

Gestodene -Nd- -Nd- -Nd- -Nd- -Nd- -Nd- 

Trimegestrone 1428 0 994 26 791 41 

Estradiol Valerate -Nd- -Nd- -Nd- -Nd- -Nd- -Nd- 

 

In order to enhance the removal of estrogen hormones, the presence of oxidizing 

agents on the destruction of estrogen hormones was tested. Permanganate ion 

is a very strong oxidizing agent and is also used as a disinfectant in water 

treatment. Table 5.11 shows the degradation of estrogen hormones in the 
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presence of 5gm/L of potassium permanganate. More than 95% removal of all 

the estrogen hormones was observed within 15 minutes of sonication. Results 

showed a complete removal of estrogen hormones. However, there was a 

formation of residual solid sludge. 

Table 5.11: Effect of KMnO4 on the destruction of estrogen hormones in wastewater; 
Telsonics reactor; sample volume = 2600 ml 

15 minute Sonication with 5gm/L KMnO4 

Analysis with SPE Analysis using Liquid-Liquid 
Extraction 

ANALYTE 
(Initial 
concentration) 

Concentration*, 
µg/L % Degradation Concentration, 

µg/L % Degradation 

17α-estradiol (59) 0.3 99.5 -Nd- > 99% 

17ß-estradiol 
(11805) 0.8 99.9 0.26 99.9 

17α-dihydroequilin 
(332) 

-Nd- > 99% 9 ng/L 99.99 

17α-Ethinyl estradiol -Nd- -Nd- -Nd- -Nd- 

Estriol (233) -Nd- > 99% -Nd- > 99% 

Estrone (66) -Nd- > 99% -Nd- > 99% 

Equilin -Nd- -Nd- -Nd- -Nd- 

Levonorgestrel -Nd- -Nd- -Nd- -Nd- 

Gestodene -Nd- -Nd- -Nd- -Nd- 

Trimegestrone 
(1348) -Nd- > 99% -Nd- > 99% 

Estradiol Valerate -Nd- -Nd- -Nd- -Nd- 

* Concentrations were calculated based on 20 and 40 dilutions; Nd: non detect 

 

Sodium persulfate is a strong oxidizing agent and also a stable chemical. It can 

remain in the environment for long period of time. Table 8.9 shows the effect of 

sodium persulfate on the destruction of estrogen hormones in wastewater. Estriol 
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was destroyed completely within 15 minutes. A slight enhancement in the 

degradation of 17β-estradiol and estrone was observed.  

Table 5.12: Effect of Na2S2O8 on destruction of estrogen hormones in wastewater; 
Telsonics reactor; sample volume = 2600 ml 

15 minute Sonication with 5gm/L Sodium-
Persulfate ANALYTE 

(Initial concentration) 
Concentration*, µg/L % Degradation 

17α-estradiol (59) 53 10 

17ß-estradiol (11805) 200 - 5000 57 – 98% 

17α-dihydroequilin (332) 125 62 

17α-ethinyl estradiol -Nd- -Nd- 

Estriol (233) -Nd- > 99% 

Estrone (66) 88 0 

Equilin -Nd- -Nd- 

Levonorgestrel -Nd- -Nd- 

Gestodene -Nd- -Nd- 

Trimegestrone (1348) 940 30 

Estradiol Valerate -Nd- -Nd- 

* Concentrations were calculated based on 20 and 40 dilutions, Nd: non detect 

 

Addition of hydrogen peroxide enhances the generation of additional hydroxyl 

radicals. This indicates that there could possibly be a higher degradation rates 

due to presence of H2O2 in the solution during sonication. Table 5.13 shows the 

destruction of estrogen hormones in wastewater in the presence of 5 and 10gm/L 

of H2O2. The final COD of wastewater was approximately 5000 mg/L after 

sonication. This shows a selective oxidation of estrogens was occurring in the 
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system. It was observed that addition of 10gm/L of hydrogen peroxide removed 

more than 99% of most of the estrogen hormones. For example, the removal of 

trimegestone, 17β-estradiol and 17α-dihydroequilin was ≥ 99%. Table 5.14 

shows the effect of pH on the degradation of estrogen hormones in wastewater in 

the presence of H2O2. There was no significant enhancement in the degradation 

of estrogen hormones when the pH was increased to 11. Table 5.15 shows a 

comparison of rate constants for the removal of estrogen hormones in milli-Q 

water and industrial wastewater. A maximum of twenty-fold and a minimum of 

two-fold enhancement was observed in the destruction of estrogen hormones. 

For example, the rate constant for removal of 17α-dihydroequilin was 0.16 and 

0.31min-1 for milli-Q and industrial wastewater, respectively. However, for estriol 

the rate constants were 0.01 and 0.23min-1, respectively. 
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Table 5.13: Effect of H2O2 on destruction of estrogen hormones in wastewater; Telsonics 
reactor; sample volume = 2600 ml 

15 minute Sonication with Hydrogen Peroxide 

5gm/L H2O2 10gm/L H2O2 ANALYTE 
(Initial Conc.) 

Concentration*, 
µg/L 

% 
Degradation 

Concentration*, 
µg/L 

% 
Degradation 

17α-estradiol (59) 51 13 13 78 

17ß-estradiol (11805) 188 98 73 99 

17α-dihydroequilin (332) 14 96 3 99 

17α-Ethinyl estradiol -Nd- -Nd- -Nd- -Nd- 

Estriol (233) -Nd- > 99% -Nd- > 99% 

Estrone (66) 25 62 12 82 

Equilin -Nd- -Nd- -Nd- -Nd- 

Levonorgestrel -Nd- -Nd- -Nd- -Nd- 

Gestodene -Nd- -Nd- -Nd- -Nd- 

Trimegestrone (1348) 514 62 -Nd- > 99% 

Estradiol Valerate -Nd- -Nd- -Nd- -Nd- 

* Concentrations were calculated using 20 and 40 dilutions, Nd: non detect 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 107 

 

Table 5.14: Comparison of degradation at pH 10 and pH 11; Telsonics reactor; sample 
volume = 2600 ml 

15 minute Sonication with Hydrogen Peroxide 

pH 10 pH 11 
ANALYTE 
(initial 
concentration) 

Concentration*, 
µg/L % Degradation Concentration*, 

µg/L % Degradation 

17α-estradiol (59) 13 78 23 61 

17β-estradiol 
(11805) 73 99 117 99 

17α-dihydroequilin 
(332) 

3 99 5 98 

17α-Ethinyl estradiol -Nd- -Nd- -Nd- -Nd- 

Estriol (233) -Nd- > 99% 11 95 

Estrone (66) 12 82 9 86 

Equilin -Nd- -Nd- -Nd- -Nd- 

Levonorgestrel -Nd- -Nd- -Nd- -Nd- 

Gestodene -Nd- -Nd- -Nd- -Nd- 

Trimegestrone 
(1348) -Nd- > 99% -Nd- > 99% 

Estradiol Valerate -Nd- -Nd- -Nd- -Nd- 

* Concentrations were calculated based on 20 and 40 dilutions, Nd: non detect 

 
Table 5.15: Comparison of degradation rate constants in milli-Q and industrial wastewater 

Rate Constant, K (min-1) 
Analyte Milli-Q water* 

(No Oxidants) 
Wastewater, 

10gm/L peroxide 

17β-estradiol 0.0396 0.3068 

17α-dihydroequilin 0.1597 0.3103 

Estriol 0.0103 0.2314 

Estrone 0.0342 0.1039 

Trimegestrone -- 0.3079 
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5.4.1 Pilot Scale Ultrasound Treatment Plant  

In order to treat pharmaceutical waste from a manufacturing plant, the use of 

ultrasound treatment was proposed and an at source pilot scale treatment 

system was designed. The treatment system was designed to handle a flow rate 

of 1 – 5 GPM. Scale up was performed using the optimum process conditions 

from the bench scale studies. The wastewater pH was maintained at 10 and 

hydrogen peroxide was used as an oxidant. The retention time was 10 minutes. 

Figures 5.15 and 5.16 show the schematic and the pilot scale system. It has 

been implemented, however data is not available for publication from the 

industrial site. 

 

 
Figure 5.15: Picture of the pilot scale treatment plant 
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Figure 5.16: The ultrasound units, fabricated in Switzerland by Telsonics Ultrasonics  
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CHAPTER 6  

SONICATION OF EMERGING CONTAMINANTS 

Manuscript under preparation, Andaluri, G., Suri, R.P.S., Sonochemical destruction of 1,4-
Dioxane and PFOA: Effect of oxidizing agents, 2010 
 

6.1 Sonication of 1,4-Dioxane 

Batch sonication experiments were performed using Telsonics ultrasound 

system. Schematic of the ultrasound system is shown in Figure 5.3. Initial batch 

experiments were conducted at pH 7 and without the addition of oxidizing agents 

in the sample. Figure 6.1 shows the destruction of 1,4-dioxane. Destruction of 

60% was obtained after 30 minutes of sonication.  

 
Figure 6.1: Ultrasonic destruction of 1,4-dioxane; pH = 7; Sample volume = 2600mL; 
Telsonics reactor; P = 700 – 750W; data shown in Appendix E, Table E1 
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Assuming a pseudo first order reaction kinetics, the rate constant for the removal 

of 1,4-dioxane was 0.0384min-1 (Figure 6.2). All the experiments were carried out 

in triplicates unless specified. In order to enhance the removal, several oxidizing 

agents and process conditions were tested. 

 

 
Figure 6.2: Pseudo first order kinetics; data shown in Appendix E, Table E1 

 

6.2 Influence of Process Conditions 

In order to enhance the reaction kinetics, the effect of several oxidizing agents on 

the destruction of 1,4-dioxane was tested. 
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6.1.1 Effect of hydrogen peroxide 

Addition of hydrogen peroxide attributes to the generation of additional hydroxyl 

radicals (Equation 6.1). This indicates that there could possibly be a higher 

degradation rates due to presence of H2O2 in the solution during sonication. 

During sonication, the free hydroxyl radicals also combine to form hydrogen 

peroxide. Sonication experiments were performed using hydrogen peroxide with 

concentrations ranging from 1 – 10000 mg/L. Figure 9.3 shows the influence of 

hydrogen peroxide on the degradation of 1,4 – dioxane. It may be observed that 

addition of H2O2 inhibited the removal of 1,4 – dioxane. The presence of excess 

hydrogen peroxide has shown a scavenging effect on the free hydroxyl radicals 

(OH*) in the removal of organic chemicals by using sonication. The hydroxyl 

radicals present in the aqueous solution react with hydrogen peroxide forming 

less oxidative hydroperoxyl radicals, which can be described as shown in 

Equations 6.1 to 6.3: 

H2O2  OH* + OH*       (6.1) 

OH* + H2O2  HO2*+ H2O     (6.2) 

HO2*+ OH*  H2O + O2        (6.3) 

 

Comparing the removal percentages, it is apparent that hydrogen peroxide is 

competitively reacting with the available free hydroxyl radicals, forming 

hydroperoxyl radicals. This shows that OH* radicals play an important role in the 

sonolytic degradation of 1,4 – dioxane. 
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Figure 6.3: Effect of H2O2 on degradation of 1,4–dioxane; sample volume = 2600 mL; P = 
700 – 750W; sonication time = 25 min; Telsonics reactor; data shown in Appendix E, Table 
E2 

 

6.1.2 Effect of persulfate (S2O8
2-) 

Sodium persulfate is a strong oxidizing agent and also a stable chemical. It can 

remain in the environment for long period of time. Free hydroxyl radicals are 

produced by the reactions between persulfate and sonication as shown in 

Equations 6.4 and 6.5. The influence of persulfate (S2O8
2-) on the degradation of 

1,4–dioxane is shown in Figure 6.4. Experiments were carried out using constant 

initial 1,4–dioxane and persulfate concentrations of 10, 20 and 100 mg/L.   
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Figure 6.4: Effect of persulfate on destruction of 1,4–dioxane; 25-minute sonication; P = 
700 – 750W; Sample volume = 2600 mL; pH 7; data shown in Appendix E, Table E3 
 

From Figure 6.4, it may be observed that at 10mg/L concentration of persulfate, 

the degradation of 1,4-dioxane increases somewhat (~10%) when compared to 

the degradation without any persulfate. However, when the concentration of 

persulfate is further increased to 20 and 100 mg/L the removal percentage 

decreases when compared to 10 mg/L of persulfate. This shows that at higher 
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2- excess free hydroxyl radicals were generated and they 
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6.1.3 Effect of potassium permanganate 

Permanganate ion is a very strong oxidizing agent and is also used as a 

disinfectant in water treatment. It is reported that KMnO4 can remove iron and 

hydrogen sulfide from groundwater and wastewater alike by oxidation. When 

oxidized, potassium permanganate reduces to manganese dioxide (MnO2), 

which eventually precipitates out of solution. The oxidation reaction in acidic 

conditions is shown below:  

MnO4
- + 4H+ + 3e-  → MnO2 + 2H2O   (6.6) 

MnO4
- + 8H+ + 5e-  → MnO2 + 4H2O   (6.7) 

Under alkaline conditions:  

MnO4
- + 2H2O + 3e-  → MnO2 + 4OH-   (6.8) 

 Permanganate ion has a special ability to oxidize compounds containing 

carbon double bonds, and is often used in groundwater cleanup. The double 

bonds are broken and the unstable intermediates are converted into carbon 

dioxide through hydrolysis or further oxidation by the permanganate ion 

(Shaabani et al. 2005). This suggests that permanganate ions are very strong 

oxidants. The use of permanganate for the oxidation of persistent organic 

compounds has been reported earlier (Wang et al. 1999).  

 

Figure 6.5 shows the effect of KMnO4 on the destruction of 1,4–dioxane. It 

was observed that at lower dosages there was no significant enhancement in the 

destruction, however, at higher dosage of 100mg/L there was a reduction in the 

removal of 1,4–dioxane. 
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Figure 6.5: Effect of potassium permanganate on destruction of 1,4–dioxane; pH 7; sample 
volume = 2600ml; P = 700 – 750W; Telsonics Reactor; Data shown in Appendix E, Table E3 

 

6.1.4 Effect of solution pH 

The degradation of 1,4-dioxane at different solution pH is shown in Figure 6.6. 
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Figure 6.7 shows the effect of persulfate at an acidic pH of 3. A 20% 

enhancement in the degradation of 1,4-dioxane was observed in the presence of 

10mg/L or persulfate under acidic conditions. However, only 10% enhancement 

was observed under normal conditions. This shows that acidic conditions are 

suitable for the destruction of 1,4-dioxane. 

 

Figure 6.6: Effect of solution pH on destruction of 1,4 – dioxane; sample volume = 2600ml; 
P = 700 – 750W; sonication time = 25min; data shown in Appendix E, Table E4 
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Figure 6.7: Effect of persulfate at acidic pH; Sample volume= 2600mL; P = 700 – 750W; 
sonication time = 25min; data shown in Appendix E, Table E5 

 

6.1.5 Effect of ionic strength 

An increase in ionic strength is expected to enhance the diffusion of organic 

molecules into the interfacial region. Presence of excess salt in the aqueous 

solution will attract the polar water molecules and this reduces the bonding 

between water molecules and the organic compounds. During sonolysis, 

presence of salt could enhance the diffusion of estrogen compounds from 

aqueous phase into interfacial region, improving the degradation kinetics of 

estrogens.  Enhancement in degradation rates of organic compounds during 

ultrasound, in the presence of dissolved salts has also been reported earlier (Suri 

et al. 1999). 
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Sodium chloride was used to increase the ionic strength of the solution. The 

concentration of salt used in these experiments was 10 and 100 mM. Initially, a 

control experiment, without sonication, was conducted to examine whether the 

salt has any effect on the concentration of 1,4-dioxane. No significant change in 

concentration of 1,4-dioxane was observed in the control experiment. Figure 6.8 

shows the effect of salinity on the degradation of 1,4–dioxane. At 10mM salinity, 

it was observed that there was no significant enhancement or reduction in the 

removal. However, at a higher salinity of 100mM, there was a 20% reduction in 

the destruction of 1,4–dioxane. Hence, the presence of NaCl interferes with the 

sonication of 1,4-dioxane. 

 

Figure 6.8: Effect of salinity on destruction of 1,4 dioxane; Sample volume = 2600mL; P = 
700 – 750W; data shown in Appendix E, Table E5 
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6.1.6 Effect of sulfate radical 

The persulfate anion is a strong oxidizing agent with a redox potential of 2.01 V. 

Thermal activation of the persulfate anion in the presence of Fe2+ results in the 

production of highly reactive activated sulfate radicals (SO4-*), as shown in 

Equations 6.9 to 6.11:  

S2O8
2- + ultrasound + Fe2+  SO4

−* + Fe3+ + SO4
2-   (6.9) 

SO4
−* + 1,4 – dioxane  SO4

2− + products  (6.10) 

SO4
−* + SO4

−*  S2O8
2−     (6.11) 

The activated sulfate radicals have a higher redox potential of 2.6 V. An 

enhancement in the degradation of various organic chemicals at a laboratory 

scale was observed by using activated sulfate radicals (Gayathri et al. 2010; 

Neppolian et al. 2002). Figure 6.9 shows the effect of sulfate radical on the 

destruction of 1,4 – dioxane at neutral and acidic pH conditions. Under acidic 

conditions a very significant enhancement in the destruction of dioxane was 

observed. It may be observed from Figure 6.9 that as the pH increases, in the 

presence of SO4
−* the degradation of 1,4 dioxane decreases. At higher pH, the 

sulfate radicals combine to form persulfate anion. For example, at neutral pH 7, 

60% destruction of 1,4-dioxane was observed in the absence of sulfate radicals 

and 40% destruction was observed in the presence of sulfate radicals. However, 

under acidic conditions, at a pH 3 the destruction of 1,4-dioxane was 98% in the 

presence of sulfate radicals compared to 75% without the presence of any 

sulfate radicals. 
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Figure 6.9: Effect of sulfate radical on the destruction of 1,4–dioxane; sample volume = 
2600 mL; P = 700 – 750W; sonication time = 25 minutes; data shown in Appendix E, Table 
E6 

Experiments were carried out using 0.04 and 0.08 mM of SO4
−* under acidic 

conditions. As the reaction is favored in presence of heat, these experiments 

were carried out in the absence of temperature control. Figure 6.10 shows the 

effect of activated persulfate on the degradation of 1,4–dioxane. It may be 

observed from Figure 6.10 that using 0.08 mM of SO4
−* showed more that 99.6% 

removal after 4 minutes of sonication at pH 3. Figure 6.11 shows the kinetic data 

for the degradation of 1,4–dioxane. It may be observed from Figure 6.11 that at a 

pH of 7, with no oxidants the reaction rate constant was 0.0384min-1 whereas, at 

pH 3 in the presence of 0.08 mM activated sulfate, the rate constant increased to 

0.998min-1 (Table 6.1), a significant enhancement (26 times) in the reaction rate 

was observed.   
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Figure 6.10: Effect of sulfate radical on the destruction of 1,4–dioxane; sample volume = 
2600 mL; P = 700 – 750W; data shown in Appendix E, Table E1, E7 and E8 
 

 
Figure 6.11: Kinetic data for destruction of 1,4–dioxane in the presence of sulfate radical; 
data shown in Appendix 
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Table 6.1: Rate constants for destruction of 1,4-dioxane  
 Rate Constant, K 

(min-1) 

No oxidizing agents, pH 7 0.038 
0.04 mM SO4

−*, pH 7 0.143 
0.04 mM SO4

−*, pH 3 0.457 
0.08 mM SO4

−*, pH 3  0.999 
 

6.1.7 Energy efficiency of the system  

Electricity consumption can represent a significant fraction in the operating costs 

of the ultrasound treatment. An economical assessment of the process was 

performed by means of calculating the electric energy per unit order (EEO). EEO is 

defined as the electric energy in kilowatt hours (kWh) to reduce the contaminant 

concentration by one order of magnitude (Bolton et al. 2001). The EEO (kWh/L) 

value can be calculated using Equation 6.8. Table 6.2 shows the electric energy 

per unit order for degradation of 1,4–dioxane in the presence of different 

oxidizing agents. The EEO for the destruction of 1,4–dioxane without any oxidizing 

agents was 0.39 kWh/L/order. However, the value of EEO using activated sulfate 

was 0.008 kWh/L/order. Energy consumption per unit order has significantly 

decreased by 98 % using activated sulfate radicals in comparison to the use of 

no oxidizing agents. 
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Table 6.2: Electrical energy consumption for destruction of 1,4–dioxane under different 
conditions 

Sonication condition Power 
(kW) 

Sonication time 
(minutes) 

Ci

C f

 EEO 
(kWh/L/order) 

No Oxidants 0.82 30 2.54 0.39 

3 0.81 25 3.78 0.22 

5 0.81 25 3.18 0.26 

8 0.83 25 1.77 0.54 
Effect of pH 
 

10 0.83 25 1.39 0.93 

1 0.87 25 1.65 0.64 

5 0.87 25 1.49 0.81 

10 0.86 25 1.39 0.96 

100 0.86 25 1.22 1.60 

Effect of H2O2  
(mg/L) 

1000 0.86 25 1.14 2.42 

0.04 0.87 25 4.15 0.23 

0.08 0.84 25 3.36 0.26 Effect of S2O8
2-  

(mM) 
0.42 0.86 25 3.17 0.28 

0.04, pH 7 0.75 10 2.5 0.12 

0.04, pH 3 0.72 6 13.17 0.02 Effect of SO4
−*  

(mM) 
0.08, pH 3 0.72 4 264 0.008 

 

6.1.8 Electro-sonolytic destruction of 1,4 dioxane 

Experiments were conducted using a sample volume of 1500 mL at a pH of 7. A 

low electric potential of 2V was applied on the probe. Dioxane does not have a 

pKa value and does not exist in ionic form under any process conditions. Hence, 

for this part of the study, the solution pH was not varied and experiments were 

conducted at neutral pH 7. Experiments were conducted by applying both 

positive and negative potential on the probe. There was no enhancement in the 

destruction of 1,4 – dioxane by application of electric potential.  
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6.2 Sonication of Perfluoro-Octanoic Acid 

Initial batch experiments were conducted without the addition of oxidizing agents 

in the sample. Figure 6.12 shows the removal of PFOA under sonication. A 30% 

removal was observed after 5-minute sonication. No further enhancement in the 

removal was observed by increasing the sonication time to 30 minutes.  

 
Figure 6.12 Sonication of PFOA, initial concentration: 25µg/L; sample volume = 2600mL; P 
= 700 – 750W; pH 7; Telsonics reactor; data shown in Appendix F, Table F1 
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presence of both hydrophilic (acid group) and hydrophobic (perfluoroalkyl group) 

PFOA behaves as an anionic surfactant in an ultrasonic field. Surfactants were 

reported to degrade by either hydroxyl radicals (OH*) or by pyrolysis (Sostaric 

and Riesz 2002; Yim et al. 2002). Since PFOA is a non-volatile molecule, the 

possibility of reaction inside the cavitation is not feasible. Moriwaki et al (2005) 

have reported that PFOA and PFOS do not degrade in the presence of hydroxyl 

radicals. Hence, it may be concluded that most of the reaction occurs in the 

interface zone of the cavity.  

 
Figure 6.13: Effect of pH; initial concentration of 25 µg/L; sample volume = 2600mL; P = 
700 – 750W; sonication time = 30min; Telsonics reactor; data shown in Appendix F, Table 
F2 
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6.2.2 Effect of Persulfate ions 

The persulfate anion is a strong oxidizing agent with a redox potential of 2.01 V. 

Activation of the persulfate anion in the presence of Fe2+ results in the production 

of highly reactive activated sulfate radicals (SO4-*) as shown in Equations 6.9, 

6.11 and 6.12:  

 

SO4
−* + PFOA  SO4

2− + products    (6.12) 

 

The activated sulfate radicals have a higher redox potential of 2.6 V. Experiments 

were carried out using 0.04 and 0.08 mM of SO4
−* at an acidic pH. As the 

reaction is favored in presence of heat, these experiments were carried out in the 

absence of temperature control. Figure 6.14 shows the effect of activated 

persulfate on the degradation of PFOA. Approximately 70% removal of PFOA 

was observed in the presence of SO4
*－.  

 

6.2.3 Effect of Hydrogen Peroxide 

The effect of 10 and 100 mg/L of hydrogen peroxide was tested on the 

destruction of PFOA. It was observed that the hydrogen peroxide acts as a 

radical scavenger. This shows that radical oxidation is not the main mechanism 

of degradation of PFOA. Data is shown in Appendix F, Table F4. 
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Figure 6.14: Effect of Sulfate radical on destruction of PFOA; sonication time = 30 min; pH 
3; P = 700 – 750W; Telsonics reactor; data shown in Appendix F, Table F3 
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PFOA by applying 2V of electrical potential was similar to application of 5V 

electric potential. 

 
Figure 6.15: Electro-sonolytic destruction of PFOA; sample volume = 1500ml; Power input: 
600 – 700W; pH 3, data shown in Appendix G 
 

 
Figure 6.16: Effect of Voltage on the degradation of PFOA, data shown in Appendix G 
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6.4 Conclusions 

The role of oxidizing agents on the degradation of 1,4 Dioxane was investigated. 

In this study it was observed that the degradation of 1,4 dioxane occurs due to 

hydroxyl radical oxidation. Acidic conditions have are favorable for the 

degradation of 1,4 – dioxane. The presence of Hydrogen peroxide produced 

scavenging effects resulting in decrease of removal percentages. Persulfate had 

no significant enhancement in the destruction of 1,4 – dioxane. Thermal 

activation of persulfate in the presence of ferrous ions produces sulfate radicals 

(SO4
−*). The presence of SO4

−* has significantly enhanced the reaction rate 

kinetics. The degradation of 1,4 – dioxane followed pseudo first order reaction. 

Lower power consumption per unit order was observed using SO4
−*. This study 

presents an efficient technology for the removal of 1,4 – dioxane via sonication.   

 

Sonication of PFOA under normal conditions did not have a significant 

removal. Only 30% destruction of PFOA was observed under direct sonication. 

Acidic conditions provided a significant enhancement in the destruction of PFOA. 

Addition of hydrogen peroxide showed a reduced removal of PFOA. Hydroxyl 

radical oxidation is not the major mechanism for destruction of PFOA. Pyrolysis 

in the interfacial region may be the major mechanism of PFOA destruction. The 

addition of sulfate radicals under acidic conditions did not enhance the reaction 

rate kinetics. 
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The application of electric potential provides faster kinetics for organic 

contaminants with pKa values. There was no effect of applying potential for 

destruction of 1,4 dioxane (compound does not have a pKa value). More than 

95% destruction of estrogen hormones was observed within 4 minutes of 

sonication by applying an electrical potential across the probe. Application of 2V 

of electrical potential was as good as 5V for the destruction of PFOA. Applying 

high electric potential can significantly reduce the degradation of contaminants 

due to the splitting of water molecules at higher potential. Electro-sonolysis can 

significantly reduce the operating costs due to increased reaction rates and can 

provide an innovative solution for the removal of emerging contaminants from 

industrial wastes. 
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CHAPTER 7 

CONCLUSIONS 

Direct sonication of water and wastewater removes the ECs from aqueous 

solutions. The project objective of enhancing the destruction of ECs was 

obtained by optimizing the reactor design parameters and process conditions.  

 

 Power density, power intensity, ultrasound amplitude and reactor 

geometry play an important role in the optimization. Artificial neural network 

(ANN) approach was used to describe the interactions between optimized 

parameters. Power density and power intensity had a significantly higher relative 

importance of 23.3 and 22.1%, respectively in the optimization. Reactor volume 

and the sonotrode diameter had a relatively small importance of 6.3 and 9.8%, 

respectively. More than 95% destruction of all the estrogen hormones was 

obtained within 8 minutes of sonication under the optimized conditions. A 

significant reduction in the electrical energy consumption was observed.  

 

The role of oxidizing agents on the degradation of 1,4 Dioxane and PFOA was 

investigated. Acidic conditions are favorable for the degradation of 1,4 – dioxane 

and PFOA. The presence of hydrogen peroxide produced scavenging effects 

resulting in decrease of removal percentages. Persulfate had no significant 

enhancement in the destruction of 1,4 – dioxane. Thermal activation of persulfate 

in the presence of ferrous ions produces sulfate radicals (SO4
−*). The presence 
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of SO4
−* has significantly enhanced the reaction rate kinetics. The degradation of 

1,4 – dioxane followed pseudo first order reaction. Lower power consumption per 

unit order was observed using SO4
−*. This study presents an efficient technology 

for the removal of 1,4 – dioxane via sonication. The addition of sulfate radicals 

under acidic conditions did not enhance the reaction rate kinetics. 

 

Enhancement in the degradation of estrogens and PFOA was observed by using 

a low electrical potential across the probe. The application of electrical potential 

enhances the mass transfer of ECs in to the reaction zone. Applying high electric 

potential can significantly reduce the degradation of contaminants due to the 

splitting of water molecules at higher potential. Electro-sonolysis can significantly 

reduce the operating costs due to increased reaction rates and can provide an 

innovative solution for the removal of emerging contaminants from industrial 

wastes. 

 

An at-source pilot scale ultrasound treatment plant was implemented for 

pharmaceutical waste reduction at an industrial site in Brazil. The important 

findings obtained in the present work for the optimized estrogen degradation can 

help tackle the challenges of scale up such as operational optimization and 

energy consumption.  
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CHAPTER 8 

RECOMMENDATIONS AND FUTURE WORK 

Based on the recent developments concerning the presence of ECs in the 

natural environment, a comprehensive study on the degradation byproducts of 

the sonication is necessary. Also, a study on the reaction mechanisms for the 

destruction of ECs should be conducted to further understand and improve the 

treatment process. A study on the estrogenicity and toxicity of the treated 

samples is recommended to ensure that the byproducts formed are not toxic to 

aquatic life. 

 

 Most of the naturally occurring hormones exist in conjugated form. 

Therefore, the ultrasound treatment technology should be tested for the 

destruction of conjugated hormones. The effect of process conditions on the 

destruction of mixture of PFOAs needs to be evaluated. The ultrasound process 

needs to be tested for the removal other emerging contaminants such as: 

bisphenol-A etc.  

 

 Some other commercially available systems such as: dual frequency 

systems, dual frequency systems with electrochemical reaction cells need to be 

evaluated. A life cycle assessment of the process is recommended to evaluate 

the environmental impact of the treatment process. 
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APPENDIX A 

Table 1: Structure of Estrogen Hormones 

Compound Structure 

17 α estradiol 

 

17 β estradiol 

 

17 α dihydroequilin 

 

17 α ethinyl estradiol 

 

Estriol 

 

Estrone 
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Table 1 (Contd.): Structure of Estrogen Hormones 

Compound Structure 

Equilin 

 

Levonorgestrel 

 

Gestodene 

 

Trimegestrone 
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Table A2: Log Kow, solubility and Henry’s constants of estrogens 

 Analyte 
CAS # Log Kow 

Solubility  

(mg L-1) 

Henry’s Constant 

(atm-m3/mol) 

17 α-estradiol 57-91-0 4.01(1) 3.6(2) 3.64*10-12 (7) 

17 β-estradiol 50-28-2 4.01(1) 3.6(2) 3.64*10-12 (7) 

17 α-dihydroequilin 16680-48-1 NA NA NA 

Ethinyl estradiol 57-63-6 3.67(3) 11.3(1) 7.94*10-12 (7) 

Estrone 53-16-7 3.13(3) 30 (6) 3.8*10-10 (7) 

Equilin 474-86-2 3.35(4) 1.14(1) NA 
1Yalkowski 1992, 2Hansch 1996, 3Hansch 1995, 4Meylan 1995, 5Meylan 1996, 6Merck 1996, 
7meylan 1991, 8Pinsuwan 1997; NA: not available 
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APPENDIX B 

QA/QC and Recovery Efficiency Experiments 

In order to obtain an accurate and applicable data, reproducibility, recovery, 

quality assurance and quality control (QA/QC) tests are necessary. For 

instrument reproducibility, five replicate samples were prepared. Each of them 

has 1 ml of 0.1mg/L estrogen in methanol and 1ml of 0.1mg/L internal standard 

(3-O-methylestrone) in methanol. These samples are dried, derivatized and 

analyzed on GC/MS. Table B1 shows the reproducibility of the instrument. 

Relative standard deviation (RSD) was below 10%. 

Table B1: Reproducibility of the instrument 

Reproducibility Tests, Normalized peak area 
Analyte 

1 2 3 4 5 Average RSD 
17 α-estradiol 7.0 7.8 6.1 6.0 5.6 6.3 10 
17 α-estradiol 7.7 7.7 7.1 6.9 6.3 7.1 8 
17 α-dihydroequilin 7.8 7.9 7.3 7.2 6.8 7.4 6 
17 α-Ethinyl estradiol 0.3 0.3 0.3 0.3 0.3 0.3 6 
Estriol 0.3 0.3 0.2 0.3 0.2 0.2 2 
Estrone 1.9 2.0 2.0 2.0 1.9 2.0 2 
Equilin 0.5 0.5 0.5 0.5 0.5 0.5 1 
 

For extraction method reproducibility, following procedure was used for the 

preparation samples: 

1. 1.4 L of Milli-Q water was spiked with 7 ml of 0.1mg/L estrogen stock 

solution, and allowed it to settle for 2 hrs. 

2. Six samples, 200 ml each were collected from the above solution into 

500ml amber glass bottles. 
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3. Solid phase extraction (SPE) was performed using Varian C-18 filters. 

200 ml of previously collected spiked milli-Q water was passed through 

Varian C 18 SPE cartridge. After loading, the cartridge was washed 

with milli-Q water. The cartridges were then eluted with 6 ml of 

methanol. The methanol eluent was spiked with 1 ml of 0.1mg/L of 

internal standard and dried. 

4. Dried samples were derivatized and analyzed on GC/MS. During 

derivatization three of the samples are dried using Na2SO4 salt to 

remove possibly remaining moisture and the rest of the three samples 

are derivatized without adding Na2SO4 salt. 

 

Tables B2 and B3 show the reproducibility of the extraction method. Addition of 

salt during the derivatization step did not have a significant effect of the 

reproducibility. Therefore, the analysis was carried out without the addition of any 

salts. 

 

Table B2: Analytical method reproducibility, no salt was added during derivatization 

MQ water data, normalized peak area 
Analyte 

1 2 3 Average RSD 
17 α-estradiol 6.5 6.5 7.0 6.0 4 
17 α-estradiol 6.7 6.8 7.2 6.9 4 
17 α-dihydroequilin 6.3 6.6 6.6 6.6 5 
17 α-Ethinyl estradiol 0.3 0.4 0.3 0.3 3 
Estriol 0.2 0.2 0.2 0.2 1 
Estrone 1.6 1.6 1.7 1.7 4 
Equilin 0.4 0.4 0.4 0.4 5 
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Table B2: Analytical method reproducibility, Na2SO4 salt was added during derivatization 

MQ water data, normalized peak area 
Analyte 

1 2 3 Average RSD 
17 α-estradiol 6.85 6.50 6.27 6.54 4.51 
17 α-estradiol 7.34 6.81 6.70 6.95 4.88 
17 α-dihydroequilin 7.01 6.58 6.35 6.65 5.08 
17 α-Ethinyl estradiol 0.31 0.35 0.39 0.35 11.41 
Estriol 0.27 0.28 0.28 0.28 3.23 
Estrone 1.84 1.79 1.73 1.79 3.32 
Equilin 0.49 0.48 0.48 0.48 1.67 
 

Mixed stock solutions of estrogen hormones were prepared in methanol at 10 

mg/L in a silanized amber glass volumetric flask and stored at 4°C.  From this 

stock solution, calibration standards were prepared by spiking appropriate 

amounts of stock solution to 200 ml Milli-Q water (18.2 MΩ-cm, filtered to contain 

particles no larger than 0.20 microns). Calibration data curves for each standard 

set were regressed.  The standard set data was only used if the coefficient of 

determination (r2) value was 0.99 or greater.  Figure B1 shows a sample 

calibration curve for 17α-estradiol. For recovery efficiency tests, milli-Q water was 

spiked with known amount of estrogen hormones stock, passed through SPE, 

eluted, spiked with internal standard, dried, derivatized and analyzed on GC. The 

recovery efficiency (RE%) was calculated using Equation B1, where C is mass of 

estrogen in the extract of milli-Q water (calculated from calibration) and Cs is the 

mass of estrogen spiked. 

     (B1) 
  
RE% =

C
Cs

!100
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Figure B1: Sample calibration curve for 17α-Estradiol 

 

Table B3: Recovery Efficiency of milli-Q water 

Set 1 Set 2 Set 3 ANALYTE 
RE % RSD* RE % RSD* RE % RSD* 

17 α-estradiol 100 8 92 1 91 2 

17 β-estradiol 97 6 96 3 92 1 

17 α-dihydroequilin 94 9 92 2 86 5 

17 a-Ethinyl estradiol 84 2 71 6 58 3 

Estriol 94 6 106 9 96 1 

Estrone 97 10 99 3 101 6 

Equilin 92 14 90 7 99 5 
* Triplicate analysis was performed to obtain RSD 

The recovery efficiencies of estrogen hormones from milli-Q water are shown in 

Table B3. High recovery efficiencies and low RSD (<14) show the applicability of 

the analytical method. 
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Figure B2: GC/MS/MS used for analysis 
 

 
Figure B3: LC/MS/MS used for analysis 
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APPENDIX C 

Table C1: Mass of estrogen hormones (ng) in wastewater influent (WWTP I) 

Analyte Influent, Unspiked Wastewater (influent), Spiked 

17 α - estradiol Nd	   Nd	   Nd	   43	   48	   50	  

17 β - estradiol 32	   38	   33	   74	   75	   85	  

17 α - dihydroequilin 5	   6	   2	   52	   52	   56	  

17 α - ethinyl estradiol 15	   16	   17	   338	   150	   306	  

Estriol 95	   106	   106	   147	   143	   125	  

Estrone 14	   17	   13	   101	   76	   127	  

Equilin Nd	   Nd	   Nd	   65	   63	   66	  

Nd: non detect 

Table C2: Mass of estrogen hormones (ng) in Primary effluent (WWTP I) 

Analyte Primary Effluent, Unspiked Primary Effluent, Spiked 

17 α - estradiol 2 2 2 55 44 41 

17 β - estradiol 6 6 6 54 42 40 

17 α - dihydroequilin Nd Nd Nd 40 32 29 

17 α - ethinyl estradiol Nd Nd Nd 54 48 31 

Estriol 45 48 48 94 74 72 

Estrone 8 9 9 69 55 55 

Equilin Nd Nd Nd 81 65 57 
Nd: non detect 

Table C3: Mass of estrogen hormones (ng) in Secondary effluent (WWTP I) 

Analyte Secondary Effluent, 
Unspiked 

Secondary Effluent, 
Spiked 

17 α - estradiol Nd Nd 63 61 59 

17 β - estradiol Nd Nd 55 54 53 

17 α - dihydroequilin 2 1 55 54 52 

17 α - ethinyl estradiol Nd Nd 26 30 37 

Estriol Nd Nd 53 48 47 

Estrone 4 Nd 64 63 60 

Equilin Nd nd 96 106 104 
Nd: non detect 
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Table C4: Mass of estrogen hormones (ng) in Final effluent (WWTP I) 

Analyte Final Effluent, Unspiked Final Effluent, Spiked 

17 α - estradiol Nd Nd Nd 66 70 62 

17 β - estradiol Nd Nd Nd 58 61 55 

17 α - dihydroequilin 3 3 2 56 59 54 

17 α - ethinyl estradiol Nd Nd Nd 28 31 28 

Estriol Nd Nd Nd 56 49 50 

Estrone Nd Nd Nd 60 61 63 

Equilin Nd Nd Nd 93 95 104 
Nd: non detect 

 

Table C5: Mass of estrogen hormones (ng) in Influent (WWTP II) 

Analyte Influent, Unspiked Influent, Spiked 

17 α - estradiol Nd Nd Nd 56 53 48 

17 β - estradiol Nd Nd Nd 78 74 66 

17 α - dihydroequilin 2 2 2 32 29 19 

17 α - ethinyl estradiol Nd Nd Nd Na 63 38 

Estriol Nd Nd Nd Na 174 139 

Estrone 10 10 10 52 58 49 

Equilin Nd Nd Nd 44 Na 30 
Nd: non detect; Na: not available 

 

Table C6: Mass of estrogen hormones (ng) in SBR Effluent (WWTP II) 
SBR Effluent 

ANALYTE 
Unspiked Spiked 

17 α-estradiol Nd Nd 69 
17 β-estradiol Nd Nd 56 
17 α-dihydroequilin 3 4 54 
17 a-Ethinyl estradiol Nd Nd 46 
Estriol Nd Nd 52 
Estrone Nd Nd 72 
Equilin Nd Nd 101 

Nd: non detect 
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Table C7: Mass of estrogen hormones (ng) in Final Effluent (WWTP II) 

Analyte Spiked Unspiked 

17 α-estradiol Nd Nd 67 69 

17 β-estradiol Nd Nd 60 62 

17 α-dihydroequilin 5 5 54 57 

17 a-Ethinyl estradiol 11 Nd 62 78 

Estriol Nd Nd 61 62 

Estrone 4 2 66 66 

Equilin Nd Nd 93 90 
Nd: non detect 

 
Table C8: Mass of estrogen hormones (ng) in Primary Sludge Supernatant (WWTP I) 

Analyte Primary Sludge   
Supernatant, Unspiked 

Primary Sludge 
Supernatant, Spiked 

17 α - estradiol 3 3 2 141 135 

17 β - estradiol 39 50 44 110 108 

17 α - dihydroequilin Nd Nd Nd 169 166 

17 α - ethinyl estradiol 22 Nd Nd 184 179 

Estriol 152 153 121 222 223 

Estrone 17 18 16 144 143 

Equilin Nd Nd Nd 225 224 
Nd: non detect 

 
Table C9: Mass of estrogen hormones (ng) in Mixed Liquor Supernatant (WWTP I) 

Analyte Mixed Liquor  
Supernatant, Unspiked 

Mixed Liquor  
Supernatant, Spiked 

17 α - estradiol 2 2 2 66 70 69 

17 β - estradiol Nd Nd Nd 72 77 75 

17 α - dihydroequilin Nd Nd Nd 53 53 51 

17 α - ethinyl estradiol Nd Nd Nd 28 29 29 

Estriol Nd Nd Nd 41 45 43 

Estrone 3 3 3 100 100 96 

Equilin Nd Nd Nd 109 120 103 
Nd: non detect 
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Table C10: Mass of estrogen hormones (ng) in Secondary Sludge Supernatant (WWTP I) 

Analyte Secondary Sludge   
Supernatant, Unspiked 

Secondary Sludge 
Supernatant, Spiked 

17 α - estradiol 2 2 86 89 

17 β - estradiol 1 1 68 68 

17 α - dihydroequilin Nd Nd 63 64 

17 α - ethinyl estradiol Nd Nd 56 64 

Estriol Nd Nd 39 43 

Estrone Nd Nd 86 85 

Equilin Nd Nd 124 123 
Nd: non detect 
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APPENDIX D 

Table D1: Effect of mixing; r = 0.30; sonication time = 20 minutes; sample volume = 900ml 

Percentage Removal 
Analyte 

No Mixing With Mixing 

17 α Estradiol 78 79 

17 β Estradiol 79 75 

17 α dihydroequilin 94 79 

17 α Ethinylestradiol 57 54 

Estriol 61 64 

Estrone 74 76 

Equilin 77 77 
  
 

Table D2: Effect of mixing; r = 0.19; sonication time = 20 minutes 

Percentage Removal 

1200 ml 1400 ml 1600 ml 1800 ml Analyte 

NM M NM M NM M NM M 

17 α Estradiol 39 76 36	   59	   25	   57	   33	   61	  

17 β Estradiol 46 77 40	   55	   26	   55	   36	   59	  

17 α dihydroequilin 84 84 67	   72	   57	   74	   62	   79	  

17 α Ethinylestradiol 0 61 24	   43	   NA	   41	   18	   49	  

Estriol 34 64 14	   32	   21	   31	   17	   35	  

Estrone 47 79 24	   45	   30	   42	   21	   49	  

Equilin 60 79 43	   53	   39	   48	   31	   54	  

NM: no mixing; M: with mixing 
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Table D3: Ultrasound amplitude changed at the generator; sonication time = 20 minutes; 
sample volume = 800ml; commercially available system (BS2d55 probe, max amplitude= 
25µm); Concentration in ng/L 

ANALYTE Stock 25 µm 20 µm 16 µm 12 µm 

17 α Estradiol 12552 7964 8349 8856 9523 

17 β Estradiol 13078 8265 8777 9384 10085 

17 α dihydroequilin 12544 4904 5352 6780 7655 

17 α Ethinylestradiol 6730 4054 5054 5490 7780 

Estriol 10463 8337 8267 8119 8729 

Estrone 10939 7713 7368 7980 7649 

Equilin 5452 2654 3195 3351 4048 

Levonorgestrel 554 516 430 529 713 

Gestodene 627 437 536 578 732 

Estradiol Valerate 7515 6428 6712 6877 7260 

 

Table D4: Percentage removal of estrogen hormones using BS2d18 sonotrode; sonication 
time = 20 minutes (Experiment I) 

BS2d18 Sonotrode, Experiment I 
Analyte 

B2-1.2 B B2-1.2 R B2-1.4 B B2-1.4 R 

17 α Estradiol 26 19 24 41 

17 β Estradiol 29 22 29 40 

17 α dihydroequilin 40 30 45 49 

17 α Ethinylestradiol 56 32 42 97 

Estriol 24 15 20 32 

Estrone 9 7 11 43 

Equilin 18 12 19 43 

Levonorgestrel 100 100 45 94 

Gestodene 7 0 0 90 

Trimegestrone 44 20 78 100 

Estradiol Valerate 50 26 38 71 
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Table D5: Percentage removal of estrogen hormones using BS2d18 sonotrode; sonication 
time = 20 minutes (Experiment II) 

BS2d18 Sonotrode, Experiment II 
Analyte No 

Booster 1.2 B 1.2 R 1.4 B 1.4 R 

17 α Estradiol 9 9 3 7 1 

17 β Estradiol 12 13 8 10 3 

17 α dihydroequilin 18 28 24 19 8 

17 α Ethinylestradiol 24 30 23 14 22 

Estriol 14 9 5 22 17 

Estrone 12 1 1 25 13 

Equilin 13 15 12 13 3 

Levonorgestrel 23 49 45 41 65 

Gestodene 18 25 21 35 52 

Trimegestrone 22 32 33 43 60 

Estradiol Valerate 50 30 12 65 59 

 

Table D6: Percentage removal of estrogen hormones using BS2d18 sonotrode; sonication 
time = 20 minutes (Experiment III) 

BS2d18 Sonotrode, Experiment III Analyte 
No 

Booster 1.2 B 1.2 R 1.4 B 1.4 R 

17 α Estradiol 9 49 30 22 15 

17 β Estradiol 12 31 8 8 3 

17 α dihydroequilin 18 29 34 43 34 

17 α Ethinylestradiol 24 63 59 62 51 

Estriol 14 41 30 26 15 

Estrone 12 34 25 23 12 

Equilin 13 41 34 35 20 

Levonorgestrel 23 43 44 54 33 

Gestodene 18 20 26 36 26 

Trimegestrone 22 2 23 36 26 

Estradiol Valerate 50 10 0 38 33 
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Table D7: Percentage removal of estrogen hormones using BS2d22 sonotrode; sonication 
time = 20 minutes (Experiment I) 

BS2d22 Sonotrode, Experiment I 
Analyte 

B2-1.2 B B2-1.2 R B2-1.4 B B2-1.4 R 
17 α Estradiol 17 19 22 16 

17 β Estradiol 22 19 25 16 

17 α dihydroequilin 42 34 40 24 

17 α Ethinylestradiol 31 27 41 23 

Estriol 19 14 1 10 

Estrone 10 12 12 8 

Equilin 24 20 21 14 

Levonorgestrel 41 20 48 30 

Gestodene 21 2 31 13 

Trimegestrone 43 8 79 74 

Estradiol Valerate 10 25 7 29 

 

Table D8: Percentage removal of estrogen hormones using BS2d22 sonotrode; sonication 
time = 20 minutes (Experiment II) 

BS2d22 Sonotrode, Experiment II 
Analyte No 

Booster 1.2 B 1.2 R 1.4 B 1.4 R 

17 α Estradiol 8 19 12 18 8 

17 β Estradiol 12 15 10 15 8 

17 α dihydroequilin 19 58 38 49 35 

17 α Ethinylestradiol 22 61 45 49 29 

Estriol 11 21 13 14 9 

Estrone 12 19 13 15 8 

Equilin 15 34 24 28 18 

Levonorgestrel 24 53 40 42 25 

Gestodene 16 38 31 28 19 

Trimegestrone 21 45 39 43 21 

Estradiol Valerate 19 62 46 3 0 
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Table D9: Percentage removal of estrogen hormones using BS2d22 sonotrode; sonication 
time = 20 minutes (Experiment III) 

BS2d22 Sonotrode, Experiment III Analyte 
No 

Booster 1.2 B 1.2 R 1.4 B 1.4 R 

17 α Estradiol 8 13 3 6 2 

17 β Estradiol 12 12 5 10 0 

17 α dihydroequilin 19 17 4 25 0 

17 α Ethinylestradiol 22 16 17 26 16 

Estriol 11 20 19 22 15 

Estrone 12 27 17 20 14 

Equilin 15 14 4 17 0 

Levonorgestrel 24 44 62 67 62 

Gestodene 16 42 50 54 50 

Trimegestrone 21 47 59 64 59 

Estradiol Valerate 19 54 60 51 50 

 

Table D10: Percentage removal of estrogen hormones using BS2d34 sonotrode; 
sonication time = 20 minutes (Experiment I) 

BS2d34 Sonotrode, Experiment I 
Analyte 

B2-1.2 B B2-1.2 R B2-1.4 B B2-1.4 R 
17 α Estradiol 31 21 48 20 

17 β Estradiol 31 17 44 26 

17 α dihydroequilin 71 32 63 38 

17 α Ethinylestradiol 20 25 49 24 

Estriol 18 14 30 15 

Estrone 28 11 36 16 

Equilin 46 19 45 22 

Levonorgestrel 9 31 50 31 

Gestodene 10  40 19 

Trimegestrone 21 26 82 72 

Estradiol Valerate 28 51 55 37 
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Table D11: Percentage removal of estrogen hormones using BS2d34 sonotrode; 
sonication time = 20 minutes (Experiment II) 

BS2d34 Sonotrode, Experiment II Analyte 
No 

Booster 1.2 B 1.2 R 1.4 B 1.4 R 

17 α Estradiol 22 33 27 35 24 

17 β Estradiol 20 32 26 35 24 

17 α dihydroequilin 29 44 34 45 17 

17 α Ethinylestradiol 37 39 32 43 40 

Estriol 17 35 21 27 33 

Estrone 17 43 25 34 35 

Equilin 22 38 30 42 24 

Levonorgestrel 36 69 29 39 71 

Gestodene 25 63 22 30 59 

Trimegestrone 31 68 23 31 67 

Estradiol Valerate 8 52 24 37 58 

 

Table D12: Percentage removal of estrogen hormones using BS2d34 sonotrode; 
sonication time = 20 minutes (Experiment III) 

BS2d34 Sonotrode, Experiment II Analyte 
No 

Booster 1.2 B 1.2 R 1.4 B 1.4 R 

17 α Estradiol 22 29 11 23 14 

17 β Estradiol 20 29 15 25 13 

17 α dihydroequilin 29 62 45 67 40 

17 α Ethinylestradiol 37 43 27 34 26 

Estriol 17 22 14 0 8 

Estrone 17 27 17 22 11 

Equilin 22 42 30 39 22 

Levonorgestrel 36 44 35 38 31 

Gestodene 25 34 23 28 17 

Trimegestrone 31 37 26 33 25 

Estradiol Valerate 8 31 23 37 15 
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Table D13: Percentage removal of estrogen hormones using BS2d40 sonotrode; 
sonication time = 20 minutes (Experiment I) 

BS2d40 Sonotrode, Experiment I 
Analyte 

B2-1.2 B B2-1.2 R B2-1.4 B B2-1.4 R 
17 α Estradiol 33 25 33 33 

17 β Estradiol 37 25 32 31 

17 α dihydroequilin 54 41 52 42 

17 α Ethinylestradiol 35 22 36 30 

Estriol 26 15 17 23 

Estrone 28 18 27 20 

Equilin 35 27 37 28 

Levonorgestrel 44 29 42 23 

Gestodene 34 17 30 12 

Trimegestrone 78 34 79 75 

Estradiol Valerate 48 33 20 21 

 

Table D14: Percentage removal of estrogen hormones using BS2d40 sonotrode; 
sonication time = 20 minutes (Experiment II) 

BS2d40 Sonotrode, Experiment II Analyte 
No 

Booster 1.2 B 1.2 R 1.4 B 1.4 R 

17 α Estradiol 13 45 33 45 22 

17 β Estradiol 14 38 32 44 23 

17 α dihydroequilin 20 45 29 45 15 

17 α Ethinylestradiol 20 56 44 54 30 

Estriol 8 47 39 47 32 

Estrone 13 51 45 56 37 

Equilin 15 47 35 50 23 

Levonorgestrel 23 76 72 74 62 

Gestodene 15 64 61 66 53 

Trimegestrone 20 72 68 74 61 

Estradiol Valerate 23 61 61 63 48 
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Table D15: Percentage removal of estrogen hormones using BS2d40 sonotrode; 
sonication time = 20 minutes (Experiment III) 

BS2d40 Sonotrode, Experiment II Analyte 
No 

Booster 1.2 B 1.2 R 1.4 B 1.4 R 

17 α Estradiol 13 25 13 32 9 

17 β Estradiol 14 27 17 31 11 

17 α dihydroequilin 20 56 28 44 13 

17 α Ethinylestradiol 20 30 14 35 10 

Estriol 8 20 11 18 5 

Estrone 13 28 16 32 12 

Equilin 15 41 21 37 12 

Levonorgestrel 23 37 17 39 17 

Gestodene 15 31 16 33 13 

Trimegestrone 20 34 16 33 15 

Estradiol Valerate 23 45 32 43 20 

 

Table D16: Power density, amplitude and aspect ratio data for BS2d18 sonotrode 

BS2d18 Sonotrode, Aspect ratio, r = 0.02 

Booster/Reducer B2-1.2 B B2-1.2 R B2-1.4 B B2-1.4 R No Booster 

Total Degradation % 29 21 25 26 14 

Power Density, W/cc 0.084 0.069 0.091 0.072 0.075 

Power intensity, 
W/cm2 54 44 58 46 48 

Amplitude, µm 80 55 96 47 66 

 

Table D17: Power density, amplitude and aspect ratio data for BS2d22 sonotrode 

BS2d22 Sonotrode, Aspect ratio, r = 0.031 

Booster/Reducer B2-1.2 B B2-1.2 R B2-1.4 B B2-1.4 R No Booster 

Total Degradation % 24 17 23 12 14 

Power Density, W/cc 0.091 0.066 0.084 0.066 0.081 

Power intensity, 
W/cm2 38 28 36 28 34 

Amplitude, µm 52 36 60 41 43 
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Table D18: Power density, amplitude and aspect ratio data for BS2d34 sonotrode 

BS2d34 Sonotrode, Aspect ratio, r = 0.073 

Booster/Reducer B2-1.2 B B2-1.2 R B2-1.4 B B2-1.4 R No Booster 

Total Degradation % 36 24 38 23 23 

Power Density, W/cc 0.103 0.075 0.109 0.072 0.084 

Power intensity, 
W/cm2 18 13 19 13 15 

Amplitude, µm 23 16 27 14 19 

 

Table D19: Power density, amplitude and aspect ratio data for BS2d34 sonotrode 

BS2d34 Sonotrode, Aspect ratio, r = 0.1019 

Booster/Reducer B2-1.2 B B2-1.2 R B2-1.4 B B2-1.4 R No Booster 

Total Degradation % 38 26 38 21 15 

Power Density, W/cc 0.084 0.075 0.094 0.075 0.078 

Power intensity, 
W/cm2 11 10 12 10 10 

Amplitude, µm 17 12 20 10 14 

 

Table D20: Concentration (ng/L) data of estrogen hormones, sonication time = 20 minutes, 
aspect ratio = 0.30; amplitude = 25µm 

ANALYTE Initial 600 ml 700 ml 800 ml 900ml 

17 α Estradiol 13216 5449 5824 2272 2934 

17 β Estradiol 13226 5745 5824 1901 2722 

17 α dihydroequilin 12920 2492 1966 667 785 

17 α Ethinylestradiol 7777 4558 4222 1999 3349 

Estriol 9933 7241 7264 2909 3921 

Estrone 9633 4123 4587 2006 2538 

Equilin 6050 2035 2089 1252 1388 
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Table D21: Concentration (ng/L) data of estrogen hormones, sonication time = 20 minutes, 
aspect ratio = 0.19; amplitude = 25µm 

ANALYTE Initial 900ml 1200ml 1600ml 

17 α Estradiol 13352 8576 8204 10036 

17 β Estradiol 13088 8165 7103 9628 

17 α dihydroequilin 11791 3809 1866 5105 

17 α Ethinylestradiol 4814 4599 5026 5611 

Estriol 9952 7379 6594 7877 

Estrone 12169 7453 6472 8532 

Equilin 6785 3339 2738 4156 

 

Table D22: Concentration (ng/L) data of estrogen hormones, sonication time = 20 minutes, 
aspect ratio = 0.07; amplitude = 20µm 

Sample Volume, ml Analyte Initial 1 Initial 2 

1000 1200 1400 1600 1800 

17 α Estradiol 13019 13373 5538 6476 7470 6542 7194 

17 β Estradiol 11930 12696 5229 5852 7052 5996 6758 

17 α dihydroequilin 12323 13292 1813 2017 3102 1812 3407 

17 α Ethinylestradiol 9958 10696 4608 4827 6125 5324 6041 

Estriol 10946 11819 6559 7038 8089 7382 8138 

Estrone 11075 12326 5771 5647 7057 5271 6320 

Equilin 8790 9583 3390 3304 4571 3081 4253 

Levonorgestrel 6509 7542 2435 2220 3269 2662 3634 

Gestodene 7410 10816 5607 3814 6974 2253 5436 

Trimegestrone 5964 8181 2696 3931 4462 2312 3898 

Estradiol Valerate 4624 6849 1244 2191 3228 2622 4324 
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Table D23: Concentration (ng/L) data of estrogen hormones, sonication time = 20 minutes, 
aspect ratio = 0.06; amplitude = 20µm 

Sample Volume, ml 
Analyte Initial 1 Initial 2 

1300 1500 1700 

17 α Estradiol 12796 11908 8350 8416 7024 

17 β Estradiol 12523 12080 8483 8014 6892 

17 α dihydroequilin 14665 13987 6255 4277 4456 

17 α Ethinylestradiol 8643 8236 3775 4266 3672 

Estriol 8781 8479 6554 6181 6472 

Estrone 10564 10376 8497 7140 6376 

Equilin 12680 12326 8090 6279 6036 

Levonorgestrel 2804 2585 1429 1437 1470 

Gestodene 4678 4543 3102 2718 2757 

Trimegestrone 3600 3418 2677 2219 2148 

Estradiol Valerate 6219 5532 4203 3980 3686 

 
 
 

Table D24: Concentration (ng/L) data of estrogen hormones, sonication time = 20 minutes, 
aspect ratio = 0.10; amplitude = 20µm 

Sample Volume, ml 
Analyte Initial 1 Initial 2 

1200 1400 1600 1800 
17 α Estradiol 11470 12305 7905 6251 6585 7742 

17 β Estradiol 10621 11456 7528 5976 6150 7167 

17 α dihydroequilin 10516 11670 4589 3023 2818 3628 

17 α Ethinylestradiol 9500 9655 4825 4556 5266 6362 

Estriol 10132 10602 8066 7052 7572 7896 

Estrone 11776 11442 8453 6695 6263 7540 

Equilin 8869 8848 5098 4107 4013 4983 

Levonorgestrel 8165 7765 2009 2889 3306 4958 

Gestodene 15937 16182 9245 6879 6302 10610 

Trimegestrone 8285 10093 3309 2699 4901 5188 

Estradiol Valerate 5887 4748 2461 3455 3788 5080 
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Table D25: Concentration (ng/L) data of estrogen hormones, sonication time = 20 minutes, 
aspect ratio = 0.14; amplitude = 20µm 

 

Table D26: Percentage removal (%) data at 25 µm amplitude; sonication time = 20 minutes; 
sample volume = 1600ml 

Analyte Reactor 1 Reactor 2 Reactor 3 
17 α Estradiol 25 57 27 

17 β Estradiol 25 55 29 

17 α dihydroequilin 45 74 52 

17 α Ethinylestradiol 34 41 32 

Estriol 18 31 20 

Estrone 17 42 30 

Equilin 28 48 40 

Levonorgestrel 32 na 28 

Gestodene 20 na 27 

Trimegestrone 22 na 23 

Estradiol Valerate 23 na 25 

Aspect Ratio, r 0.30 0.19 0.10 

Diameter of beaker, cm 10 12.7 17.5 

Power Density, W/cc 0.17 0.17 0.17 

Power Intensity, W/cm2 11 11 11 
 
 

Sample Volume 
Analyte Initial 1 Initial 2 

600 800  1000 1200 1400 1600  
17 α Estradiol 12305 12494 4076 3635 4859 5156 6675 6517 

17 β Estradiol 11456 11632 4275 4157 5075 5392 6655 6408 

17 α dihydroequilin 11670 11895 1259 992 1781 2043 3081 3234 

17 α Ethinylestradiol 9655 9893 3440 3264 4233 4618 5829 5651 

Estriol 10602 10820 6401 5795 6644 7442 8359 8355 

Estrone 11442 11612 3841 3747 4728 4716 6246 5788 

Equilin 8848 8988 2363 2180 3019 3364 4296 3968 

Levonorgestrel 7765 7549 1856 1737 2640 2893 3661 4012 

Gestodene 16182 13305 4341 4561 4716 4628 6707 7622 

Trimegestrone 10093 8523 3057 2089 2151 3303 4067 4561 

Estradiol Valerate 4748 5371 1050 1513 2186 2205 3051 2979 
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Table D27: Percentage removal (%) data at 20 µm amplitude; sonication time = 20 minutes; 
sample volume = 1600 ml 

Analyte Reactor 1 Reactor 2 Reactor 3 

17 α Estradiol 33 30 37 

17 β Estradiol 33 30 37 

17 α dihydroequilin 63 68 66 

17 α Ethinylestradiol 33 23 48 

Estriol 24 17 26 

Estrone 34 35 35 

Equilin 46 48 47 

Levonorgestrel 28 18 39 

Gestodene 29 21 37 

Trimegestrone 31 24 35 

Estradiol Valerate 46 46 39 

Aspect Ratio, r 0.16 0.10 0.07 

Diameter of beaker, cm 10 12.7 15 

Power Density, W/cc 0.11 0.11 0.11 

Power Intensity, W/cm2 13.6 13.6 13.6 

 

Table D28: ANN modeling training data 

Analyte 
Removal 

Efficiency 
(%) 

Power 
Density 

Power 
intensity Amplitude Aspect 

ratio 
Diameter 

(mm) 
Volume 

(L) 

17 α Estradiol 9 0.075 48 66 0.02 18 1.6 
17 α Estradiol 28 0.084 54 80 0.02 18 1.6 
17 α Estradiol 17 0.069 44 55 0.02 18 1.6 
17 α Estradiol 17 0.091 58 96 0.02 18 1.6 
17 α Estradiol 18 0.072 46 47 0.02 18 1.6 
17 β Estradiol 12 0.075 48 66 0.02 18 1.6 
17 β Estradiol 24 0.084 54 80 0.02 18 1.6 
17 β Estradiol 13 0.069 44 55 0.02 18 1.6 
17 β Estradiol 16 0.091 58 96 0.02 18 1.6 
17 β Estradiol 15 0.072 46 47 0.02 18 1.6 
17 α dihydroequilin 18 0.075 48 66 0.02 18 1.6 
17 α dihydroequilin 32 0.084 54 80 0.02 18 1.6 
17 α dihydroequilin 30 0.069 44 55 0.02 18 1.6 
17 α dihydroequilin 35 0.091 58 96 0.02 18 1.6 
17 α dihydroequilin 31 0.072 46 47 0.02 18 1.6 
17α Ethinylestradiol 24 0.075 48 66 0.02 18 1.6 
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Table D28, Contd. 
17α Ethinylestradiol 50 0.084 54 80 0.02 18 1.6 
17α Ethinylestradiol 38 0.069 44 55 0.02 18 1.6 
17α Ethinylestradiol 39 0.091 58 96 0.02 18 1.6 
17α Ethinylestradiol 56 0.072 46 47 0.02 18 1.6 
Estriol 14 0.075 48 66 0.02 18 1.6 
Estriol 25 0.084 54 80 0.02 18 1.6 
Estriol 17 0.069 44 55 0.02 18 1.6 
Estriol 22 0.091 58 96 0.02 18 1.6 
Estriol 21 0.072 46 47 0.02 18 1.6 
Estrone 12 0.075 48 66 0.02 18 1.6 
Estrone 15 0.084 54 80 0.02 18 1.6 
Estrone 10 0.069 44 55 0.02 18 1.6 
Estrone 20 0.091 58 96 0.02 18 1.6 
Estrone 23 0.072 46 47 0.02 18 1.6 
Equilin 13 0.075 48 66 0.02 18 1.6 
Equilin 24 0.084 54 80 0.02 18 1.6 
Equilin 20 0.069 44 55 0.02 18 1.6 
Equilin 23 0.091 58 96 0.02 18 1.6 
Equilin 22 0.072 46 47 0.02 18 1.6 
17α Estradiol 8 0.081 34 43 0.031 22 1.6 
17α Estradiol 16 0.091 38 52 0.031 22 1.6 
17α Estradiol 11 0.066 28 36 0.031 22 1.6 
17α Estradiol 15 0.084 36 60 0.031 22 1.6 
17α Estradiol 7 0.066 28 41 0.031 22 1.6 
17β Estradiol 12 0.081 34 43 0.031 22 1.6 
17β Estradiol 16 0.091 38 52 0.031 22 1.6 
17β Estradiol 11 0.066 28 36 0.031 22 1.6 
17β Estradiol 17 0.084 36 60 0.031 22 1.6 
17β Estradiol 8 0.066 28 41 0.031 22 1.6 
17α dihydroequilin 19 0.081 34 43 0.031 22 1.6 
17α dihydroequilin 39 0.091 38 52 0.031 22 1.6 
17α dihydroequilin 25 0.066 28 36 0.031 22 1.6 
17α dihydroequilin 38 0.084 36 60 0.031 22 1.6 
17α dihydroequilin 17 0.066 28 41 0.031 22 1.6 
17α Ethinylestradiol 22 0.081 34 43 0.031 22 1.6 
17α Ethinylestradiol 36 0.091 38 52 0.031 22 1.6 
17α Ethinylestradiol 30 0.066 28 36 0.031 22 1.6 
17α Ethinylestradiol 39 0.084 36 60 0.031 22 1.6 
17α Ethinylestradiol 23 0.066 28 41 0.031 22 1.6 
Estriol 11 0.081 34 43 0.031 22 1.6 
Estriol 20 0.091 38 52 0.031 22 1.6 
Estriol 15 0.066 28 36 0.031 22 1.6 
Estriol 12 0.084 36 60 0.031 22 1.6 
Estriol 11 0.066 28 41 0.031 22 1.6 
Estrone 12 0.081 34 43 0.031 22 1.6 
Estrone 19 0.091 38 52 0.031 22 1.6 
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Table D28, Contd. 
Estrone 14 0.066 28 36 0.031 22 1.6 
Estrone 16 0.084 36 60 0.031 22 1.6 
Estrone 10 0.066 28 41 0.031 22 1.6 
Equilin 15 0.081 34 43 0.031 22 1.6 
Equilin 24 0.091 38 52 0.031 22 1.6 
Equilin 16 0.066 28 36 0.031 22 1.6 
Equilin 22 0.084 36 60 0.031 22 1.6 
Equilin 10 0.066 28 41 0.031 22 1.6 
17α Estradiol 22 0.084 15 19 0.073 34 1.6 
17α Estradiol 31 0.103 18 23 0.073 34 1.6 
17α Estradiol 20 0.075 13 16 0.073 34 1.6 
17α Estradiol 35 0.109 19 27 0.073 34 1.6 
17α Estradiol 19 0.072 13 14 0.073 34 1.6 
17β Estradiol 20 0.084 15 19 0.073 34 1.6 
17β Estradiol 31 0.103 18 23 0.073 34 1.6 
17β Estradiol 19 0.075 13 16 0.073 34 1.6 
17β Estradiol 35 0.109 19 27 0.073 34 1.6 
17β Estradiol 21 0.072 13 14 0.073 34 1.6 
17α dihydroequilin 29 0.084 15 19 0.073 34 1.6 
17α dihydroequilin 59 0.103 18 23 0.073 34 1.6 
17α dihydroequilin 37 0.075 13 16 0.073 34 1.6 
17α dihydroequilin 58 0.109 19 27 0.073 34 1.6 
17α dihydroequilin 32 0.072 13 14 0.073 34 1.6 
17α Ethinylestradiol 37 0.084 15 19 0.073 34 1.6 
17α Ethinylestradiol 34 0.103 18 23 0.073 34 1.6 
17α Ethinylestradiol 28 0.075 13 16 0.073 34 1.6 
17α Ethinylestradiol 42 0.109 19 27 0.073 34 1.6 
17α Ethinylestradiol 30 0.072 13 14 0.073 34 1.6 
Estriol 17 0.084 15 19 0.073 34 1.6 
Estriol 25 0.103 18 23 0.073 34 1.6 
Estriol 16 0.075 13 16 0.073 34 1.6 
Estriol 19 0.109 19 27 0.073 34 1.6 
Estriol 19 0.072 13 14 0.073 34 1.6 
Estrone 17 0.084 15 19 0.073 34 1.6 
Estrone 33 0.103 18 23 0.073 34 1.6 
Estrone 17 0.075 13 16 0.073 34 1.6 
Estrone 31 0.109 19 27 0.073 34 1.6 
Estrone 21 0.072 13 14 0.073 34 1.6 
Equilin 22 0.084 15 19 0.073 34 1.6 
Equilin 42 0.103 18 23 0.073 34 1.6 
Equilin 26 0.075 13 16 0.073 34 1.6 
Equilin 42 0.109 19 27 0.073 34 1.6 
Equilin 23 0.072 13 14 0.073 34 1.6 
17α Estradiol 13 0.078 10 14 0.1019 40 1.6 
17α Estradiol 34 0.084 10.8 17 0.1019 40 1.6 
17α Estradiol 24 0.075 9.6 12 0.1019 40 1.6 
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Table D28, Contd. 
17α Estradiol 36 0.094 12 20 0.1019 40 1.6 
17α Estradiol 22 0.075 10 10 0.1019 40 1.6 
17β Estradiol 14 0.078 10 14 0.1019 40 1.6 
17β Estradiol 34 0.084 10.8 17 0.1019 40 1.6 
17β Estradiol 25 0.075 9.6 12 0.1019 40 1.6 
17β Estradiol 35 0.094 12 20 0.1019 40 1.6 
17β Estradiol 22 0.075 10 10 0.1019 40 1.6 
17α dihydroequilin 20 0.078 10 14 0.1019 40 1.6 
17α dihydroequilin 52 0.084 10.8 17 0.1019 40 1.6 
17α dihydroequilin 33 0.075 9.6 12 0.1019 40 1.6 
17α dihydroequilin 47 0.094 12 20 0.1019 40 1.6 
17α dihydroequilin 23 0.075 10 10 0.1019 40 1.6 
17α Ethinylestradiol 20 0.078 10 14 0.1019 40 1.6 
17α Ethinylestradiol 40 0.084 10.8 17 0.1019 40 1.6 
17α Ethinylestradiol 27 0.075 9.6 12 0.1019 40 1.6 
17α Ethinylestradiol 42 0.094 12 20 0.1019 40 1.6 
17α Ethinylestradiol 23 0.075 10 10 0.1019 40 1.6 
Estriol 8 0.078 10 14 0.1019 40 1.6 
Estriol 31 0.084 10.8 17 0.1019 40 1.6 
Estriol 22 0.075 9.6 12 0.1019 40 1.6 
Estriol 27 0.094 12 20 0.1019 40 1.6 
Estriol 20 0.075 10 10 0.1019 40 1.6 
Estrone 13 0.078 10 14 0.1019 40 1.6 
Estrone 35 0.084 10.8 17 0.1019 40 1.6 
Estrone 26 0.075 9.6 12 0.1019 40 1.6 
Estrone 38 0.094 12 20 0.1019 40 1.6 
Estrone 23 0.075 10 10 0.1019 40 1.6 
Equilin 15 0.078 10 14 0.1019 40 1.6 
Equilin 41 0.084 10.8 17 0.1019 40 1.6 
Equilin 28 0.075 9.6 12 0.1019 40 1.6 
Equilin 41 0.094 12 20 0.1019 40 1.6 
Equilin 21 0.075 10 10 0.1019 40 1.6 
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APPENDIX E 

Table E1: Sonolysis data for destruction of 1,4-dioxane; sample volume = 2600ml; pH = 7; 
No oxidants 

Time, minutes Concentration, µg/L C/C0 ln C/C0 

33 0.3970 -0.92 

30 0.3632 -1.01 
37 0.4482 -0.80 

30 

30 0.3664 -1.00 

30 0.3649 -1.01 

29 0.3604 -1.02 
31 0.3821 -0.96 

25 

30 0.3639 -1.01 

35 0.4257 -0.85 
36 0.4311 -0.84 
35 0.4164 -0.88 

20 

36 0.4288 -0.85 

42 0.5073 -0.68 
43 0.5198 -0.65 

44 0.5382 -0.62 
15 

42 0.5142 -0.67 

50 0.6051 -0.50 
45 0.5530 -0.59 
46 0.5598 -0.58 

10 

45 0.5437 -0.61 

63 0.7667 -0.27 
56 0.6815 -0.38 
63 0.7639 -0.27 

5 

56 0.6787 -0.39 

83 1 0.00 
0 

82 1 0.00 
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Table E2: Sonolysis data for destruction of 1,4-dioxane in presence of H2O2; sample 
volume = 2600ml; pH = 7; sonication time = 25 minutes 

  Concentration % Degradation 
110  
98  

101  
Initial (Four Samples) 

100  
 

1 mg/L H2O2 Control 64  
60  
36 44 25 minute sonication 
42 35 

 
5 mg/L H2O2 Control 50  

33 33 
34 32 25 minute sonication 
33 33 

 
10 mg/L H2O2 Control 102  

81 20.6 
78 23.6 25 minute sonication 

 
61 40.2 

  
100 mg/L H2O2 Control 81  

65 19.6 
65 20.3 25 minute sonication 

 
69 14.4 

  
1000 mg/L H2O2 Control 86  

65 24.6 
81 5.8 25 minute sonication 

 
79 8.0 

  
10000 mg/L H2O2 Control 92  

102 0.0 
124 0.0 25 minute sonication 

 
97 0.0 
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Table E3: Sonolysis data for destruction of 1,4-dioxane in presence of Na2S2O8; sample 
volume = 2600ml; pH = 7; sonication time = 25 minutes 

Persulfate  
concentration 

1, 4 -Dioxane, 
µg/L % Degradation 

5 mg/L   

Control 88.4  

25 min - 1 45.6 48.4 

25 min - 2 50.5 42.9 

25 min - 3 43.9 50.3 

   

10 mg/L   

Control 119.3  

25 min - 1 40.4 66.1 

25 min - 2 28.9 75.8 

25 min - 3 28.5 76.1 

   

20 mg/L   

Control 104.1  

25 min - 1 31.3 69.9 

25 min - 2 30.6 70.6 

25 min - 3 30.8 70.4 

   

100 mg/L   

Control 97.7  

25 min - 1 33.4 65.8 

25 min - 2 28.8 70.5 

25 min - 3 30.0 69.3 
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Table E4: Sonolysis data for destruction of 1,4-dioxane in presence of KMnO4; sample 
volume = 2600ml; pH = 7; sonication time = 25 minutes 

Permanganate 
concentration 1, 4 -Dioxane, µg/L % Degradation 

5 mg/L   
Control 98.5  
25 min - 1 36.2 63.2 
25 min - 2 38.6 60.8 
25 min - 3 35.8 63.6 
    
10 mg/L   
Control 94.5  
25 min - 1 33.3 64.7 
25 min - 2 41.2 56.4 
25 min - 3 39.0 58.7 
   
100 mg/L   
Control 97.9  
25 min - 1 59.3 39.4 
25 min - 2 61.3 37.4 
25 min - 3 61.1 37.6 
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Table E5: Effect of pH on Sonolytic destruction of 1,4-dioxane; sample volume = 2600ml; 
sonication time = 25 minutes 

SAMPLE pH Concentration 
µg/L % Degradation 

Stock 10.2 97.7  

65.0 33 

65.7 32 

73.2 25 
25 min Sonication 9.6 

75.4 22 

Stock 8.3 103.1  

61.6 40 

57.1 44 

56.5 45 
25 min Sonication 8.1 

57.4 44 

30.2 63 

29.9 63 

31.7 61 
25 min Sonication 6.8 

30.2 63 

Stock 4.9 100.6  

23.5 77 

34.9 66 25 min Sonication 4.8 

36.3 64 

Stock 3.2 98.1  

27.8 71 

25.8 73 25 min Sonication 3 

24.4 75 
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Table E6: Effect of ionic strength on Sonolytic destruction of 1,4-dioxane; sample volume 
= 2600ml; sonication time = 25 minutes 

Sample Concentration, µg/L % Removal 
10 mM, initial 109  
Control 110  

47 57 
49 55 25 minutes 
50 54 

100 mM, initial 113  
Control 108  

67 38 
68 37 25 minutes 
69 36 

 

Table E7: Effect of pH and sulfate radical on Sonolytic destruction of 1,4-dioxane; sample 
volume = 2600ml; sonication time = 25 minutes 

pH Concentration, 
µg/L % Degradation 
114  
120  Initial 

108  
8 93 

3.1 
8 93 

59 48 
4.01 

52 54 
66 39 

4.95 
68 37 
68 37 

6.68 
66 39 
86 28 

8.15 
88 27 
89 22 

9.96 
91 20 
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Table E8: Kinetic data for 1,4-dioxane sonication; 0.04 mM SO4*−; sample volume = 2600ml; 
in presence of coolant 

  Concentration, 
µg/L 

% 
Degradation C/C0 Ln(C/C0) 

Stock 30 min 134.6    
Control 30 min 93.7    

5.7 96 0.0421 -3.17 
5.7 96 0.0424 -3.16 30 minutes 
5.6 96 0.0416 -3.18 

Stock 25 min 115    
8 93 0.0718 -2.63 
5 96 0.0413 -3.19 25 minutes 
6 95 0.0514 -2.97 

Stock 20 min 114.7    
Control 20 min 94.5    

16.2 86 0.1412 -1.96 
11.7 90 0.1023 -2.28 20 minutes 
15.3 87 0.1336 -2.01 

Stock 15 min 112.0    
Control 15 min 104.5    

15.4 86 0.1373 -1.99 
15.6 86 0.1397 -1.97 15 minutes 
11.9 89 0.1062 -2.24 

Stock 10 min 99.5    
Control 10 min 75.0    

19.5 80 0.1963 -1.63 
15.0 85 0.1509 -1.89 10 minutes 

    
Stock 5 min 95.4    
Control 5 min 57.6    

29.5 69 0.3090 -1.17 
26.2 72 0.2751 -1.29 5 minutes 
17.7 81 0.1855 -1.68 
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Table E9: Kinetic data for 1,4-dioxane sonication; 0.04 mM SO4*−; sample volume = 2600ml; 
no coolant 

Sample Concentration % Degradation C/C0 ln (C/C0) 

Stock 116   0 

36 69 0.31 -1.1 
2 min 

43 63 0.37 -0.9 

16 86 0.14 -1.9 
4 min 

16 87 0.14 -2.0 

Stock 114    

9 93 0.07 -2.5 
6 min 

9 92 0.08 -2.6 

< 0.5 > 99.6   
8 min 

< 0.5 > 99.6   

 
 
Table E10: Kinetic data for 1,4-dioxane sonication; 0.08 mM SO4*−; sample volume = 
2600ml; no coolant 

Sample Concentration % Degradation C/C0 ln (C/C0) 

Stock 132   0 

15 88 0.13 -2.01 
2 min 

16 88 0.13 -1.98 

< 0.5 > 99.6 0.003  
4 min 

< 0.5 > 99.6 0.003  

Stock 114    

< 0.5 >99.6   
6 min 

< 0.5 >99.6   

< 0.5 > 99.6   
8 min 

< 0.5 > 99.6   
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APPENDIX F 

Table F1: Sonication of PFOA, no oxidants; sample volume = 2600ml 

Sample Concentration, µg/L % Degradation 

Stock 1 32  
Stock 2 30  
Stock 3 33  

22 31 30 min 
22 30 
24 25 25 min 
21 35 
23 22 20 min 
21 31 
20 32 15 min 
20 33 
23 31 10 min 
23 29 
22 31 5 min 
22 31 

 

Table F2: Effect of pH; sample volume = 2600ml 

Sample pH Concentration, µg/L % Degradation 

Stock 1 24  

pH 3  7 70 

pH 3 6 74 

Stock 2 33  

pH 10 33 0 

pH 10 32 0 
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Table F3: Effect of Sulfate radicals, pH 3; sample volume = 2600 ml 

SO4*- Concentration, µg/L % Degradation 

Stock 1 29  

9 68 0.08 mM 
8 73 

   

Stock 2 27  

8 70 0.04 mM 
11 60 

 

Table F3: Effect of Sulfate radicals, pH 3; initial concentration of PFOA = 26 µg/L; sample 
volume = 2600 ml; sonication time = 30 min 
Hydrogen Peroxide PFOA Concentration % Degradation 
10 mg/L 26 µg/L - 

100 mg/L 25 µg/L - 
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APPENDIX G 

Initially batch electro-sonolytic experiments were carried out in a glass reactor to 

test the concept. Figure G1 shows the experimental setup. 

 
Figure G1: Experimental setup for Electro-sonolysis 
 
 
 
 
Table G2: Electrosonolysis of PFOA; sample volume = 1500ml; power input = 600 – 700W 

% Degradation data 5 min 10 min 15 min 20 min 25 min 30 min 

No Electricity 0 1 4.1 2.8 4.8 6.5 

5V electric potential 0 6.2 4.7 21.2 24.4 37.0 

10V electric potential      4.9 

15V electric potential      1.4 
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