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1. Executive Summary 
Stringent water quality regulations, increasing demands in industrial and domestic 
water supplies, and public awareness of water conservation are increasing the 
need for water reuse and reclamation.  In the United States, wastewater reuse is 
limited mostly to secondary effluents from municipal wastewater treatment 
facilities.  The main purpose of water reuse is for agricultural irrigation and, to a 
lesser extent, industrial cooling tower application.  Very little effort is made to 
reuse municipal secondary effluents for potable water, mainly due to poor public 
acceptance and high cost.  Other issues, such as technology availability, can play 
a key role in the future development of wastewater reclamation. 

The major goal of this research project is to develop a catalytic ultrasonic 
(enhanced sonochemical) technology to remove residual organic matter, both 
refractory and hazardous, from wastewater effluents and to inactivate protozoan 
pathogens in wastewater.  The technology developed involves using ultrasound in 
the presence of hydrogen peroxide (H2O2).  Ultrasound can be a powerful means 
of treating mixed contaminants such as effluents from wastewater plants.  The 
hydroxyl radical can react with a wide spectrum of soluble organic chemicals, 
such as halogenated hydrocarbons, among other recalcitrant and refractory 
compounds.  It also can render the protozoan pathogens inactive.   

Batch experiments were conducted to remove Cryptosporidium from wastewater 
effluents.  Results indicate that the destruction of Cryptosporidium is directly 
proportional to the ultrasonic energy intensity and the initial oocyst concentration.  
Temperature, pH, and hydrogen peroxide concentration have a smaller effect on 
Cryptosporidium destruction than the energy intensity.  We believe that the 
primary mechanism in oocyst destruction is physical—that is, the oocysts are 
shattered when the cavitation bubbles formed by the ultrasonic waves collapse.  
Within 9 minutes at an energy intensity level of 413 watts per square centimeter 
(W/cm2), we can achieve a 3-log removal, which satisfies current regulations. 

For the ultrasonic process to be a viable water reclamation treatment technology, 
the cost must be considered.  To gain information on the economic feasibility, a 
Nearfield  Acoustical Processor, capable of treating up to 15 gallons per minute 
in a continuous flow mode was used.  Preliminary results show an increase in 
overall treatment efficiency.  The time required to significantly reduce the 
thrihalomethane formation potential also was decreased from hours to minutes.  
The time required to effectively inactivate Cryptosporidium was reduced from 
minutes to seconds.  Based on the preliminary results obtained with the 
Nearfield  Acoustical Processor, the estimated cost, including energy and 
capital, is $0.74 per 1,000 gallons to achieve 1-log Cryptosporidium removal.  
This clearly demonstrates that the sonochemical process can be competitive 
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with other technologies. The NearfieldTM Acoustical Processor is a competitive 
technology for the removal of refractory organics and the inactivation of 
pathogenic protozoans. 
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2. Introduction 
2.1 Water Reuse 

Only about 5 percent (%) of the earth’s surface water is classified as freshwater, 
of which only 0.62% is available for human consumption.  Furthermore, over 
70% of delivered drinking water ends up in municipal sewer lines.  It is estimated 
that freshwater withdrawals in the United States will decrease in the future due to 
an increase in water demand and shortage of water resource (Council of 
Environmental Quality, 1987–88; Water Resource Council, 1978).  Therefore 
water reclamation, reuse, and recycling will continue to increase.    

Wastewater reuse is limited mostly to secondary effluent from municipal 
wastewater treatment facilities.  Reuse purposes are mostly for agricultural 
irrigation and, to a lesser extent, industrial cooling tower application.  Very little 
effort is made to reuse municipal secondary effluent as a direct reuse potable 
water supply.  Public acceptance and cost appear to be the two major issues in the 
direct reuse of wastewater for a potable purpose.  However, other issues, such as 
technology availability, can play a key role in future development of wastewater 
reclamation.  The current practice of wastewater reclamation is indirect, namely 
through ground water recharge and irrigation.  Direct recycling of wastewater is 
done by extended lagooning followed by sedimentation, filtration, carbon 
adsorption, a membrane process such as reverse osmosis, and chlorination.  This 
type of treatment is expensive, making it harder to gain public acceptance. 

 2.2 Organics in Secondary Effluent 

Fractionation of organic matter in secondary effluent indicates that 40–50% of the 
organics can be classified as humic substances (humic, fulvic, and 
hymathomelanic acids), with the majority being fulvic acid.  The remainder of the 
organic matter consists of ether extractables, anionic detergents, carbohydrates, 
proteins, and tannins (Rebhun et al., 1971).  Results from gel permeation 
chromatography revealed that the majority of the humic compounds isolated from 
the secondary effluents were within the molecular weight range of 1,000–
5,000 Daltons.  The molecular weight distribution of humic substances isolated 
from secondary effluents is presented in table 1.Many treatment methods have 
been used to remove organic compounds.  The most common processes include 
activated-carbon adsorption, activated-sludge, powdered activated carbon, 
chemical oxidation. 
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Table 1.  Molecular Weight Distribution of Humic Substances from Secondary 
Effluents (Manka et al., 1974) 

Molecular Weight 
(Dalton) 

Humic Compounds Present 
(%) 

Fulvic acid Humic acid 
Hymathomeianic 

acid 
< 500 27.5 17.9 4.5 

500–1,000 7.8 6.2 12.2 
1,000–5,000 35.7 29.4 48.0 

5,000–10,000 15.3 7.8 28.0 
10,000–50,000 9.4 36.7 7.5 

> 50,000 4.3 2.0 0 
 

 

2.3 Disinfection Byproducts (DBPs) 

The excellent ability of the chlorine disinfection process to inactivate harmful 
microorganisms is clouded by the potentially toxic disinfection byproducts 
formation.  In 1975, the U.S. Environmental Agency (EPA) began preliminary 
investigations into the health threat posed by DBPs. These investigations led to 
the regulation of trihalomethanes (THMs) in drinking water in 1979.  Table 2, 
shown later in this report, lists some of the DBPs generated by chlorine 
disinfection.  Singer (1993) suggested the following general equation for the 
formation of THMs and other halogenated DBPs: 

HOCl + Br  + natural organic matter (NOM)  THMs + other halogenated DBPs 

The initial efforts to control DBPs fell into two categories:  disinfectant 
substitution and precursor elimination.  The first effort dealt with the use of 
alternate disinfectants, such as ozone.  However, it was soon realized that each 
new disinfectant produced alternative DBPs.  The main focus then was shifted to 
eliminating the DBP precursors.  Initially, natural organic matter (NOM) was 
shown to be a major precursor for THMs.  However, NOM can be only loosely 
defined with exact composition varying from source to source (Minear and Amy, 
1994).  Furthermore, it is known that bromine (Br-) can be an important precursor 
of DBPs.  

2.4 Biological Contaminants in Secondary 
Wastewater Effluent  

Organisms such as Cryptosporidium and Giardia can survive the wastewater 
treatment processes and pose a potential treat to public health in reclaimed water. 
Cryptosporidium parvum (figure 1) is a coccidian parasite that can cause adverse 
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C. parvum oocyst & sporozoites
(from Fayer, R. et al, in Cryptosporidiosis of Man and Animals, 1990)

oocyst              sporozoites exiting an oocyst         sporozoite

health effects in immunocompromised persons (Deng et al., 1997).  Eliminating 
the biological contaminants with large doses of chlorine creates the DBP problem, 
while minimizing the DBP formation requires reduced rates of chlorine, leading 
to a larger population of microorganisms.  A balance must be reached so that the 
contaminants can be minimized. 

 

Figure 1.  Cryptosporidium oocysts and sporozoites (R. Fayer et al., 1990). 
 

2.5 Project Objectives 

The major goal of this research project is to develop a catalytic ultrasonic 
(enhanced sonochemical) technology to remove organic matter and inactivate 
protozoan pathogens such as Giardia and Cryptosporidium from wastewater for 
potable uses.  Laboratory experiments were conducted to decompose the 
THM precursors, humic substances (HS) from Wilmington wastewater effluent 
using sonochemical processes.  We also selected refractory organic compounds 
such as benzothiophene (BT) and dibenzothiophene (DBT) as precursor 
surrogates.  Factors such as total carbonate concentration, ultrasonic energy 
intensity, dose of hydrogen peroxide, solution pH, solution temperature, turbidity, 
and concentration of metals were examined.   

The following are the specific objectives of this study: 

1. Study the effect of pH, oocyst concentration, temperature, and energy 
intensity on the disinfection of pathogenic protozoa (i.e., Cryptosporidium, 
using sonochemical process).   

2. Study the degradation of residual biochemical oxygen demand (BOD) and 
selected refractory organic compounds.  
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3. Conclusions 
Results clearly indicate that the primary variable in oocyst destruction is the 
ultrasonic energy intensity.  Within 9 minutes at an energy intensity level of 
413 watts per square centimetre (W/cm2), we achieved a 3-log removal, which 
satisfies current regulations; and we were able to achieve 4-log removals in 
15 minutes at the same intensity.  In all cases, the ultrasonic destruction of 
Cryptosporidium followed a first order reaction.  The initial oocyst concentration 
also seems to affect the disinfection process.  We believe that the primary 
mechanism in the oocyst destruction is physical—that is, the oocysts are shattered 
when the cavitation bubbles formed by the ultrasonic wave collapse.  The 
optimum pH seemed to be around 7.0, and the optimum temperature was around 
33 degrees Celsius (°C).  Although the efficiency was lower at pH 9.3 and at 
temperatures above and below 33 °C, the decrease was relatively minor.  This 
indicates that no pretreatment or temperature controls would be required to utilize 
this process in real world applications.   

The extent of total organic carbon (TOC) removal was proportional to factors 
such as ultrasonic energy intensity and hydrogen peroxide concentration, while 
increasing total carbonate, pH, temperature, and turbidity decreased the extent of 
TOC removal of humic substances.  The metal ions such as iron (Fe)(II) and 
manganese (Mn) (II) showed catalytic effect ,while aluminium (Al)(III), calcium 
(Ca)(II), and magnesium (Mg)(II) had an inhibition effect on the TOC removal of 
humic substances in sonochemical reaction with hydrogen peroxide.  The 
Langmuir-Hinshelwood model provided a good fit of the experimental data.  
Experimental results also showed that the dose of hydrogen peroxide (H2O2) 
affected the formation of disinfection byproducts.  Chloroform and 
dichlorobromomethane were formed as major THMs during chlorination.  

The sonochemical process can readily decompose DBT, benzothiophene, 
naphthalene, and phenanthrene.  Decomposition of benzothiophene showed 
an apparent toxicity reduction and a complete mineralization to carbon dioxide 
and inorganic sulfur compound.  The sonochemical reaction can be described 
by a mechanism involving hydroxyl radicals.  The main intermediate, found 
in the initial step, is 3-hydroxybenzo-thiophene.  Further decomposition of  
3-hydroxybenzothiophene leads to the production of 2,3-dihydroxybenzothio-
phene and benzothiophene-2,3-dione, which can be further decomposed and 
mineralized to carbon dioxide and sulfite.  The possible pathway for the 
decomposition of benzothiophene can be described by hydroxyl (OH) radical 
addition, hydrogen abstraction, ring cleavage, and mineralization.  The kinetic 
model based on the pseudo first-order reaction provided a good fit of the 
experimental data. 

The representative refractory organic compound, DBT, was decomposed rapidly 
by a sonochemical process in an aqueous solution.  The sonochemical 
decomposition of DBT followed the first-order reaction kinetics.  The 



8 

sonochemical reaction in aqueous solution was affected by the steady-state 
temperature, and the activation energy calculated from the Arrhenius expression 
is 12.6 kilojoules per mole (kJ/mole) for DBT in controlled reaction conditions. 
The sonochemical decomposition of dibenzothiophene produces monohydroxydi-
benzothiophene as an identified intermediate product.  It was proposed that 
further decomposition of monohydroxydibenzothiophene yields 2,3-dihydroxy-
dibenzothiophene and dibenzothiophene-2,3-dione, which can be mineralized to 
carbon dioxide and inorganic sulfur species. 

THMs were decomposed rapidly by sonochemical irradiation in the aqueous 
phase.  The sonochemical decomposition rates occur in the following order:  
chloroform > dichlorobromomethane > dibromochloromethane > bromoform.  
This means that the decomposition rate increases as the vapor pressure (Henry’s 
law constant) increases for THMs in aqueous solution.  It is supported by 
measuring the concentrations of chloride and bromide released from 
decomposition of THMs. Chlorine atoms are evolved faster than bromine atoms.  
It also is observed that the sonochemical decomposition rate of THMs is affected 
by the ultrasonic energy intensity, the steady-state temperature of solution, the 
initial concentration of THMs, and the ionic strength.  The activation energy 
values calculated from the Arrhenius expression are 12.7 kJ/mole for chloroform, 
7.3 kJ/mole for dichlorobromomethane, 12.6 kJ/mole for dibromochloromethane, 
and 14.6 kJ/mole for bromoform in the controlled sonochemical reaction 
condition. 

The sonochemical process can readily decompose dibenzothiophene, 
benzothiophene, naphthalene, and phenanthrene.  Decomposition of 
benzothiophene showed an apparent toxicity reduction and a complete 
mineralization to carbon dioxide and inorganic sulfur compound.  The 
sonochemical reaction can be described by a mechanism involving hydroxyl 
radicals.  

In order to consider the ultrasonic process, a viable water reclamation treatment 
technology, the cost of the process must be considered.  Our experiments 
primarily have been done using a probe reactor with small volumes (20 millilters 
[mL]) in the batch mode.  This is not considered a realistic mode of operation.  To 
gain information on the economic feasibility, a Nearfield  Acoustical Processor, 
capable of treating up to 15 gallons per minute (gal/min) in a continuous flow 
mode, was used.  Our preliminary results show an incredible increase in overall 
treatment efficiency.  The estimated cost, including energy and capital, for the 
ultrasonic process is $0.74 per 1,000 gallons to achieve 1-log Cryptosporidium 
removal.  This clearly has demonstrated that the sonochemical process can be 
competitive with other technologies.  Moreover, the time required to significantly 
reduce the thrihalomethane formation potential (THMFP) also has been decreased 
from hours to minutes.  The NearfieldTM Acoustical Processor is a competitive 
technology for the removal of refractory organics and the inactivation of 
pathogenic protozoa. 



 

9 

4. Material and Methods 
4.1. Wastewater Characterization  

The initial step in the laboratory work was to characterize the wastewater 
samples.  Grab samples (before and after chlorination) periodically were taken 
from the Wilmington Wastewater Treatment Plant (WWTP).  Also obtained were 
24-hour composite samples (after chlorination).  The Ca (II), Mn (II), Fe (II), and 
Mg (II) contents were evaluated using the direct air-acetylene flame method 
(method 3111 B) described in Standard Methods for the Examination of Water 
and Wastewater, 18th edition, 1992.  Typical results of this analysis are shown in 
table 2.  Also reflected in this table are the pH and alkalinity values.  The 
alkalinity value was calculated using the titration method (method 2320 B), and 
the pH value was calculated using the electrometric method (method 4500-H+ B); 
these procedures also are outlined in Standard Methods for the Examination of 
Water and Wastewater, 18th edition, 1992.    

 

Table 2.  Typical Characteristics of WWTP Samples1 
Characteristics Before chlorination After chlorination 

pH 7.71  0.09 7.88   0.04 
Mn(II) (µg/L) 183.9  48.2 180.2  26.7 
Fe(II) (µg/L) 2127 2157 
Mg(II) (mg/L) 9.60  0.57 9.58  0.41 
Ca(II) (mg/L) 3 30.57 30.35  0.35 
Alkalinity 
   (mg-CaCO3/L)4 

182.5  3.6 185.0  8.7 

1 µg/L = micrograms per liter; mg/L = milligrams per liter. 
2 Results from the November 20,1998, sample only.    
3 Results from the January 7, 1999, composite sample only. 
4 mg-CaCO3/L = milligrams of calcium carbonate per liter. 

 

4.2 Spiked Sample Preparation 

The wastewater effluent (prechlorination) was filtered with 0.22 micrometer ( m) 
filter paper and spiked with Cryptosporidium parvum oocysts (Waterborne, P102 
– 108 live in water) to obtain a concentration of 105 oocysts per liter.  All method 
development and experimental procedures were executed using these spiked 
wastewater samples. 
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4.3 Humic Acid Preparation 

A potable reverse osmosis (RO) system was used to collect and concentrate 
humic substances from Wilmington Wastewater Plant effluent.  Effluent was 
first pumped through in-line filters (1 and 0.45 m) to remove particulate 
matter and was then collected in a 40-liter (L) sample reservoir.  In the sample 
reservoir, a 1/16-horsepower (hp) submersible pump (Simer Pump, Model 2310, 
Kansas City, Missouri) pumped the filtered samples through a cation exchanger 
(Dowex-50 cation exchange resin in the sodium form, Dow Chemical, Midland, 
Michigan).  The filtered and cation-exchanged sample then was delivered to the 
RO membrane by a high-pressure pump (Hypro, Model 2230B, New Brighton, 
Minnesota), which boosted the pressure to 150–200 pounds per square inch (psi).  
The RO membrane (Filmtec FT30, Dow Chemical) consisted of a 0.2- m thick, 
highly crosslinked aromatic polyamide skin on a 35- m polysulphone support and 
was designed for tap water desalination.  The percent rejection of 0.2% sodium 
chloride (NaCl) solution by the Filmtec RO membrane ranged from 99.0–99.7%, 
depending on the operating pressure (E.M. Perdue, personal communication).  
The retentate solution from the RO system was collected into the sample reservoir 
and mixed with filtered sample.  The recycling of the retentate solution to the 
sample reservoir was continued until the desired enrichment of HS was achieved.  

4.4 Wastewater Sample Chlorination 

The chlorine demand of the wastewater sample, appropriate dilution factor to 
prepare the chlorine dosing solution, volume of chlorine dosing solution per 
sample volume, and the residual chlorine concentrations after THMFP tests were 
determined via titration using a Hach CN-65 test kit.  The titration was done by 
adjusting/diluting the sample volume to 40 mL with the addition of distilled, 
deionized water (if the original sample was less than (<) 40 mL or if the initial 
chlorine concentration was greater than (>) 20 milligrams per milliliter [mg/mL]) 
and a sulfite 1-reagent powder pillow (Hach 2203-99) was added.  A sulfamic 
acid powder pillow (Hach 1055-99) was then added, and the sample was placed 
on a VWR Magnestir and mixed; a blue color developed indicating the presence 
of chlorine.  The prepared sample was reduced in volume to 30 mL (6 mL for 
high chloride [Cl2] samples) and titrated with 2.46x10-3 nitrogen (N) sodium 
thiosulfate standard solution (Hach 24085-37) until the sample became colorless.  
Each drop of titrant used to bring about the color change represented 0.2 mg/L 
(2.0 mg/L for high Cl2 samples) of chlorine (after correcting for appropriate 
dilution factors). 

The chlorine dosing solution was prepared in the following manner:  1 mL of 5% 
aqueous sodium hypochlorite solution (stock hypochlorite) was added to 25 mL 
of distilled, deionized water and titrated to a starch-iodide endpoint using a 
sodium thiosulfate titrant.  Chlorine concentration was determined as outlined 
above (stock hypochlorite solutions with less than 20 milligrams [mg] Cl2/mL 
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were discarded).  A chlorine dosing solution (5 mg CL2/mL) was prepared using 
the following formula: 

mLClmgconctehypochloristock
requiredmL

/  .  
250,1 

2

 (4.1) 

 
This calculated volume (22.2 mL) was added to the appropriated volume of 
distilled, deionized water to generate a 250-mL dosing solution.  This solution 
was stored in an amber bottle at 4 °C and was discarded if the chlorine 
concentration dropped below 4.7 mg Cl2/mL. 

The chlorine demand of the wastewater was determined to be 60 mg/L using the 
following procedure:  2.5 mL of chlorine dosing solution was pipetted into a  
125-mL amber bottle and completely filled with distilled, deionized water, capped 
with a TFE-lined screw cap and shaken.  The initial chlorine concentration of the 
sample was determined to be 95 mg/L (CI).  A second sample was prepared in the 
same fashion with the exception that 2.5 mL of phosphate buffering solution was 
also added, and the sample was stored in the dark for over 4 hours prior to 
titration.  This titration indicated that the residual chlorine concentration of the 
wastewater sample was 35 mg/L (CR).  The volume of chlorine dosing solution 
(0.45 mL) needed to chlorinate each sample for the THMPF test was determined 
using the following formula: 

 10005
3 sCl

d
VxDV

 (4.2) 

Where, Vd = volume of dosing solution, Vs = volume of sample (35 mL) and  
DCl = CI - CR (60 mg/L). 

4.5 Chemicals 

Cryptosporidium parvum oocysts (#P102, live in water) and Crypt-a-GloTM 
(#A400, fluorescent labeled IgM antibodies) were obtained from Waterborne Inc. 
(New Orleans, Louisiana).  Dynabeads anti-Cryptosporidium (#730.01) antibody 
coated magnetic beads were obtained from Dynal (New Hyde Park, New York).  
Glycerol (#G-6279), 1,4-diazabicyclo-[2.2.2]octane (DABCO, #D-2522), 4’, 
6-diamidino-2-phenylindole (DAPI, #D-9542) hydrogen chloride (HCl), and 
Sodium phosphate, dibasic (NaH2PO4) 2H2O were purchased from Sigma 
(St. Louis, Missouri).  VectabondTM reagent slide treatment (#SP-1800) was 
purchased from Vector Laboratories (Burlingame, California).  Na2HPO4 
(#33,198-8) and NaCl (#22,351-4) were purchased from the Aldrich Chemical 
Company (Milwaukee, Wisconsin).  Sodium hydroxide (NaOH) (#S318-500) was 
purchased from Fisher Chemical (Fair Lawn, New Jersey).  Absolute methanol 
(#9070-1) was purchased from the J.T. Baker Chemical Co. (Phillipsburg, New 
Jersey).  All chemicals were American Chemical Society (ACS) reagent grade or 
better.  Distilled, deionized water (reagent water) was prepared using a Corning 
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Mega-pure 1-L water distillation system and a Zenon (Burlington, Ontario) 
ZenoPure Mega 90 water deionization system. 

Chloroform, dichlorobromomethane, dibromochloromethane, and bromoform 
were obtained from the Aldrich Chemical Company (Milwaukee, Wisconsin). 
Stock solution of THMs was prepared in Optima grade methanol.  Each sample 
was prepared with spiking the pre-selected volume of THM stock solution into the 
deionized water. 

Hydrogen peroxide with a purity of 31.5% was obtained from the Fisher 
Scientific Company.  Perchlorate salts of metals were obtained from the Aldrich 
Chemical Company (Milwaukee, Wisconsin).  

Benzothiophene was obtained from the Aldrich Chemical Company (Milwaukee, 
Wisconsin).  The purity of the organic compound is 99%.  Benzothiophene-
sulfoxide and benzothiophene-sulfur dioxide were obtained from Lancaster 
Chemical Company (Lancaster, Pennsylvania).  Stocks of the selected organic 
compounds were prepared in a stirred glass flask, which was sealed by a Teflon-
covered rubber stopper to prevent organic vapor from escaping, by dissolving a 
given amount of these organic chemicals in deionized water.  It took several days 
to complete the dissolution.  

4.6 Quantification and Qualification of 
Cryptosporidium  

Quantification of viable Cryptosporidium oocysts has presented a problem 
for researchers because sporozoites may or may not be present inside an oocyst.  
A qualification and quantification method has been developed based on 
EPA Method 1623:  Cryptosporidium and Giardia in Water by Filtration/IMS/FA 
that provides accurate and reproducible counts.  Utilizing fluorescent labeled 
IgM antibodies to identify the oocysts and 4’,6-diamidino-2-phenylindole (DAPI) 
staining to detect sporozoites inside the oocysts, we microscopically examined 
well slides to determine viable oocyst counts. 

The primary deviation in this methodology from the EPA Method 1623 is the way 
in which we microscopically observed the oocysts and sporozoites.  Instead of 
viewing the slide through the eyepiece, we have equipped our Olympus AX 
70 microscope with an Optronics CCD camera and Sony monitor, figure 2.  This 
allows us to view the image in a larger format, making evaluation much easier.  
The monitor screen represents one grid on the well slide, eliminating the overlap 
associated with multiple grid viewing within a circular field.  This advancement 
has been taken a step further by installing a Prior motorized stage and X-keys  
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Figure 2.  Olympus AX 70 microscope, Optronics 
CCD camera, Prior motorized stage, Sony monitor , 
computer control. 

 
 

(Tiger Direct, #P55-2000) 16-key programmable keyboard.  This keyboard has 
been programmed so that single key strokes precisely control the stage movement 
up, down, left, and right, eliminating the error associated with manually moving 
the stage.  These improvements allow us to examine the well slides in a quick and 
efficient manner while ensuring 100% coverage without any over or under-
lapping that would result in too high or low oocyst counts. 

Although significant, the previously mentioned improvements are only 
minor relative to the improvements made in image evaluation.  Currently, 
EPA Method 1623 calls for the separate evaluation of oocysts and sporozoites 
using both fluorescein isothiocyanate (FITC) and DAPI filter cubes.  The 
image first must be evaluated using the FITC filter to identify the oocysts; next, 
the filter must be changed over to the DAPI filter to evaluate the sporozoites.  
One problem with this method is that no sporozoites will be detected in oocysts 
that have not been labeled with FITC antibodies; and although the oocysts and 
sporozoite position generally is known, there is uncertainty in their exact 
positions; the sporozoites could be within the oocyst or outside the oocysts.  
To eliminate this problem, dual dichroic cubes that allow the simultaneously 
viewing of the FITC and DAPI labeled samples were tested.  Commercially 
available dual dichroic cubes were found to be ineffective.  Upon closer 
inspection of their characteristic curves (transmission ratio [%] versus wavelength 
[nm]), it was determined that they were designed for the high DAPI and low 
FITC concentrations typical of most biological samples.  Cryptosporidium has 
exactly the opposite characteristics—high FITC and low DAPI concentrations.  
The FITC signal was overwhelming the DAPI signal, and the sporozoites could 
not be detected.  A filter cube that would block some of the FITC signal without 
limiting the DAPI signal was designed.  
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A filter cube consists of three components:  the barrier filter, dichroic mirror, and 
excitation filter.  After identifying the general shapes of the characteristic curves 
of the filters needed, a variety of cube configurations were tested.  The final 
combination arrived at was the barrier filter and an excitation filter from an 
U MWU ultraviolet (UV) wide band (Hitech Instruments, #U-M536) coupled 
with a dichroic mirror from a M51000 DAPI/FITC cube.  The wide band 
UV components let enough FITC and DAPI signal through, and the dichroic 
mirror gave us better differentiation between blue and green.  This custom cube 
allowed the simultaneous viewing of oocysts and sporozoites, figure 3.  Until 
commercially available cubes designed for this application become available, this 
is a feasible and relatively low-cost alternative anyone can utilize to cut analysis 
time in half and greatly improve accuracy. 

 

 
 
 

Figure 3.  Oocysts and sporozoites 
viewed simultaneously with the 
custom cube. 

 
 

A method to concentrate and stain viable Cryptosporidium oocysts was developed 
based on EPA Method 1623:  Cryptosporidium and Giardia in Water by 
Filtration/IMS/FA.    For samples with an estimated oocyst concentration between 
104–105 oocysts/mL, a 1-mL aliquot of the sample to be analyzed was diluted 
with 9 mL of distilled, deionized (reagent) water.  After vortexing for at least 
2 minutes, 50 microliters ( L) of this dilution was overlaid on a Dynal  
9-millimeter (mm) well slide and dried in an incubator for approximately 
(~)1 hour at 42 °C.  After drying, 40 L of absolute methanol was applied to the 
slide and allowed to air dry for ~10 minutes.  After that time, 50 L of 
1X Waterborne A400FL Crypto-a-Glo (Mab) was applied to the slide.  The 
slides were placed on a rack over wet paper towels in a sealed Tupperware 
container (humid chamber) and incubated at 37 °C for 30 minutes.  The excess 
Mab was aspirated with disposable transfer pipettes and washed three times with 
a 150-millimolar (mM) phosphate buffer solution (PBS).  Next, 50 L of DAPI 
staining solution was applied and allowed to stand for ~10 minutes.  The slide 
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then was washed three more times with PBS and once with reagent water.  After 
drying at 37 °C in an incubator on a rack over desiccant in a sealed Tupperware 
container (dry box), 6 L of 2% 1,4-diazabicyclo-[2.2.2]octane (DABCO) 
mounting media (78% glycerol, 22% water) was applied.  After drying, a cover 
slip was installed and sealed with clear nail polish.  Slides were stored in a dry 
box in the dark prior to microscopic examination. 

Samples that had an estimated oocyst concentration between 103–104 oocysts/mL 
were prepared following the above procedure with the following exception:  the 
initial 1-mL sample was not diluted with 9 mL of reagent water. 

Samples that had an estimated oocyst concentration <103 oocysts/mL were 
concentrated via immunomagnetic separation prior to slide preparation.  A  
0.5-mL sample was added to 9.5 mL of reagent water in a Dynal L10 tube 
containing 1 mL 10X SL buffer A and 1 mL 10X SL buffer B; 100 L of 
vortexed Dynabeads anti-Cryptosporidium beads were added; and the tube was 
rotated on a Dynal sample mixer for 1 hour.  The L10 tubes then were removed 
from the mixer and placed in Dynal MPC-1 magnetic concentrators and gently 
rocked for 1 minute.  The supernatant then was decanted, the magnet removed, 
and the oocyst/bead complexes were resuspended in 1 mL of 1X SL buffer A.  
This suspension was then transferred into a 1.5-mL Eppendorf tube.  The tube 
was placed in a Dynal MPC-M magnet and was gently rocked for 1 minute.  The 
supernatant was immediately aspirated, and the MPC-M magnetic strip was 
removed.  HCl (50 L 0.1N) was added, and the tube was vortexed for 5 seconds.  
After standing for 5 minutes in the MPC-M, the tubes again were vortexed for 
5 seconds and put back in the MPC-M with the magnetic strip in place.  NaOH 
(5 L 1N) was placed on the well slide, and all the fluid from the Eppendorf tube 
was transferred onto the slide.  The slide preparation and staining procedures are 
summarized in figure 4. 

 

Figure 4.  Slide preparation procedure based on oocyst concentration. 
 
 
 

Slide Preparation

Concentration
with Centrifuge

Filtration & Elution
Envirochek Capsule

< 400 oocysts/mL

Immunomagnetic Separation
overlay ~ 50 L on well slide

400-1000 oocysts/mL

Microscopic Examination

Flourescent Antibodies
DAPI Stain

Vortex 2 minutes
50 l on well slide

1 ml Sample

1000 - 4000 oocysts/mL

1 ml Sample
Dilute with 9 ml DI water

4,000 - 100,000 oocysts/mL

Spiked Sample
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Positive and negative controls were analyzed with each sample series.  Positive 
controls were prepared by pipetting 10 L of positive antigen onto ~ 500 oocysts 
on a well slide; negative controls were prepared by adding 75 L of PBS on a 
well slide.  The slides then were stained following the methodology described 
previously. 

Slides were examined using an Olympus AX70 microscope.  Each well slide was 
scanned following the pattern represented in figure 5. 

 

 

 

 

Figure 5.  Well slide scanning pattern. 
 

4.7 Procedure for Ultrasonic Cryptosporidium 
Destruction 

Figure 6 shows the experimental setup used to sonicate the sample solutions.  
Ultrasonic processes are conducted with an ultrasonic generator (Cole Palmer 
600-watt (W), 20-kilohertz (kHz), ultrasonic homogenizer 4710) equipped with a 
titanium probe transducer (Cole Palmer, Model CV 17) and 40-mL glass reactor 
which is sealed with the Teflon-covered rubber stoppers in the batch mode.  The 
power output of generator could be varied from 0–600 W.  The diameter of 
titanium probe was 13 mm.  Titanium tips with a flat radiating surface were used 
for all reactions.  The surface of the tip was always checked for wear before the 
experiment, and tips were discarded based on the condition of the surface (too 
much erosion) and percentage output power for tuning.  A Frigomix 1495 water 
circulation and temperature control system were used to maintain the bulk 
solution temperature at 25 °C inside the reactor.  A pH controller (New 
Brunswick Scientific Inc.) with a pH probe (Cole Palmer, Model 7543) was used 
to measure the pHs of the solutions.  

Ultrasonic degradation experiments were carried out utilizing this equipment.  
Under a variety of conditions, 20 mL of the spiked wastewater samples 
(105 oocysts/mL) were subjected to ultrasonic irradiation.  Every 3 minutes, 1-mL 
samples were drawn and analyzed following the procedure previously outlined.  
Prior to each experimental run, a wastewater sample without oocysts was 
ultrasounded under the same conditions as the run to generate wastewater that was 
used to replace the 1 mL drawn out of the reactor at each time interval.  This was 
done to maintain the sample volume and ultrasonic energy intensity during the 
run.  



 

17 

 

Figure 6.  Experimental apparatus. 

 

4.8 Procedure for Ultrasonic Humic Acid Degradation 

In order to obtain a carbonate-free sample, bicarbonate was removed by 
acidifying the sample to pH 4 with perchlorate acid and bubbling with pure 
nitrogen gas. Sonochemical treatments were conducted with an ultrasonic 
generator (Cole-Parmer 600-W, 20-kHz, ultrasonic homogenizer 4710) equipped 
with a titanium probe transducer (Cole Parmer, Model CV 17).  Experiments with 
HS were conducted in an open glass reactor (Sonics & Materials, 20 mL) in the 
batch mode.  Experiments with BT, DBT, and THMs were conducted in a closed, 
zero-head space, glass reactor (Sonics & Materials, 40 mL) sealed Taflon-covered 
rubber stoppers and operated in the batch mode.  The reactor was filled with a 
sample and immersed in a water bath (Frigomix 1495 Water Circulation and 
Temperature Control System).  The temperature was kept at a preselected value. 
Hydrogen peroxide was manually added at the starting point.  The solution 
pH was adjusted to a preselected value at the last step before starting the 
sonochemical irradiation.  The treated HS samples immediately were injected to 
TOC analyzer and adjusted pH 7 with pH buffer solution.  Sodium hypochloride 
solution was added to samples, which were kept in sealed, zero-headspace, and 
amber bottles, then stored in darkness at 25 °C. 

4.9 Analytical Methods 

THMs in a 0.5-mL sample from the reactor were extracted using the liquid-liquid 
extraction method and analyzed with gas chromatography (Hewlett-Packard 
model 5890) equipped with a Supelco-608 column (L = 30 meters [m], internal 

Ultrasonic Generator

Temperature Controller (Water bath)

pH Controller

Ultrasonic probe

1. Sample Port, Acid/Base lines, or Thermometer
2. pH probe

21
Thermometer
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diameter = 0.5 micrometers), a Hewlett-Packard model 7376 autosampler injector, 
and an electron capture detector (ECD).  The injector was in splitless mode.  
Nitrogen was the carrier gas set at a flow rate of 30 milliliters per minute 
(mL/min).  The temperatures of the injection port and detector were 250 °C and 
300 °C, respectively.  The temperature program began at 50 °C and was held for 
3 minutes, followed by a 15-°C-per-minute ramp until a final temperature of 
200 °C was reached and held for 2 minutes. 

Total organic carbon was determined using a Tekmar-Dohrmann DC-190 
TOC analyzer (Rosemont Analytical Inc., Dohrmann Division, Cincinnati, Ohio).  

Carbon dioxide (CO2) concentration was measured by the flow injection analysis 
method. 

Organic compounds (BT or DBT) in aqueous solutions were extracted using the 
liquid-liquid extraction method and analyzed by ultraviolet spectrophotometry 
(Hewlett Packard, HP 8452A Diode-array UV-Visible Spectrophotometer) and 
gas chromatography equipped with a flame ionization detector.  

Concentration of sulfite and sulfate ions were measured by ion chromatography 
using a Dionex ion chromatography equipped with a Dionex pulsed 
electrochemical detector and a Dionex PAC-100 metal-free anion column 
(25 centimeters [cm] long, 4.6 mm inside diameter[i.d.]).  The eluent was a 
mixture of 87% deionized water, 10% of 0.2N NaOH, and 3% of acetonitrile; the 
flowrate was 1 mL/min, and the injection loop was 50 µL in volume. 

Concentration of sulfide ion was measured by adding sulfide reagents (Hach Co., 
Loveland, Colorado) into a 2-mL aliquot of sample, diluting to 25 mL with 
distilled water and detecting by a visible spectrophotometer (Hach DR/2000, 
Loveland, Colorado) at a wavelength of 665 nanometer (nm). 

For the analysis of intermediates using GC/MS, the samples were either 
extracted by solvent for direct injection or derivatized in pyridine.  For the 
derivatization, the samples were first evaporated to dryness, and then 1 mL of 
pyridine and 100 L of derivatization reagent (MTBSTFA + 1% TBDMCS, 
Pierce Company) were added to the dry residue.  The samples then were heated 
at 65 °C, for ~1–2 hours to assure complete derivatization, and then gently 
evaporated to dryness in a nitrogen steam.  Finally, the residue was re-dissolved 
in 0.2 mL of hexane.  GC/MS analysis was performed with a gas chromatograph 
(Hewlett-Packard Model 5890 Series II) equipped with a HP 5971 mass selective 
detector and a HP-5MS capillary column (30 meters [m] x 0.25 mm i.d. x 0.2- m 
film thickness). The injection port temperature was 300 °C, and the column 
temperature, initially 50 °C, was held constant for 2 minutes, then increased 
to 250 °C at a ramp rate of 8 °C per minute over a 30-minute run time.  The 
GC/MS interface line was maintained at 300 °C.  The mass selective detector was 
scanned at a rate of 1.2 seconds per decade from mass 50 to 550.  The mass 
spectra were produced using the standard electron ionization (70 eV) in electron 
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impact (EI) mode.  The concentrations of the reaction intermediates were 
determined from the areas of isomers, benzothiophene-surfoxide, and 
benzothiophene-sulfur dioxide with GC/FID. 

The acute toxicity was evaluated with a short-term toxicity test using Escherichia 
coli (Jardim et al., 1990).  E. coli population was exposed for 2 days in a static 
system to a series of samples from the treated and untreated solutions of BT.  The 
acute toxicity test used in this experiment is based on the degree of inhibition in 
the microbial activities of E. coli.  This inhibition is quantified by measuring the 
amount of CO2 produced by organisms, stressed by a given sample, and compared 
to that obtained by a nonstressed control.  The CO2 determination is carried out by 
using Warburg respirometer with paired samples.  It is possible to determine the 
carbon dioxide produced during oxygen uptake by using two identical samples—
one with NaOH and one without NaOH.  The sample with NaOH in the center 
well measures only the oxygen uptake, while the sample without the 
NaOH measures the pressure change due to oxygen uptake and carbon dioxide 
release.  The culture that received no addition acts as a control. 
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5. Results and Discussion 
5.1 Ultrasonic Destruction of Cryptosporidium 

5.1.1 Visualization of Cryptosporidium Destruction 
The method we developed for quantification and qualification of viable oocyst 
concentrations proved to be very reproducible and reliable.  It is faster than the 
EPA Method 1632 and is much more accurate.  Using the custom cube with a 
fluorescent light source, oocysts appeared as brilliant apple-green spherical 
objects 4–6 m in diameter with bright-lighted edges.  Up to four sporozoites 
appeared within the oocysts as the DAPI stained their nuclei sky blue.  Oocysts 
exhibiting both these characteristics were counted as viable oocysts.  Virtually all 
(88–100%) of the oocysts that exhibited the characteristic brilliant apple-green 
spherical shape with highlighted edges contained sporozoites in samples that had 
undergone at least a 1-log removal by ultrasound.  

Figures 7 through 10 illustrate typical images as seen on the Sony monitor during 
oocyst quantification.   

 

 

Figure 7.  DAPI (a) and FITC (b) images (20 times) of an open oocyst 
with two sporozoites. 
 
 

 

Figure 8.  DAPI (a) and FITC (b) Images (100 times) of an open 
oocyst with two sporozoites.    

 

(b) (a) 

 

(b) (a) 
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(b) (a) 
 

Figure 9.  Oocysts (20 times) prior to (a) and debris left after 
(b) ultrasound at 248 W/cm

2
, pH 7.8, 25 °C. 

 

 

 

Figure 10.  DAPI (a) and FITC (b) images (100 times) of an oocyst 
with four sporozoites. 

 
 

We hypothesize that oocyst destruction is primarily due to physical destruction.  
Oocysts that are entrapped within the cavitation bubble during collapse are 
literally smashed to tiny pieces.  Debris fields as shown in figure 9b support this 
conclusion.  Additionally, experiments were conducted in which the ultrasonic 
generator probe was placed inside the well slide so that a movie capturing the 
ultrasonic destruction of the oocysts could be generated.  The movie showed 
oocyst being shaterred by the ultrasonic process.  

5.1.2 Effect Ultrasonic Energy Intensity 
Figures 11a and b illustrate the effect of ultrasonic energy intensity on the 
destruction of Cryptosporidium.  The energy intensity had a significant effect on 
destruction rates.  At low energy intensities (83 W/cm2), there was virtually no 
inactivation.  As the energy intensity was increased, the destruction rate also 
increased.  This also helps support our hypothesis.  From the ultrasonic principles 
(appendix A), we can see that increasing the energy intensity should allow more 
cavitation bubbles to form.  We ran experiments using up to 496 W/cm2 and did 
not see significant diminishing returns as energy intensities were increased.  
However, at some point, we will expect to see diminishing returns as we increase 
energy intensity.  We currently are running experiments with a new reactor 
capable of generating much higher energy intensities to determine what the most 
efficient intensity is.   

(b) (a) 
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Figure 11a and b.  The effect of ultrasonic energy 
intensity on Cryptosporidium destruction.  (Experimental 
conditions:  pH = 7.8, T = 25 °C.) 

 

5.1.3 Effect of Hydrogen Peroxide  
Oocysts were exposed to 10-1 M H2O2, pH 7.8, and T=25 °C without ultrasound to 
determine the extent of the destruction brought by OH  radical reactions.  After 
the prescribed time period, the OH  radical reaction was quenched with sodium 
thiosulfate, and the oocyst concentration was determined.  Results indicate that 
H2O2 was not effective in inactivating Cryptosporidium.  Figure 12 shows the 
effect of 10-1M H2O2 (no ultrasound) on the destruction of Cryptosporidium.   
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Figure 12.  The effect of H2O2 on Cryptosporidium 
destruction (at pH = 7.8, T = 25 °C). 
 

 

5.1.4 Effect of Temperature 
Figures 13a and b illustrate the effect of temperature on the destruction of 
Cryptosporidium.  As expected, increasing the temperature to 33 °C increased the 
destruction rate.  Above this point, the destruction efficiency went down.  The 
optimum temperature for this reaction lies somewhere between 33 and 50 °C.  
The difference between temperatures between 23 and 33 °C was negligible.  This 
is significant because it indicates that no temperature controls would be required 
at treatment plants located in most climates. 

5.1.5 Effect of Initial Concentration 
Figure 14 illustrates the effect of the initial oocyst concentration on the reaction 
rate.  Results indicate that the higher the initial oocyst concentration, the greater 
the inactivation efficiency.  These results support our hypothesis that oocysts are 
trapped inside cavitation bubbles and are being shattered as the bubbles collapse, 
which is a correct assumption.  When the oocyst concentration is high, the 
probability of oocysts being captured within cavitation bubbles increase, refecting 
a greater inactivation rate.   

5.1.6 Effect of pH 
Changes in pH did not have a significant effect on inactivation efficiency.  This 
also supports our hypothesis.  The change in pH affects the OH• concentration but 
has little effect on cavitation bubble formation.  We expect to see pH having a 
significant effect on ultrasonic processes driven by the OH• radical reaction.  
Figures 15a and b illustrate the effect of pH on the destruction of 
Cryptosporidium.   
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Figure 13a and b. The effect of temperature on 
ultrasonic Cryptosporidium destruction. 
(Experimental conditions:  pH = 7.8, ultrasonic 
energy intensity 248 W/cm

2
.) 
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Figure 14.  The effect of initial oocyst concentration on 
Cryptosporidium destruction (at pH = 7.8, T = 25 °C, 
energy intensity = 248 W/cm

2
). 

 

 
Results clearly indicate that the primary variable in oocyst destruction is the 
ultrasonic energy intensity.  We were able to achieve 4-log removals in 
15 minutes at 413 W/cm2.  In all cases, the ultrasonic destruction of 
Cryptosporidium followed a first order reaction.  The optimum pH seemed to be 
around 7.0, and the optimum temperature was around 33 °C.  Although the 
efficiency was lower at pH 9.3 and at temperatures above and below 33 °C, the 
decrease was relatively minor.  This indicates that no pretreatment or temperature 
controls would be required to utilize this process in real world applications.   

5.2. Total Organic Carbon Degradation 

5.2.1 Effect of Ultrasonic Energy Intensity 
Figure 16 shows the effect of ultrasonic energy intensity on TOC decomposition 
of humic substances in wastewater effluent.  The effect of energy intensity was 
tested at four different energy intensity levels (0, 142, 283, and 340 W/cm2). 

Figure 17 displays three different reaction levels.  In the first level, at ultrasonic 
energy intensities less than 120 W/cm2 (Level I), the rate constant does not 
increase significantly with increasing intensity.  The ultrasonic energy intensity 
seems to be not high enough to break the backbone of humic substances.  
Between 120 and 283 W/cm2, increasing the ultrasonic energy intensity resulted 
in an increase in the reaction rate constant  (Level II).  There is no further increase 
in the reaction rate above 283 W/cm2 of energy intensity (Level III).  

Since the energy intensity determines the number of cavitation bubbles and their 
size in unit volume of liquid (Mason, 1990), the number of bubbles and their size 
appear to reach their maximum values (Stage III). 
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Figures 15a and b.  The pH effect on ultrasonic destruction 
of Cryptosporidium.  (Experimental conditions:  T = 25 °C, 
ultrasonic energy intensity 248 W/cm2.) 
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Figure 16.  Effect of ultrasonic energy intensity on 
decomposition of HS in wastewater effluent.  
Experimental conditions:  H2O2 10 mM, C0 = TOC 
10 mg/L, pH0 = 7, temperature = 25 °C, ionic strength = 
0.05 M sodium perchlorate (NaClO4). 

 
 
 

 

Figure 17.  Effect of ultrasonic energy intensity on 
decomposition rate of HS in wastewater effluent.  
Experimental conditions:  H2O2 10 mM, C0 = TOC 
10 mg/L, pH0 = 7, temperature = 25 °C, ionic strength = 
0.05 M NaClO4. 
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5.2.2 Effect of Hydrogen Peroxide 
The effect of hydrogen peroxide was tested at four different concentration levels 
of hydrogen peroxide (0, 2.5 x 10-3, 5.0 x 10-3, 10 x 10-3 Molar).  Hydrogen 
peroxide has long been recognized as a free radical producer.  Although hydrogen 
peroxide can be produced by sonochemical irradiation alone in aqueous solution, 
the amount may be not enough to be significant to decompose the humic 
substances in wastewater effluent.  The addition of hydrogen peroxide is 
considered to initiate and promote the free radical reaction.  

Figure 18 shows the effect of hydrogen peroxide on the TOC removal of humic 
substances in wastewater effluent.  The extent of TOC removal increases with the 
increasing dose of hydrogen peroxide.  While little extent of removal is observed 
with the ultrasound alone, over 30% of TOC removal is achieved with 10-2 M of 
hydrogen peroxide concentration after 120 minutes of reaction time. 

 

 
Figure 18.  Effect of hydrogen peroxide on 
decomposition of HS in wastewater effluent.  
Experimental conditions:  ultrasonic energy 
intensity = 283 W/cm

2
, total volume = 10 mL, C0 = 

TOC 10 mg/L, pH0 = 7, temperature = 25 °C, ionic 
strength = 0.05 M NaClO4. 

 

Figure 19 shows the semi-log plot of rate constant for the reaction rate constant 
and the dose of hydrogen peroxide.  In the experiments without sonochemical 
irradiation, the rate constant of TOC decomposition remains at low levels. 
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Figure 19.  Effect of hydrogen peroxide on decomposition 
rate of HS in wastewater effluent (semi-log plot).  
Experimental conditions:  ultrasonic energy intensity = 
283 W/cm

2
, total volume = 10 mL, C0 = TOC 10 mg/L, pH0 = 

7, temperature = 25 °C, ionic strength = 0.05 M NaClO4.. 
 

5.2.3 Effect of Temperature 
Figure 20 shows the effect of steady-state solution temperature on 
TOC decomposition of humic substances in wastewater effluent.  The effect of 
temperature was tested at four different levels (25, 35, 40, and 45 °C).  The extent 
of TOC removal decreases as the temperature increases.  The extent of 
TOC removal was largest at 25 °C in the temperature range of 25–45 °C.  It was 
observed that the decomposition rate of hydrogen peroxide increased with as 
temperature increased.  

Figure 21 shows the relationship between the temperature and the decomposition 
rate constant for two sonochemical systems. In the system of sonochemical 
reaction without hydrogen peroxide, the rate constant remains at low levels and 
slightly increases as temperature increases. 

5.2.4 Effect of Initial TOC Concentration of Humic Substances 
Figure 22 shows the effect of initial TOC concentration of humic substances 
on TOC decomposition in wastewater effluent.  The effect of initial 
TOC concentration was tested at five different levels (2.5, 10, 20, 30, and 
50 mg/L).  
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Figure 20.  Effect of temperature on decomposition of 
HS in wastewater effluent.  Experimental conditions:  
ultrasonic energy intensity = 283 W/cm

2
, total volume = 

10 mL, H2O2 10 mM, C0 = TOC 10 mg/L, pH0 = 7, ionic 
strength = 0.05 M NaClO4. 
 
 
 
 
 

 

Figure 21.  Effect of temperature on decomposition rate 
of HS in wastewater effluent.  Experimental conditions:  
ultrasonic energy intensity  = 283 W/cm

2
, H2O2 10 mM,  

C0 = TOC 10 mg/L, pH0 = 7, ionic strength = 0.05 M 
NaClO4. 
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Figure 22.  Effect of initial TOC concentration on 
decomposition of HS in wastewater effluent.  
Experimental conditions:  ultrasonic energy intensity = 
283 W/cm

2
, total volume = 10 mL, H2O2 10 mM, pH0 = 7, 

temperature = 25 °C, ionic strength = 0.05 M NaClO4. 
 

 
The decomposition rate decreases as the initial TOC concentration increases 
(figure 23).  The decomposition rate was found to be dependent on the initial 
TOC concentration of humic substances.  

 

 

Figure 23.  Effect of initial TOC concentration on 
decomposition rate of HS in wastewater effluent.  
Experimental conditions:  ultrasonic energy intensity  = 
283 W/cm

2
, H2O2 10 mM, pH0 = 7, temperature = 25 °C, ionic 

strength = 0.05 M NaClO4. 
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To explain the effect of initial TOC concentration on the sonochemical reaction 
rate, the Langmuir-Hinshelwood model was introduced and modified with the 
following assumptions.   

1. The bubble-liquid interfacial area is regarded as a surface.  

2. The main decomposition reaction of humic substances takes place in the 
interfacial surface; that is, the decomposition of humic substances inside 
cavitation bubbles and in the bulk solution is ignoble. 

 A (humic substances)  products ( CO2, H2O) (5.1) 
 
The decompostion rate is taken to be proportional to the quantity of A in the 
interfacial surface.  Then: 

 A
A k

dt

dC   (5.2) 

 
The value of A is given by Langmuir isotherm: 

  A

A
A KC

KC




1
  (5.3) 

 
Combining these two equations,  

 

  A

AA

KC

kKC

dt

dC




1
 (5.4) 

 
where, A:  the occupied fraction of the interfacial surface, A:  Humic substances, 
CA:  TOC concentration of humic substances, k:  Overall decomposition reaction 
rate constant, and K:  ratio of k1 and k2 ( = k1 / k2 ). 

The constant k1 and k2 are obtained as follows. 

The rate of association on interfacial surface dNA/dt is proportional to the fraction 
of unoccupied sites and the TOC concentration of humic substances in solution, 

   AA
nassociatio

A Ck
dt

dN 





 11  (5.5) 

 
The rate of dissociation on interfacial surface is proportional to the number of 
molecules on the interfacial surface, 

 A
ondissociati

A k
dt

dN 2





   (5.6) 
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At equilibrium, the rate of association equals the rate of dissociation, so that  

 

    A

A

A

A
A KC

KC

Ckk

Ck







112

1  (7) 

 
Combining with equation 4, then we can get the equation 5.6. 

If the system follows the Langmuir-Hinshelwood model, the reaction rate should 
be first order at sufficiently low values of CA.  As CA increases, the order of 
reaction should gradually drop and become zero order. 

Results of the kinetic studies for TOC removal of humic substanes were fitted 
with the kinetic model described above (equation 5.4), and fitted values along 
with correlation coefficients are show in table 3.  Figure 24 shows the fitted 
kinetic curves for TOC removal with different initial TOC concentration of humic 
substances.  The calculated concentration versus time profiles are obtained by 
numerical integration with a fourth-order Runge-Kutta routine.  These fitted 
results indicated that the Langmuir-Hinshelwood model provided a good fit of the 
experimental data. 

 

Table 3.  Fitted Parameters K, k, and Coefficient of the Langmuir-Hinshelwood 
Model for Decomposition of Humic Substances.  Conditions for Experimental 
Data:  Ultrasonic Energy Intensity = 283 W/cm2, Total Volume = 10 mL, H2O2 
10 mM, pH0 7, C0 = TOC 10 mg/L, Temperature = 25 °C, Ionic Strength = 0.05 M 
NaClO4 

Run 
TOC0 

(mg/L) 
K 

(mg-1 L) 
K 

(mg L-1min-1) R 

1 2.5 10 0.004 0.9487 

2 10 10 0.0032 0.9698 

3 20 10 0.0011 0.9589 

4 30 10 0.00035 0.9778 

5 50 10 0.00015 0.9682 

 

5.2.5 Effect of Solution pH 
Figure 25 shows the effect of solution pH on TOC decomposition of humic 
substances in wastewater effluent.  The effect of solution pH was tested at five 
different levels (4, 6, 7, 8, and 10).  The extent of TOC removal increases as the 
solution pH decreases.  

The decomposition rate of hydrogen peroxide also increases with increasing pH 
(Schumb, 1955).  It was reported that more hydrogen peroxide was decomposed 
without improving oxidation of organic materials above pH 4.  That is, hydrogen 
peroxide was decomposed without producing hydroxyl radicals (Huang et al., 
1993). 
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Figure 24.  Kinetics of HS decomposition for different initial 
TOC concentrations.  Experimental conditions:  ultrasonic energy 
intensity = 283 W/cm

2
, total volume = 10 mL, H2O2 10 mM, pH0 7, 

temperature = 25 °C, ionic strength = 0.05 M NaClO4. 
 
 
 
 

 

Figure 25.  Effect of pH on decomposition of HS in wastewater 
effluent.  Experimental conditions:  ultrasonic energy intensity = 
283 W/cm

2
, total volume = 10 mL, H2O2 10mM, C0 = TOC 10 mg/L, 

temperature = 25 °C, ionic strength = 0.05 M NaClO4. 
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Figure 26 shows the relationship between the solution pH and the decomposition 
rate constant.  The decomposition rate slightly decreases in the pH range of 4 to 6 
and rapidly decreases as pH becomes greater than 6. 

 

 

Figure 26.  Effect of pH on decomposition rate of HS in 
wastewater effluent.  Experimental conditions:  
ultrasonic energy intensity = 283 W/cm

2
, total volume = 

10 mL, H2O2 10 mM, C0 = TOC 10 mg/L, temperature = 
25 °C, ionic strength = 0.05 M NaClO4. 

 

 
A number of researchers have attempted to quantify the functional groups of 
humic substances, particularly the acidic groups.  The main acidic groups are 
carboxyl (R-C = O-OH ) and acidic phenolic OH groups in table 4.  Similar 
results for humic substances from the Wilmington wastewater plant were 
observed (Ma, 1999). 

 

Table 4.  Functional Groups (mole per kilogram [mol/kg]) in Humic Substances 
(Zelazny and Carlisle, 1974) 

 Total  
acidity Carboxyls 

Phenolic 
OH 

Alcoholic 
OH Carbonyls 

Humic acids 7.20 2.00 3.10 3.60 2.60 
Fulvic acids 8.60 4.00 4.60 0.80 4.30 

 

Humic substances have variable charge components.  Since their points of zero 
charge (pzc) are low (about 3), humic substances are negatively charged at 
pH values greater than 3 (Sparks, 1995).  As pH increases, the degree of negative 
charge increases due to the deprotonation or dissociation of H+ from functional 
groups.  Many researchers found that the sonochemical decomposition rate 
decreased with increasing solution pH values (Kotronarou at al., 1991; Okouchi 
et al., 1992; Currell et al., 1963).  It also was observed that the sonochemical 
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decomposition rates of polar organic compounds were smaller than those of 
nonpolar compounds when the similar organic compounds were tested (Seymour 
et al., 1997).  Since it is well known that the majority of decomposition reaction 
takes place in bubble-liquid interface (Henglein, 1990), the enhanced accessibility 
and, subsequently, increased amount of less polar compound in the interface can 
increase the sonochemical reaction rate.  Consequently, decreasing solution pH 
decreased the negative charge of humic substances and, hence, enhanced the 
sonochemical decomposition in the interface. 

5.2.6 Effect of Turbidity 
Figure 27 shows the effect of turbidity on TOC decomposition of humic 
substances in wastewater effluent.  The effect of turbidity was tested at four 
different concentration levels of Kaolinite (1, 10, 30, and 50 mg/L).  
 

 

Figure 27.  Effect of turbidity on decomposition of HS in 
wastewater effluent.  Experimental conditions:  ultrasonic 
energy intensity = 283 W/cm

2
, total volume = 10 mL, H2O2 

10 mM, pH0 7, C0 = TOC 10 mg/L, temperature = 25 °C, ionic 
strength = 0.05 M NaClO4. 

 
 

The decomposition rate decreases as the turbidity increases in the range of  
1–10 mg/L of Kaolinite, then slightly decreases upon further increase in the 
turbidity above 10 mg/L (figure 28). 

5.2.7 Effect of Total Carbonate 
Figure 29 shows the effect of total carbonate on decomposition of humic 
substances measured by TOC in wastewater effluent.  The effect of total 
carbonate was tested at four different concentration levels of sodium carbonate (0, 
50, 150, and 300 mM of sodium carbonate).  
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Figure 28.  Effect of turbidity on decomposition rate of HS in 
wastewater effluent.  Experimental conditions:  ultrasonic energy 
intensity = 283 W/cm

2
, total volume = 10 mL, H2O2 10 mM, pH0 7, 

C0 = TOC 10 mg/L, temperature = 25 °C, ionic strength = 0.05 M 
NaClO4. 

 
 
 
 

 
Figure 29.  Effect of total carbonate on decomposition of HS in 
wastewater effluent at ultrasonic energy intensity = 283 W/cm

2
, 

total volume = 10 mL, H2O2 10 mM, C0 = TOC 10 mg/L, pH0 = 7, 
temperature = 25 °C, ionic strength = 0.05 M NaClO4. 
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The extent of TOC removal decreases as the concentration of total carbonate 
increases.  After 120 minutes of reaction time, the extent of TOC removal without 
addition of sodium carbonate reaches 31%, while the removal extents with 
sodium carbonate concentrations of 50, 150, and 300 mM are below 10% in the 
given experimental condition.  

Figure 30 shows the semi-log plot of TOC removal of humic substances over 
reaction time.  The decomposition trend of humic substances without carbonate 
appears to follow the first-order kinetics in the initial stage of the reaction.  

 

 

Figure 30.  Effect of total carbonate on decomposition of 
HS in wastewater effluent (semi-log plot).  Experimental 
conditions:  ultrasonic energy intensity = 283 W/cm

2
, total 

volume = 10 mL, H2O2 10 mM, C0 = TOC 10 mg/L, pH0 = 7, 
temperature = 25 °C, ionic strength = 0.05 M NaClO4. 

 
 
 

The carbonate and bicarbonate are well-known radical scavengers and compete 
with hydroxyl radical scavengers to inhibit the reaction between the humic 
substances and hydroxyl radicals.  Therefore, carbonate and bicarbonate decrease 
the sonochemical decomposition rate of humic substances (figure 31).  

Figure 32 shows the semi-log plot of the total carbonate concentration and the 
reaction rate constant. 

5.2.8 Effect of Metal Ions 
5.2.8.1   Aluminum (Al) 

Figure 33 shows the effect of Al(III) on TOC decomposition of humic substances 
in wastewater effluent.  The effect of Al(III) was tested at four different 
concentration levels of Al(II) (0, 1, 5, and 10 mg/L).  The extent of TOC removal 
decreases with increasing the Al(II) concentration. 
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Figure 31.  Effect of total carbonate on decomposition 
rate of HS in wastewater effluent.  Experimental 
conditions:  ultrasonic energy intensity = 283 W/cm

2
, 

total volume = 10 mL, H2O2 10 mM, C0 = TOC 10 mg/L, 
pH0 = 7, temperature = 25 °C, ionic strength = 0.05 M 
NaClO4. 

 

 

 

 

Figure 32.  Effect of total carbonate on decomposition 
rate of HS in wastewater effluent (semi-log plot).  
Experimental conditions:  ultrasonic energy intensity = 
283 W/cm

2
, total volume = 10 mL, H2O2 10 mM, C0 = TOC 

10 mg/L, pH0 = 7, temperature = 25 °C, ionic strength = 
0.05 M NaClO4. 
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Figure 33.  Effect of Al(III) on decomposition of HS in 
wastewater effluent.  Experimental conditions:  
ultrasonic energy intensity = 283 W/cm

2
, total volume = 

10 mL, H2O2 10 mM, pH0 7, C0 = TOC 10 mg/L, 
temperature = 25 °C, ionic strength = 0.05 M NaClO4. 

 
 
 

The decomposition rate decreases rapidly as the dose of Al(III) increases from 
0 to 1 mg/L, then decreases slightly above 1 mg/L of Al(III) concentration  
(figure 34). 

 

 

Figure 34.  Effect of Al(III) on decomposition rate of HS 
in wastewater effluent.  Experimental conditions:  
ultrasonic energy intensity = 283 W/cm

2
, total volume = 

10 mL, H2O2 10 mM, pH0 7, C0 = TOC 10 mg/L, 
temperature = 25 °C, ionic strength = 0.05 M NaClO4. 
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5.2.8.2 Calcium 

Figure 35 shows the effect of Ca(II) on TOC decomposition of humic substances 
in wastewater effluent.  The effect of Ca(II) was tested at four different 
concentration levels of Ca(II) (0, 50, 100, and 200 mg/L).  

The decomposition rate decreases as the Ca(II) concentration increases from 0 to 
100 mg/L, then remains constant above 100 mg/L of Ca(II) concentration 
(figure 36). 

5.2.8.3 Magnesium 

Figure 37 shows the effect of Mg(II) on TOC decomposition of humic substances 
in wastewater effluent.  The effect of Mg(II) was tested at four different 
concentration levels of Mg(II) (0, 5, 20, and 50 mg/L). 

The decomposition rate decreases as the Mg(II) concentration increases from 0 to 
5 mg/L, then decreases slightly above 5 mg/L of Mg(II) concentration (figure 38). 

5.2.8.4 Iron 

Figure 39 shows the effect of Fe(II) on TOC decomposition of humic substances 
in wastewater effluent.  The effect of Fe(II) was tested at four different 
concentration levels of Mg(II) (0, 0.5, 1, and 5 mg/L).  

 
 

 

Figure 35.  Effect of Ca(II) on decomposition of HS 
in wastewater effluent.  Experimental conditions:  
ultrasonic energy intensity = 283 W/cm

2
, total 

volume = 10 mL, H2O2 10 mM, pH0 7, C0 = TOC 
10 mg/L, temperature = 25 °C, ionic strength = 
0.05 M NaClO4. 
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Figure 36.  Effect of Ca(II) on decomposition rate 
of HS in wastewater effluent.  Experimental 
conditions:  ultrasonic energy intensity = 
283 W/cm

2
, total volume = 10 mL, H2O2 10 mM, 

pH0 7, C0 = TOC 10 mg/L, temperature = 25 °C, 
ionic strength = 0.05 M NaClO4. 

 

 

 

Figure 37.  Effect of Mg(II) on decomposition of HS 
in wastewater effluent.  Experimental conditions:  
ultrasonic energy intensity = 283 W/cm

2
, total 

volume = 10 mL, H2O2 10 mM, pH0 7, C0 = TOC 
10 mg/L, temperature = 25 °C, ionic strength = 0.05 
M NaClO4. 
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Figure 38.  Effect of Mg(II) on decomposition rate of HS in 
wastewater effluent.  Experimental conditions:  ultrasonic 
energy intensity = 283 W/cm

2
, total volume = 10 mL, H2O2 

10mM, pH0 7, C0 = TOC 10 mg/L, temperature = 25 °C, 
ionic strength = 0.05 M NaClO4. 

 

 

 

 

Figure 39.  Effect of Fe(II) on decomposition of HS in 
wastewater effluent.  Experimental conditions:  ultrasonic 
energy intensity = 283 W/cm

2
, total volume = 10 mL, H2O2 

10 mM, pH0 7, C0 = TOC 10 mg/L, temperature = 25 °C, ionic 
strength = 0.05 M NaClO4. 
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The extent of TOC removal increases with increasing the Fe(II) concentration.  
The change of the decomposition rate shows a similar trend to that with Fe(II).  
The decomposition rate has small change with a small dose (0.5 mg/L), but it 
increases rapidly from 0.5 to 2 mg/L, then increases slightly from 2 to 5 mg/L of 
Fe(II) concentration (figure 40). 

5.2.8.5 Manganese 

Figure 41 shows the effect of Mn(II) on TOC decomposition of humic substances 
in wastewater effluent.  The effect of Mn(II) was tested at four different 
concentration levels of Mg(II) (0, 0.5, 1, and 5 mg/L).  

The weak acid character of humic substances is ascribed to complexation with 
free metals, such as Al(III), Mg(II), and Ca(II), and hydroxy-metals (Martin and 
Reeve, 1958).  Two significant modes of binding are as following:  (1) the 
formation complexes or chelates between the functional groups of the humic 
substances and metal, and (2) an association between the humic substances and 
colloidal particles of metal hydroxide (possibly through sorption on the surface of 
the particle), whereby the colloidal particles are stabilized in suspension.  If two 
or more organic functional groups coordinate the metal ion, forming an internal 
ring structure, chelation, a form of complexation, occurs (figure 4.30).  It also was 
reported that adsorption of humic substances onto kaolinite took place to a large 
extent (Jayasundera et al., 1997).  

 

 

Figure 40.  Effect of Fe(II) on decomposition rate of 
HS in wastewater effluent.  Experimental 
conditions:  ultrasonic energy intensity = 
283 W/cm

2
, total volume = 10 mL, H2O2 10 mM, 

pH0 7, C0 = TOC 10 mg/L, temperature = 25 °C, ionic 
strength = 0.05 M NaClO4. 
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Figure 41.  Effect of Mn(II) on decomposition of HS in 
wastewater effluent.  Experimental conditions:  
ultrasonic energy intensity = 283 W/cm

2
, total volume 

= 10 mL, H2O2 10 mM, pH0 7, C0 = TOC 10 mg/L, 
temperature = 25 °C, ionic strength = 0.05 M NaClO4. 

 
The above two mechanisms, complexation and sorption, appear to increase the 
degree of aggregation of humic substances and, consequently, inhibit the transport 
of humic substances which  and their monomers produced through the 
depolymerization of HS polymers; then they decreases the overall decomposition 
rate of humic substances.  This trend is observed at the Stage I in figures 34, 38, 
40, and 42.  Beyond the complexation and sorption capacity of humic substances, 
the surplus dose of metal ions and Kaolinite seems to have no more inhibitory 
effect on the reaction rate (Stage II). 

 

Figure 42.  Effect of Mn(II) on decomposition rate of HS 
in wastewater effluent.  Experimental conditions :  
ultrasonic energy intensity = 283 watts/cm

2
, total volume 

= 10 mL, H2O2 10 mM, pH0 7, C0 = TOC 10 mg/L, 
temperature = 25 °C, ionic strength = 0.05 M NaClO4. 
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The determination of stability constants for HS-metal complexes provides 
information on the affinity of the metal for the organic ligand (figure 43).  
Schmitzer and Hansen (1970) reported the stability constants for metal-HS 
complexes and found that the order of stability was: 

Fe(III) > Al(III) > Cu(II) > Ni(II) > Co(II) > Pb(II) > Ca(II) > Zn(II) > Mn(II) > 
Mg(II) 

 

Figure 43.  Chelation of metal ions by organic 
compounds (Thurman, 1985). 

 
 

Figure 44 shows the variation of decomposition rate of humic substances versus 
the dose of five different metal ions.  The decomposition rates increase 
significantly with an increasing dose of Fe(II) and Mn(II), while the rates 
decrease with an increasing dose of Al(III), Ca(II), and Mg(II).  Fe(II) and Mn(II) 
show an important catalytic effect promoting the decomposition of humic 
substances in wastewater effluent.  It was observed that Fe(II) and Mn(II) showed 
the catalytic effect combining with hydrogen peroxide (Schumb, 1955).  The 
catalytic effect of transition metals (manganese and iron) also was found in 
ozonation processes for decomposition of humic substances (Gracia et al., 1995).  
The Mn(II) had a larger extent of TOC removal of humic substances than that of 
Fe(II) in ozonation. 

The mechanism of the reaction of hydrogen peroxide with transition metals as 
catalysts consists of initiating the hydrogen peroxide decomposition chain 
producing .OH radicals.  For the start of radical chain reaction, transition metals 
as an initiator transfer an electron to hydrogen peroxide.  It is known that 
sonochemical irradiation can initiate and promote the hydrogen peroxide 
decomposition producing .OH radicals.  The larger extent of TOC removal of 
humic substances previously was obtained with a dose of hydrogen peroxide in 
the experiments investigating the concentration effect of hydrogen peroxide.   
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Figure 44.  Effect of different metal ions on decomposition 
rate of humic substances in wastewater effluent.  
Experimental conditions:  ultrasonic energy intensity = 
283 W/cm

2
, total volume = 10 mL, H2O2 10 mM, pH0 7, C0 = 

TOC 10 mg/L, temperature = 25 °C, ionic strength =  
0.05 M NaClO4. 

 
 

Consequently, the sonochemical irradiation and the catalytic effect of transition 
metals initiates and promotes the radical reaction with hydrogen peroxide, which 
increases the extent and the decomposition rate of humic substances. 

It is observed that the sonochemical reaction in the presence of transition metal 
has three different reaction stages (figures 40 and 42).  At the first stage, the small 
dose of Fe(II) and Mn(II) has no significant catalytic effect.  The abundant 
carboxylic and phenolic groups of humic substances appear to scavenge the 
OH  radicals generated at this leg phase.  The large amount of OH radicals 
produced by the increasing dose of transient metals decomposes the humic 
substances, then mineralizes to carbon dioxide (Stage II).  But the carbonate ions 
produced at Stage II start to work as the competitive radical scavengers 
(Stage III). 

Figure 45 illustrates the decrease in THMFP as a function of sonochemical 
reaction time with different dose levels of hydrogen peroxide.  

5.3 Decomposition of Benzothiophene  

Target polycyclic aromatic compound (PAC) solutions (40 mL) were exposed to 
ultrasonic irradiation at an energy output of 400 watts (226 W/cm2).  The amount 
of organic compound remaining in solution decreases exponentially over time 
(figure 46).  
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Figure 45.  Effect of ultrasonis irradiation and 
hydrogen peroxide on THMFP of HS in wastewater 
effluent (Wilmington Wastewater Plant).  Experimental 
conditions :  ultrasonic energy intensity = 283 W/cm

2
, 

total volume = 10 mL, pH0 7, C0 = TOC 10 mg/L, 
temperature = 25 °C, ionic strength = 0.05 M NaClO4. 

 

 

 

Figure 46.   Sonochemical decomposition of PACs in 
aqueous solutions.  Experimental conditions:  
ultrasonic energy intensity = 226 W/cm

2
, total volume = 

40 mL, pH = 5, temperature = 25 °C, ionic strength = 
0.05 M NaClO4 . 

 

The decomposition of all benzothiophene proceeds rapidly.  The other PACs, 
such as dibenzothiophene, naphthalene, and phnanthrene, were tested with the 
same experimental methods.  Little decomposition was observed in the controls.  
The degradation rate can be expressed by the following equation: 
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     ktCCCk
dt

Cd
 expor      0

 (4.10) 

where, C = the concentration of target compounds at time t, Co = initial 
concentration, k = rate constant, and t = sonication time. 

 
The calculated rate constants are 7.63 x 10-4 sec-1 for DBT, 8.53 x 10-4 sec-1 for 
BT, 10.77 x 10-4 sec-1 for naphthalene, and 14.67 x 10-4 sec-1 for phenanthrene.  

5.3.1 Effect of Ultrasonic Energy Intensity 
Increasing energy density will accelerate the decomposition rate of organic 
compounds.  Huang (1994) reported that enhancing energy density increases the 
reactivity.  Target organic compound in aqueous solution was exposed to 
ultrasonic irradiation at different energy outputs from 80 to 400 watts.  This is 
equivalent to an energy intensity of 45 to 226 W/cm2.  As described above, the 
amount of BT present in solution decreases exponentially over sonochemical 
reaction time.  The rate of decomposition increases with increasing of energy 
density.  Figure 47 shows the first-order plot of BT verses the reaction time.  

 

 

Figure 47.  Effect of ultrasonic energy intensity on 
sonochemical decomposition of benzothiophene. 
Experimental conditions:  total volume = 40 mL, C0 = 
0.12 mM, pH = 5, temperature = 25 °C, ionic strength = 
0.05 M NaClO4. 

 
 

The rate constant, k, can be obtained as a function of ultrasonic energy input from 
the slopes of semi-log plots.  From figure 48, a linear relationship is found 
between the energy intensity and the rate constant within the range studied here. 
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Figure 48.  Ultrasonic energy intensity versus rate 
constant.  Experimental conditions:  total volume = 
40 mL, C0 = 0.12 mM, pH = 5, temperature = 25 °C, 
ionic strength = 0.05 M NaClO4. 

 
 

5.3.1.1 Effect of Temperature  

Figure 49 shows the changes of BT concentration at various temperatures.  
 
 

 

Figure 49.  Effect of temperature on sonochemical 
decomposition of benzothiophene.  Experimental 
conditions ultrasonic energy intensity = 226 W/cm

2
, 

total volume = 40 mL, C0 = 0.12 mM, pH = 5, ionic 
strength = 0.05 M NaClO4. 

 
Figure 50 shows that the reaction rate increases as the temperature increases from 
20 to 50 °C, then decreases upon further increase in the temperature above 50 °C.  
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Figure 50.  Temperature versus rate constant.  
Experimental conditions:  ultrasonic energy  
intensity = 226 W/cm2, total volume = 40 mL, C0 =  
0.12 mM, pH = 5, ionic strength = 0.05 M NaClO4. 

 
Various researchers have reported the effect of temperature on the sonochemical 
decomposition of organic compounds.  Gondrexon et al. (1993) examined the 
effect of temperature on the decomposition of the chlorophenol in the range of 
25 to 50 °C.  Results show that the higher the temperature, the larger the reaction 
rate.  Koszalka (1992) reported a high removal efficiency of 85% in the 
temperature range of 25 to 35°C for tetrachloromethane and a low removal 
efficiency of about 48% between 85 and 95 °C.  It has been suggested to avoid 
somochemical reactions near the boiling point of the solvent.  Since the negative 
pressure in the cavitation bubble decreases the boiling point, any cavitation 
bubbles formed will fill with water vapor almost instantaneously (Mason, 1990).  
This water vapor could reduce the extremes of temperature and pressure 
generated and,  decrease the decomposition efficiency of the organic compounds.  
In the temperature range of 20 to 50 °C, the Arrhenius equation is shown as 
following: 

  98.0r     
002.0

exp21.0 2 





 

T
k  (4.11) 

where,  k = rate constant in S-1, T = steady-state temperature in K. 

The low apparent activation energy value, 16.7 kJ/mole indicates that the 
sonochemical reaction at least for BT is controlled by the diffusion step (Laidler, 
1965). 

5.3.2 Effect of the Solution pH 
The solution pH is an important factor in determining the physical and chemical 
properties of the solution.  Kotronarou et al. (1991) found that the reaction rate 
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decreased with increasing the initial pH of the solution, while Wu et al. (1992) 
showed that the reaction rate of carbon tetrachloride increased at high initial pH. 

The pH of the solution should change as a result of sonochemical degradation of 
organic compounds.  The pH decreased in all cases due to the formation of acids 
during sonochemical reactions.  Figure 51 shows the changes of BT concentration 
as a function of initial pH.  

 

Figure 51.  Effect of pH on sonochemical 
decomposition of benzothiophene.  Experimental 
conditions:  ultrasonic energy intensity = 226 W/cm

2
, 

total volume = 40 mL, C0 = 0.1 mM, temperature = 
25

 
°C, ionic strength = 0.05 M NaClO4. 

 
 

The reaction rate remains constant in the pH range of 3 to 6 and slightly increases 
as pH becomes greater than 6 as shown in figure 52.  

 

Figure 52.  pH versus rate constant.  Experimental 
conditions:  ultrasonic energy intensity = 226 W/cm

2
, 

total volume = 40 mL, C0 = 0.1 mM, temperature =  
25 °C, ionic strength = 0.05 M NaClO4. 
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5.3.3 Effect of Initial Concentration   
Though sonochemical reaction of BT appears to follow the first-order kinetics, the 
reaction rate was found to be dependent on the initial concentration of BT 
(figure 53).  

While the residual concentration of BT decreases exponentially with time 
irrespective of the BT initial concentration, the first-order rate constant decreases 
from 8.2x10-4 sec-1 at C0 = 0.01 mM to 2.3x10-4 sec-1 at C0 = 0.21 mM.  Figure 54 
shows the plot of log k versus log C0. 

 

Figure 53.  Effect of initial concentration on sonochemical 
decomposition of benzothiophene.  Experimental conditions 
ultrasonic energy intensity = 226 W/cm

2
, total volume = 40 mL, 

pH = 5, temperature = 25 °C, ionic strength = 0.05 M NaClO4. 

 

 

Figure 54.  Ln(Co) versus Ln(k).  Experimental conditions 
ultrasonic energy intensity = 226 W/cm

2
, total volume = 40 mL, 

pH = 5, temperature = 25 °C, ionic strength = 0.05 M NaClO4. 
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An emperical equation relating the rate constant to initial concentration was 
obtained: 

 k = 22.2x10
-4

(C0)
-0.43 

(4.12) 

5.3.4 Effect of Ionic Strength (I) 
The experiments were performed at various levels of ionic strength with sodium 
perchlorate (figure 55).  

Figure 56 shows the relationship between the ionic strength and the 
decomposition rate of BT.  The first-order rate constant increases from 2.97x10-4 
sec-1 at I = 0.05 M NaClO4 to 3.33x10-4 sec-1 at I = 2 M NaClO4.  

It is well known that the decomposition of organic compounds takes place in the 
bubble-bulk interface (Henglein, 1990).  As described above, pollutants in the 
interfacial zone undergo decomposition due to exposure to free radicals and high 
temperature and pressure.  We can assume that increasing concentration of 
pollutants in the interface enhances the overall decomposition rate.  Salt may be 
used to push the pollutant molecules from the bulk aqueous phase toward the 
interfacial zone.  Due to the hydrophobic repulsive interaction of nonpolar organic 
compounds with the aqueous phase, increasing the ionic strength in the aqueous 
phase enhances the hydrophilicity of the aqueous phase, which is not an favorable 
environment for the nonpolar organic compounds; hence, the organic compounds 
are driven to the interfacial zone of bubbles.  

5.4 Decomposition of Dibenzothiophene  

5.4.1 Effect of Steady-State Solution Temperature 
It is observed that the amount of DBT present in solution decreases exponentially 
over reaction time.  Little decomposition was observed in the control.  Figure 57 
shows the first-order plot of ln[C/C0] versus time at various temperature values.  

Figure 58 shows the changes of rate constant of DBT.  It shows that the reaction 
rate increases as the temperature increases from 15 to 50 °C.  In the temperature 
range of 15 to 50 °C, the value of activation energy for DBT is 12.6 kJ/mole, 
obtained from the Arrhenius expression.  Therefore, the sonochemical reaction of 
DBT is limited by the diffusion step in the given experimental condition (Laidler, 
1965). 
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Figure 55.  Effect of ionic strength on sonochemical 
decomposition of benzothiophene.  Experimental conditions:  
ultrasonic energy intensity = 226 W/cm

2
, total volume =  

40 mL, pH = 5, C0 = 0.1 mM, temperature = 25 °C. 

 
 
 
 
 

 

Figure 56.  Ionic strength versus rate constant.  
Experimental conditions:  ultrasonic energy intensity = 
226 W/cm

2
, total volume = 40 mL, pH = 5, C0 = 0.1 mM, 

temperature = 25 °C. 
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Figure 57.  Effect of temperature on sonochemical 
decomposition of dibenzothiophene in aqueous 
solution.  Experimental conditions:  ultrasonic energy 
intensity = 226 W/cm

2
, total volume = 40 mL, C0 = 

6.4 M, pH = 5, temperature = 25 °C, ionic strength = 
0.05 M NaClO4. 

 
 
 
 

 
Figure 58.  Temperature versus rate constant.  
Experimental conditions:  ultrasonic energy intensity = 

226 W/cm
2
, total volume = 40 mL, C0 = 6.4 M, pH = 5, 

temperature = 25 °C, ionic strength = 0.05 M NaClO4. 
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5.5 Decomposition of Trihalomethanes  

Solutions with target organic compounds (THMs) were exposed to sonochemical 
irradiation at a pre-selected energy out-put.  The amount of THMs remaining in 
solution decreases exponentially over reaction time (figure 59). 

The decomposition of all THMs proceeded rapidly.  Little decomposition was 
observed in the controls.  The calculated rate constants are 19.2 x 10-4sec-1 for 
chloroform, 14.9 x 10-4sec-1 for dichlorobromomethane, 10.0 x 10-4sec-1 for 
dibromochloromethane, and 5.2 x 10-4sec-1 for bromoform.  The decomposition 
rate decreases with increasing the number of bromine atoms in THM:  chloroform 
> dichlorobromomethane > dibromochloromethane > bromoform.  

 

 

Figure 59.  Sonochemical decomposition of 
trihalomethanes in aqueous phase.  Experimental 
conditions:  ultrasonic energy intensity = 226 W/cm

2
, 

total volume = 40 mL, C0 = 3.7 M, pH = 7, 
temperature = 25 °C, ionic strength = 0.05M NaClO4. 

 
 

Figure 60 presents the evolution of chloride and bromide with reaction time.  It is 
observed the amount of chlorine atoms in parent compounds (THMs) decreases 
rapidly, then little remains after a 40-minute reaction time.  Since chlorine atoms 
are evolved faster than bromine atoms, 90% of chlorine and 85% of bromine are 
recovered in the solution as chloride and bromide ions after 120-minute reaction. 
This result agrees with the fact that the THM with a higher vapor pressure has a 
larger decomposition rate than that of the less-volatile THM in fixed experimental 
conditions.  
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Figure 60.  Chloride and bromine evolution over 
reaction time.  Simultaneous treatment of four 
THMs.  Experimental conditions:  ultrasonic energy 
intensity = 226 W/cm

2
, total volume = 40 mL, C0 = 

15 M, pH = 7, temperature = 25 °C, ionic strength = 
0.05 M NaClO4. 

 

5.5.1  Effect of Ultrasonic Energy Intensity 
Increasing energy intensity will accelerate the decomposition rate of organic 
compounds.  Huang (1994) reported that enhancing energy intensity increased the 
reactivity.  Target organic compounds in aqueous solution were exposed to 
ultrasonic irradiation at different energy outputs from 40–400 watts.  It is shown 
that the rate of decomposition increases with increasing  energy intensity.  That is, 
the rate of reaction depends on ultrasonic energy intensity, and higher energy 
intensity leads to faster reaction.  The rate constant, k, can be obtained as a 
function of ultrasonic energy input from the slopes of semi-log plot.  From 
figure 61, the rate constant is proportional to the energy intensity for all THMs.  It 
is found that there is linear relationship between the energy intensity and the rate 
constant for all THMs within the range studied here. 

5.5.2  Effect of Temperature  
Figure 62 shows the changes of rate constants of four THMs at various 
temperature values.  It shows that the reaction rates increase as the temperature 
increases from 18 to 35 °C, then decreases upon further increase in the 
temperature above 35 °C.  In general, increasing the temperature will enhance the 
reaction rate. 
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Figure 61.  Effect of ultrasonic energy intensity on 
sonochemical decomposition rate of THMs.  Experimental 

conditions:  pH = 7, C0 = 7.2 M, temperature = 25 °C, ionic 
strength = 0.05 M NaClO4. 

 
 
 
 
 
 

 

Figure 62.  Effect of temperature on sonochemical 
decomposition rate of THMs.  Experimental conditions:  
ultrasonic energy intensity = 226 W/cm

2
, total volume = 

40 mL, pH = 7, C0 = 7.2 M, ionic strength = 0.05M NaClO4. 
 

 
Various researchers have reported the effect of temperature on the sonochemical 
decomposition of organic compounds.  Gondrexon et al. (1993) examined the 
effect of temperature on the decomposition of the chlorophenol in the range of 
25–50 °C.  Results showed that the higher the temperature, the larger the reaction 
rate.  But Koszalka (1992) reported a high removal efficiency of 85% in the 
temperature range of 25–35 °C for tetrachloromethane and a low removal 
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efficiency of about 48% between 85–95 °C.  It has been suggested to avoid 
sonochemical reactions near the boiling point of the solvent.  Since the negative 
pressure in cavitation bubble causes the water and the volatile organic compound, 
such as methanol, in this work to decrease the boiling point, any cavitation 
bubbles formed will fill with water and volatile organic vapors almost 
instantaneously (Mason, 1990).  These vapors can cause the cushion effect on 
collapse of bubbles, reduce the extremes of temperature and pressure generated, 
and, thus, decrease the decomposition efficiency of the organic compounds. 

In the temperature range of 18–35 °C (figure 63), the values of activation energy 
for THMs are in table 5, obtained from the Arrhenius expression. 
 

 

Figure 63.  Effect of temperature on sonochemical 
decomposition rate of THMs.  Experimental conditions:  
ultrasonic energy intensity = 226 W/cm

2
, total volume = 

40 mL, pH = 7, C0 = 7.2 M, ionic strength = 0.05M NaClO4. 

 

Table 5.  Activation Energy Values of THMs in Sonochemical Reaction 

THM 
Activation Energy 

(kJ/mole) 
Chloroform 12.7 
Dichlorobromomethane 7.3 
Dibromochloromethane 12.6 
Bromoform 14.6 
 
 
 
 

5.5.3  Effect of Initial Concentration   
Though sonochemical reaction of THMs follows the first-order kinetics, the 
reaction rate is found to be dependent on the initial concentration of THMs 
(figure 64).  
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Figure 64.  Effect of initial conce ntration on 
sonochemical decomposition rate of THMs.  
Experimental conditions:  ultrasonic energy intensity = 
226 W/cm

2
, total volume = 40 mL, pH = 7, temperature = 

25 °C, ionic strength = 0.05 M NaClO4. 
 

 
While the residual concentration of THMs decreases exponentially with time 
irrespective of the initial concentration of THMs, the first-order rate constant 
decreases as the initial concentration of THMs increases.  Figure 65 shows the 
plots of log k versus log C0 have the linear relationships for four THMs.   
 

 

Figure 65.  Effect of Initial concentration on sonochemical 
decomposition rate of THMs.  Experimental conditions:  
ultrasonic energy intensity = 226 W/cm

2
, total volume = 40 mL, 

pH = 7, temperature = 25 °C, ionic strength = 0.05 M NaClO4. 

5.5.4 Effect of Ionic Strength (I) 
The experiments were performed at various levels of ionic strength with sodium 
perchlorate (figure 66).  
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Figure 66.  Effect of ionic strength on sonochemical 
decomposition rate of THMs.  Experimental conditions:   
ultrasonic energy intensity = 226 W/cm

2
, total volume = 

40 mL, C0 = 7.2, pH = 7, temperature = 25 °C.   
 

 
Figure 67 shows the relationship between the decomposition rates of THMs and 
the ionic strength in the range from 0.05 to 2 M NaClO4.  
 

 

Figure 67.  Effect of ionic strength on sonochemical 
decomposition rate of THMs.  Experimental conditions:  
ultrasonic energy intensity = 226 W/cm

2
, total volume = 

40 mL, C0 = 7.2, pH = 7, temperature = 25 °C.   
 

 
The first-order rate constant increases as the ionic strength increases.  It is well 
known that the decomposition of volatile organic compounds takes place inside 
bubbles and at the bubble-bulk interface (Henglein, 1990).  Since organic 
compounds in the bubbles and the interfacial zone undergo decomposition due to 
exposure to free radicals and high temperature and pressure, we can assume that 
increasing concentration of organic compounds in the bubbles and interface 
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enhances the overall decomposition rate.  It is proposed that salt pushes the 
pollutant molecules from the bulk aqueous phase toward the bubbles.  Due to the 
hydrophobic repulsive interaction of less-polar organic compounds with the 
aqueous phase, increasing the ionic strength in the aqueous phase enhances the 
hydrophilicity of the aqueous phase, which is not a favorable environment for the 
less-polar organic compounds; hence, the organic compounds are driven to the 
bubbles.  

 



 

65 

6. Nearfield  Acoustical Processor 
To demonstrate the feasibility of the sonochemical process, results reported in 
section 5 were repeated using a probe type sonochemical reactor (figure 68).  
Obviously, this is an energy intensive reactor.  A great deal of the acoustical 
energy is lost through the glass reactor.  Also, there are many ―dead‖ zones within 
the reactor because the acoustical waves are directional (figure 68).  To eliminate 
these problems, a stainless steel commercial reactor was utilized. 

 

Figure 68.  The probe reactor versus the Nearfield  reactor. 
 

6.1 Nearfield  Acoustical Reactor 

A Nearfield  NAP-3606-HP-TC acoustical processor was purchased from 
Advanced Sonic Processing Systems, Oxford, Connecticut, (figure 69) to 
demonstrate both the technical and financial feasibility of the ultrasonic process in 
pilot and treatment plant scales.  This reactor is equipped with 2,000-W, 16-kHz 
and 2,000-W, 20-kHz transducers and is capable of treating a maximum flow rate 
of 15 gal/minute.   

Figure 70 shows the cross-sectional details of the reactor layout.  In addition to 
the benefits realized by its increased power and physical layout that ensure there 
are no ―dead‖ areas within the reactor, the interaction between the two different 
frequencies doubles the relative pressure amplitude produced by either the 16-kHz 
or 20-kHz waves individually.  The large pressure differential between the high 
and low pressure zones create intense implosive forces within the processing 
chamber.   
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Figure 69.  The Nearfield  NAP-3606-HP-TC acoustical processor. 
 
 
 
 
 
 
 
 

 
Figure 70.  The Nearfield  reaction chamber. 
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Figure 71.  Acoustic pressure wave amplification, the superposition of 16- and  
20-kHz frequencies. 
 

 
The Nearfield  reactor set up is shown in figure 72.  A spiked sample was loaded 
into the sample container and was kept homogeneous with a magnetic stirrer.  The 
sample then was pumped (12-volt [V], 2.5-gal/min marine pump) up into the 
reaction chamber and subjected to the ultrasonic waves.  After treatment, the 
sample could either be drawn out of the sample port for analysis, discarded via the 
waste stream into the sink, or recycled back into the sample container for further 
treatment.  The temperature of the reactor was controlled using cold water 
flowing down through the transducers and into the cooling water bucket.  It was 
important not to allow any back pressure to build up in the transducers so that 
energy would not be absorbed by the cooling water.  To facilitate this, a float 
switch and pump (12-V, marine switch and bilge pump) were installed to drain 
the cooling water bucket into the sink before it could fill up over the cooling 
water inlet.  The reactor was equipped with drain valves to flush the system, and 
the generators were plugged into separate 20-ampere (amp) circuits.   

6.2 Preliminary Nearfield  Results 

The preliminary results obtained using the Nearfield  reactor show a dramatic 
improvement over the probe reactor.  The time required to destroy 
Cryptosporidium was reduced from minutes to seconds (figure 73), and the time 
required to reduce the THMFP was reduced from hours to minutes (figure 74) 
with no effect on the turbidity of the water. 
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Figure 72.  Schematic diagram of the Nearfield  reactor. 

 

 

 

 

Figure 73. Cryptosporidium destruction:  Probe versus 

Nearfield  reactor. 

Sound Abatment 
Chamber

Cooling water

Switch       Pump

Sink

Stirrer

waste

Recirculate

Sample port

Pump

valve

drain

20 kHz generator
2000W

16 kHz generator
2000W

12V power
thermometer

sample

Cooling water bucket

Time (sec)

0 20 40 60 80 100 120 140 160 180 200

oo
cy

st
 c

on
en

tr
at

io
n

(C
/C

0)

0.1

1
Nearfield
probe



 

69 

 

Figure 74.  THMFP reduction using the Nearfield  reactor. 
 

6.3 Treatment Costs 

Along with the increase in efficiency comes a decrease in cost.  Figure 75 

illustrates the cost of the treatment process using the Nearfield  reactor.  The 
energy cost to achieve log Cryptosporidium removal for 1,000 gallons drops from 
approximately $179.00 with the probe reactor to $0.20–0.33 with the Nearfield  
reactor.   
 

 

Figure 75.  Energy cost to achieve log Cryptosporidium 
removal. 
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The flow rate to achieve log Cryptosporidium removal is calculated to be 
14,400 gallons per day (gal/day).  This flow rate corresponds to a retention time 
within the reaction chamber of 3 seconds.  Table 6 illustrates the monthly 
payment to purchase a Nearfield reactor ($26,000).  Figure 76 illustrates the 
combined equipment and energy cost to run the Nearfield . 
  
 

Table 6.  Monthly Payment for the Nearfield  Reactor 

Interest rate (%) 20 years 25 years 

5 171.59 151.99 

6 186.27 167.52 

7 201.58 183.76 

8 217.47 200.67 

9 233.93 218.19 

10 250.91 236.26 

 
 

 

Figure 76.  Combined equipment and energy costs for the 

Nearfield  reactor. 

 

6.4  Alternative Technology Cost Comparison 

Figure 77 compares the treatment cost of the ultrasonic process versus five 
generally accepted treatment options for the removal of Cryptosporidium from 
water.  These cost estimates come from the High Quality Water Conference in 
Sydney, Australia (MacCormick, T., and R. Wale, 1999).  Other alternative 
treatment methods include direct (coagulation + filtration) and conventional 
(coagulation + gravity settling + filtration) filtration.  The capital and operating  
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Figure 77.  Cost comparison for alternate technologies. 

 

costs are based on a 2.6-million-gallon-per-day facility with an average 
temperature of 22 °C.  Costs are for the process equipment and exclude site civils, 
head works, pumping, and storage.  The ultrasonic cost estimates are based on the 
preliminary data, an energy cost of $0.04 per kilowatthour and an equipment 
purchase financed at 8% over 25 years with no down payment.  This cost estimate 
reflects individual unit pricing.  Certainly, a substantial discount could be 
obtained when purchasing multiple units, significantly lowering capital costs. 
With further experimentation, the efficiency of the ultrasonic process can be 
maximized, further reducing the operating costs. 

Where:  US is ultrasound (1 log removal), 

      CMF is conventional microfiltration (6 log removal), 

      Direct + O3 is direct multimedia filtration + O3 (5 log removal), 

      Direct + ClO2 is direct multimedia filtration + ClO2 (5 log removal), 

      Conventional + O3 is conventional multimedia filtration + O3 (5 log 
removal), 

      Conventional + ClO2 is conventional multimedia filtration + ClO2 (5 log 
removal).  

One of the big advantages the ultrasonic process has over filtration processes 
not reflected in the cost estimates is the elimination of backwash water.  
Filtration processes generate a high volume of backwash water (3–5% of finished 
water) that has significantly higher oocyst concentrations and turbidity than the 
raw water.  Currently, the primary criterion in the United States for 
Cryptosporidium monitoring is that, in 95% of combined filter samples, turbidity 
is > 0.3 nephelometric turbidity units (NTU), with no sample > 1 NTU.  The 
backwash water requires additional and expensive treatment to meet these 
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standards.  The filtration methods were developed with water treatment in mind, 
not wastewater reclamation.  The initial turbidity of wastewater (~34 NTU) is 
higher than most conventional water intakes, making filtration methods less 
attractive. 

When comparing ultrasonic methods to the methods that contain O3 or ClO3
-,1 one 

must consider the formation of DBPs.  The ultrasonic method does not produce 
any THMs, haloacetic acids (HAAs), etc.  It should also be noted that, if the 
ultrasonic process replaces the current disinfection procedures, the costs 
associated with those procedures are eliminated.   

The ultrasonic process seems to be a financially feasible and technically viable 
technology that can provide an excellent disinfection alternative.  It doesn’t 
produce the harmful DBPs, backwash water, or sludge that the other treatment 
strategies do, and it can mineralize some of the contaminants in the water.  
Further experimentation with the Nearfield  acoustical processor is warranted to 
develop the ultrasonic disinfection process even further.  

 

                                                 
1 O3 = ozone; ClO3

- = chlorate anion. 
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Appendix A 
 

Principles of Ultrasound 
The human ear can detect sound waves from 16 hertz (Hz) to 16 kilohertz (kHz).  
Ultrasound is the name given to the range of the frequencies of the sound waves 
from 16 kHz (16,000 cycles per second) to 10 megahertz (MHz) (107 cycles per 
second) (Mason, 1988; Suslick, 1988).  Ultrasound has been widely applied in 
industry, medicine, engineering, and chemistry.  A number of these applications 
are summarized in table A-1; most of them can be dated back to the 1950s or 
earlier.  Some have fallen into disuse in recent years, but many are being given a 
new lease of life with recent advances in ultrasonic engineering.  A large 
proportion of ultrasonic equipment currently in industry is involved in welding of 
plastic moldings for the consumer. 

Table A-1.  Industrial Uses of Ultrasound (Mason, 1988; Mason, 1990b) 

Field Application 
Biology, 
biochemistry 

Homogenization and cell disruption:  Power ultrasound is used to 
rupture cell walls to release contents for further studies. 

Engineering Ultrasound has been used to assist drilling, grinding, and cutting.  It 
is particularly useful for processing hard, brittle materials such as 
glass and ceramics.  Other uses of ultrasound are welding (both 
plastics and metals) and metal tube drawing. 
High-frequency (millihertz [mHz]) ultrasound is used in 
nondestructive material and flaw detection. 

Dentistry For both cleaning and drilling of teeth. 

Geography, 
geology 

Pulse/echo techniques are used in the location of mineral and oil 
deposits and in depth gauges for seas and oceans. 
Echo ranging at sea has been used for many years. 

Industrial Pigments and solids can be easily dispersed in paint, inks, and 
resins.  Engineering tools often are cleaned and depressed by 
immersion in ultrasonic baths.  Two less widely used applications 
are acoustic filtration and ultrasound drying. 

Medicine  Ultrasound imaging (2–10 MHz) is used, particularly in obstetrics, 
for observing the fetus and for guiding subcutaneous surgical 
implements.  In physiotherapy, lower frequencies (20–50 kHz) are 
used in the treatment of muscle strains. 

Plastics, polymers The welding of thermoplastics is effectively achieved using power 
ultrasound.  Polymerization initiation and polymer degradation are 
also affected.  Cure rates of resins and their composition can be 
measured with high frequency ultrasound. 
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A.1 The Physics of Ultrasound 

Ultrasound, sound wave, is transmitted through any substance—solid, liquid or 
gas—that possesses elastic properties.  The movement of the vibrating body (i.e., 
sound source) is communicated to the molecules of the medium, each of which 
transmits the motion to an adjoining molecule before returning to its 
approximately original position.  For a liquid or gas, particle oscillation takes 
place in the direction of the wave and produces longitudinal waves. 

The physical aspect of this motion is best understood by examining the action of a 
tuning fork vibrating in air (figure A-1).  The prong is considered to be the 
transducer; while it moves forward, it compresses the layer of air next to it 
(figure A-1a).  The fork then returns to its original position (figure A-1b).  Then, 
the movement of prong R to the left (figure A-1c) causes displacement of the air 
to the left (figure A-1d), and the wave will proceed with a series of compression 
and rarefaction portions. 

 
 

 
Figure A-1.  Longitudinal waves in air:  (a) first outstroke of 
prongs; (b) prongs in normal position; (c) first instroke of prongs; 
(d) second outstroke of prongs. 
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As shown in figure A-2, from a displacement and pressure distribution as well as 
the movement of prong, at any time (t), the displacement (x) of an individual air 
molecule from its mean rest position is given by: 

 x x fto sin 2  (1) 

 

where x0 is the displacement amplitude, or maximum displacement of the particle,  
and f is the frequency of the sound wave. 
 

 

Figure A-2.  Displacement and pressure graph. 
 
 

Besides the variation in the molecules position when the sound wave travels 
through together (i.e., where the molecules are compressed), the pressure is higher 
than normal at that instant; whereas, at the region where the layers are furthest 
apart (i.e., the rarefaction region), the pressure is lower than normal.  The acoustic 
pressure at any time t is given by: 

 P t P fta( ) sin2  (2) 

 
where Pa is the maximum pressure amplitude and f is the frequency of the sound 
wave. 

Because the particles are in motion, they will possess kinetic energy—this energy 
being derived from the wave itself.  However, it is not usual to refer to the energy 
of a wave, whether it is an optical or a sound wave; it is more usual to refer to the 
intensity of the wave.  Intensity is, in fact, energy flowing per unit area per unit 
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time; and using the ideas of physics, it can be shown that it is related to the 
maximum acoustic pressure, Pa, by: 

 
I

P
c

a
2

2  (3) 

where p is the density of the medium and c is the velocity of sound in the 
medium. 

For sonochemical applications, the usual unit of intensity is watts per square 
centimetre (W/cm2); and, obviously, the larger the intensity, the greater the value 
of Pa and the greater the displacement of the molecules.  The intensity, 1, at a 
distance, 1, from the source is given by (Mason, 1988): 

 I I eo
l2
 (4) 

where I0 is the intensity at the source and  is an overall attenuation coefficient 
that includes frictional losses, thermal conduction losses, and other energy losses 
represented by the bulk viscosity. 

A.2 Acoustic Cavitation 

When an ultrasonic wave passes through a liquid or a gas, the molecules of the 
medium vibrate longitudinally in the direction that the waves travel.  Meanwhile, 
the variation of the strength holding molecules causes two different sound waves:  
compression and rarefaction cycles.  During the compression cycle, the average 
distance between molecules decreases, while during the rarefaction, the distance 
increases.  A large negative acoustic pressure (expansion cycle) is formed to 
exceed the molecular distance necessary to keep the liquid intact; and as a result, 
the liquid will break down, and the voids or cavities will be created—i.e., the 
cavitation bubbles will be generated (Mason, 1988). 

These bubbles can be filled with gas or vapor and form in a wide variety of 
liquids.  Cavitation can occur in many fluids such as water, organic solvents, 
biological fluids, liquid helium, and molten metals.  The origins of cavitation can 
be hydrodynamic, thermal, or acoustic (Suslick, 1988). 

In general, two models have been proposed to explain how gas bubbles can be 
stabilized in a liquid (Crum, 1982).  One of the earliest of these was the crevice 
model.  Figure A-3 shows the nucleation sites. 
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Figure A-3.  Crevice model for stabilizing cavitation 
micronuclei:  (a) for external positive pressure, 
(b) for external negative pressure. 

 

 
When an external pressure is applied, such as from a time-varying acoustic wave, 
the contact angle increases until it reaches its maximum value.  If the pressure is 
increased further, the interface moves toward the apex and may completely 
disappear if the pressure is sufficiently high.  When the pressure is decreased, the 
interface becomes convex, as shown in figure A-3b, and will eventually reach the 
receding contact angle.  A further decrease in pressure causes the interface to 
move away from the apex; and if the pressure becomes sufficiently low, a free gas 
bubble will be liberated.  This process is called nucleation. 

Another model to explain the stabilization of cavitation micronuclei suggests that 
a film of surface-active substances exist on the water gas interface.  In this model, 
an organic skin is composed of molecular chains—each containing both a polar 
and a nonpolar end.  The polar end bonds to the water surface while the nonpolar 
end extends into the gas. 

Acoustic cavitation involves at least three discrete stages:  nucleation, bubble 
growth, and, under proper conditions, implosive collapse.  Nucleation and bubble 
growth are due to stable cavitation.  The dynamics of cavity growth and collapse 
are strikingly dependent on local environment, and cavitation in a homogeneous 
liquid should be considered separately from cavitation near an interface. 

Traditionally, cavitation has been classified into two types—stable and transient.  
Stable cavitation has bubbles oscillating rapidly at some equilibrium size and 
often will persist for many acoustic cycles.  Transient cavitation, on the other 
hand, usually involves large-scale variations in the bubble size for only one or two 
acoustic cycles, expanding to at least two or three times original size before 
violently collapsing during a single compression half-cycle.  Stable cavitation 
may become unstable, leading to transient cavitation, and the collapse of transient 
cavitation can produce smaller bubbles that undergo stable cavitation.  During this 
short period of time when the bubbles collapse, a temperature approaching 
5,000  Kelvin (K) had been measured (Mason, 1988; Suslick, 1988), and a 
pressure reaching to several hundred atmospheres had been calculated.(Shutilov,  
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1988).  Under adiabatic conditions, the maximum pressure, Pmax, and the 
maximum temperature, Tmax, can be calculated by the following equations 
(Mason, 1988): 

 

T T
P

P
m

max
1

 (5) 

  

P P
P

P
m

max
1

1

 (6) 

where: T0 =  ambient temperature 
   =  ratio of specific heats of the gas 

P   = pressure in bubble at its maximum size 
Pm = pressure in the liquid at the moment of transient collapse 
Pmax = maximum pressure in the liquid at the moment of transient collapse 

 

 

It is recognized that Tmax and Pmax are highest for gases which possess a large 
value of (  - 1).  This explains why monatomic and diatomic gases are most 
effective.  Calculations using these equations suggest that for water at 25 °C , the 
average temperatures of 5,000 K and pressure similar to 1,000 atmospheres are 
generated by the collapse of cavitation bubbles due to power ultrasound (Flint, 
1991; Suslick, 1986). 

However, high temperatures and pressures also are produced in stable cavitation 
bubbles which are in resonance with the exciting ultrasonic field.  Equation 7 has 
been derived as an expression for the ratio T0/Tmax: 

 

T
T

Q P
P

o
max max

( )/

1 1 1

3 3 1

 (7) 

 
where Q is the ratio of the resonance amplitude to the static amplitude of vibration 
of the  bubble. 

Calculations of the local pressures due to these resonance vibrations have resulted 
in values that exceed the hydrostatic pressure by a factor of 150,000.  There is no 
doubt that the intense local strains in the vicinity of the resonating bubbles are the 
cause of the many disruptive mechanical effects of sound. 

A.3 Sonochemistry of Aqueous Solutions 

In sonochemistry, high temperatures and pressures within the collapsing 
cavitation bubbles are generated.  Under these extremely and transient conditions, 
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the water molecule undergoes thermal dissociation to form hydroxyl radical 
(OH ), hydrogen atom (H ), and hydroperoxyl (HOO ).  Evidence for the 
formation of three radicals by ultrasound in aqueous solution has been 
demonstrated by Mankino et al. (1982, 1983).  Usually, transient cavitation is 
regarded to be the principal contributor to sonochemistry effects, but stable 
cavitation also may be important (Henglein, 1987). 

Sonochemical reactions can be divided into pyrolysis reactions (i.e., combustion) 
and free-radical reactions.  Pyrolysis reactions involve thermal decomposition of 
solvent, solute, or gases inside the cavitation bubbles where the temperature and 
pressure are so high that the solute molecule breaks down.  Free radicals produced 
from the decomposition of water can react within the collapsing bubble, at the 
liquid gas interface of the bubbles, and in the bulk aqueous phase.  The reactions 
occurring in the gas phase and interfacial region of the bubbles are similar to 
combustion (Henglein, 1987).   

Figure A-4 represents the regions of sonochemical reactions.  The estimated 
temperatures of the cavitation within the bubble or the bulk liquid phase had been 
reported for sonication of metal carbonyls in mixtures of hydrocarbons (Hart, 
1990).  Because of the lower vapor pressure and the higher thermal conductivity 
of water, it is reasonable that the average estimated temperature in the interfacial 
region is around 800 K during sonication in water at 20 kHz.  Figure A-4 is only 
an idealization, since the cavitation will lose its spherical shape due to the 
violently collapsing cavitation bubbles.  
 

 

Figure A-4.  Schematic of sonochemical processes 
insides of a micro-bubble (Price, 1990). 
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Appendix B 

Decomposition Mechanisms  
for Humic Substances by 
Sonochemical Process 

B.1 Humic Substances 

Humic substances (HS) are ubiquitous, heterogeneous polymers that are isolated 
from many types of terrestrial and aqueous environments.  They are amorphous, 
organic materials that possess a variety of physical and chemical properties that 
make them unique to other types of environmental substances. 

The functional groups of HS are amine, carboxylic, carbonyl, phenol, catechol, 
and quinone.  These groups are on the HS surface or are chemically combined to 
cross link the molecular backbone.  So far, the structure for HS is unknown; only 
proposed building blocks exist in Scheme 1(figure B-1) (Schnitzer et al., 1972; 
Paciolla et al., 1999). 

Cleavage of a covalent bond can occur in two ways:  homolytically, resulting in 
one elctron from the bond going to each fragment to produce radical species, or 
heterolytically, with both electrons going to one fragment, leading to formation of 
an ion pair.  Both of these possibilities have been observed during polymer 
degradation (Scheme 2) (figure B-2).  The production of macromolecular radicals 
is perhaps the most common breakdown mechanism and has been observed for 
many carbon skeleton polymers (Henglein, 1954; Henglein, 1955).  The radical 
species and ion pairs of HS undergo further chain scission, reaction with other 
radicals, and stabilization by water molecules.  The heterolytic bond cleavage of 
polymers and the stabilization mechanism of ion pairs by water molecules were 
studied (Thomas and de Vries, 1959).  Consequently, the monomers can be 
formed as intermediates of HS, shown in Scheme 2. 

The radical reaction is conducted by the radicals produced from the 
decomposition of hydrogen peroxide and water molecules by sonochemical 
irradiation.  The mechanism of radical reaction is rapid oxidation.  The radicals 
are so reactive that most of them are consumed by HS.  The hydroxide (OH) 
radicals can act on organic solutes by hydroxy addition, hydrogen abstraction, and 
electron transfer.  In other words, the radical reaction can open aromatic rings and 
form carbonyl compounds and organic acids (Ho, 1986; Hashimoto et al., 1984).  
The depolymerization and radical reaction of HS appears to occur simultaneously.  
The final step(s) of the reaction is the conversion of organic acids to carbon 
dioxide. 
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Figure B-1.  Scheme 1, proposed building blocks of humic substances (Schnitzer 
et al., 1972; Paciollar et al., 1999). 
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Figure B-2.  Scheme 2, proposed decomposition pathways of HS monomers. 
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B.2 Benzothiopene  

B.2.1 Identification of Benzothiophene Intermediates 
The sonochemical reaction in aqueous phase gives rise to water (H2O) sonolysis 
with production of radical species such as hydrogen (H), OH, and hydrated 
electrons e-

aq.  These radicals can either combine to form hydrogen (H2) and 
hydrogen peroxide (H2O2) or attack solute molecules.   electrons of the aromatic 
ring are excellent targets for hydroxyl radicals.  The chromatogram and the mass 
spectra of the parent compound and its intermediates are shown in figures B-3a, b, 
c, d, e, f, g, and h. 

The peaks were examined with the computer database of the National Institute of 
Science and Technology (NIST) mass spectral library and the published mass 
spectra of benzothiophene (BT) intermediates.  Figure B-3a and b show the 
chromatogram of BT intermediate and the spectrum of BT, respectively. 

The peak emerging from the GC at 11.04 minutes has major ions at m/z 
(percentage of intensity, proposed composition of ions) 166(36, [M]+), 137(100, 
[M-COH]+), 109(59, [M-COH-CO]+), 76(15, [M-COH-COH-S]+) and 50(19) in 
figure B-3h.  Its spectrum appears that of 2,3-dihydroxylbenzothiophene . 

The peak emerging from the GC at 9.94 minutes has major ions at m/z 164(5, 
[M]+), 136(100, [M-CO]+), 108(45, [M-CO-CO]+), 92(5), 82(11), 76(6) and 
69(23) shown in figure B-3c. This mass spectrum is identical to that obtained 
from an authentic standard, benzothiophene-2,3-dione (Fedorak et al., 1991). 

The peaks emerging from the GC at 10.00, 10.07, 10.20, and 10.25 minutes 
have major ions at m/z 150 (94, [M]+), 122 (74, [M-CHO]+), 121 (100,  
[M-CHO]+), 78 (37) and 69 (15) in figures B-3d, e, f, and g.  These 
mass spectra are identical to that obtained from an authentic standard,  
3-hydroxybenzothiophene (Eaton et al., 1994).  The mass spectra are the 
expected isomers:  2-hydroxybenzothiophene, 4-hydroxybenzothiophene,  
5-hydroxybenzothiophene, 6-hydroxybenzothiophene, and 7-hydroxy-
benzothiophene.  Among them, the peaks at 10.07 and 10.25 minutes  
appear to be 2-hydroxybenzothiophene and 3-hydroxybenzothiophene.  The 
major reaction products retaining the intact benzene ring such as sulfobenzoic 
acid were obtained from all cases of radical reactions for benzothiophene and 
methylbenzothiophenes (Andersson et al., 1992; Bobinger et al., 1998). 

Figure B-4 presents the concentration change of benzothiophene and evolution of 
carbon dioxide and inoganic sulfur species.  Carbon dioxide evolves faster than 
sulfite.  The concentrations of other sulfur species stay at low values during the 
reaction. 
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Figure B-3a.  The total ion chromatogram of benzothiophene (BT) 
decomposition from sonochemical reaction. 

 

 

 

 
 

Figure B-3b.  The mass spectrum of benzothiophene from 
sonochemical reaction. 
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Figure B-3c.  The mass spectrum of benzothiophene-2,3-dione from 
sonochemical reaction. 

 

 

 

Figure B-3d.  The mass spectrum of 3-hydroxylbenzothiophene isomer 
from sonochemical reaction. 
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Figure B-3e. The mass spectrum of 3-hydroxylbenzothiophene from 
sonochemical reaction.  

 

 

 

Figure B-3f.  The mass spectrum of 3-hydroxylbenzothiophene isomer from 
sonochemical reaction. 
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Figure B-3g.  The mass spectrum of 3-hydroxylbenzothiophene 
isomer from sonochemical reaction. 

 

 

Figure B-3h.  The mass spectrum of 2,3-dihydroxylbenzothiophene 
from sonochemical reaction. 
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Our analysis of intermediates and reactions leads to the proposed reaction 
pathways describing the sonochemical decomposition of BT in aqueous solution.  
The sonochemical reaction is brought about by OH radicals, which are formed 
mainly from sonolytic water decomposition in the cavitation bubbles.  The 
radicals can either directly react with the organic species at the bubble-water 
interface or diffuse to the solution and then react with the organic species in the 
solution phase.  Both reactions lead to formation of hydroxylated products such as 
3-hydroxybenzothiophene (Scheme 3) (figure B-5).  Eventually, the reaction will 
mineralize these intermediates to end products such as carbon dioxide and 
inorganic sulfur species.  Scheme I shows one of the possible reaction pathways 
involving .OH radicals.  Only nonradical species were detected in this reaction 
pathway.  
 

 

Figure B-5.  Scheme 3, proposed sonochemical decomposition 
pathway for BT. 
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2,3-quinone (Bobinger et al., 1998; Eisenhauer, 1964). 
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The subsequent cleavage of the 2,3-quinone would result in the formation of 
muconic acid.  The reactions that follow are oxidation of the unsaturated bonds in 
muconic acid, which later changes into maleic acid (Eisenhauer, 1968).  
Theoxidation proceeds further to break down the C = C bond and decarboxylate 
to form acrylic acid.  The hydroxyl radicals will further attack the double bond in 
acrylic acid to yield 3-hydroxyl propionic acid that would further oxidize into 
malonic acid. 

 
 
 

The malonic acid then will be converted to acetic acid and carbon dioxide as the 
end products.  The other pathway is the rearrangement of the acrylic acid to oxalic 
acid and glyoxylic acid generating the formic acid as depicted in the following 
scheme: 
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Another decomposition pathway of benzothiophene is proposed in Scheme 4 
(figure B-6).  The benzothiophene would generate monohydroxybenzothiophene 
and dihydroxybenzothiophene subsequently through the addition of hydroxyl 
radicals to benzene ring.  Then further decomposition of intermediates to end 
products, carbon dioxide, and sulfite is proposed. 

 

Figure B-6.  Scheme 4, proposed sonochemical decomposition pathway 
for BT. 
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B.2.2 Kinetic Modeling of Reaction Pathways 
With the experimental observations of the reaction products from the 
decomposition of benzothiophene, it is possible to develop a reaction network that 
describes the decomposition of benzothiophene leading to the formation of 
hydroxylated aromatic compounds.  Scheme 5 (figure B-7) shows the reaction 
network of benzothiophene decomposition in sonochemical reaction: 
 

 

Figure B-7.  Scheme 5, pathways of benzothiophene decomposition in 
sonochemical reaction. 

 

The following notation is used in this analysis: 
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 C23OH  : Concentration of 2,3-dihydroxybenzothiophenes (M) 
 CBT23DN : Concentration of benzothiophene-2,3-dione (M) 
 C4567HXBT : Total concentration of 4-, 5-, 6-, and 7-hydroxybenzothiophenes (M) 
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For benzothiophene, the rate of decomposition is described as:  

  (1) 

All steps of the rate of decomposition of benzothiophene have been taken to be 
first order in benzothiophene.  The first order effect was used in this modeling 
because the rate law describing benzothiophene decomposition was determined to 
be first order in benzothiophene with the reaction conditions used.  This first order 
effect was assumed for all compounds in the reaction network.   

The following definition can be made: 

 321 kkkk A  (2) 

With the definition of kA (or kobs), the rate of reaction is written as:   

 BTA
BT Ckdt

dC

  (3) 

For 4-, 5-, 6-, and 7-hydroxybenzothiophenes, the rate equation is: 

 HXBTBT
HXBT CkCkdt

dC
456741

4567

  (4) 

For 2-, and 3-hydroxybenzothiophenes: 

 HXBTBT
HXBT CkCkdt

dC
2352

23

  (5) 

For 2,3-dihydroxybenzothiophene: 

 OHHXBT
OH CkCkdt

dC
236235

23

  (6) 

For benzothiophene-2,3-dione: 

 OHBTOH
DNBT CkCkdt

dC
237236

23

  (7) 

BTBTBT
BT CkCkCk

dt
dC

321
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Each differential equation can be solved analytically and the solution substituted 
in the following equations.  The exact solution of each equation follows: 

For benzothiophene : 

 
)exp(0, tkCC ABTBT  (8) 

with CBT, 0 equal to the initial benzothiophene concentration (M). 

For 4-, 5-, 6-, and 7-hydroxybenzothiophenes: 
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For 2-, and 3-hydroxybenzothiophenes: 
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For 2,3-dihydroxybenzothiophene: 
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For benzothiophene-2,3-dione 

(12) 

 

 

 

With these analytical solutions of equations, it is possible to determine the 
reaction rate constants.  In this case, for the set of conditions:  

1.2 x 10-4 M CBT,0, pH 7, 40-milliliter (mL) reaction volume, and 0.05 molar (M) 
sodium perchlorate (NaClO4) ionic strength: 

 kA = 3.5 x 10
-4

 sec
-1

 (13) 

As a result, both the actual benzothiophene molarity and the predicted 
benzothiophene concentration can be plotted as a function of reaction time with a 
R2 = 0.99. 
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Nonlinear curve-fitting techniques have been used to determine other reaction rate 
constants.  A computer program has been written on the Matlab software, which 
allows one to minimize the sum of the squares for the given experimental data of 
organic concentration versus time.  For example, for the formation of 4-, 5-, 6-, 
and 7-hydroxybenzothiophene, the rate constants of k1 and k4 are unknown.  The 
minimization function can be expressed as: 

)]exp()[exp(
)(

0
4

4

0,1

4567
tktk

kk

Ck
C

A
A

BT

HXBT


 (14) 

The solutions obtained were: 

 k1 = 8 x 10-5 sec-1 (15) 

and 

 k4 = 1.7 x 10-4 sec-1 (16) 

The actual and the predicted concentration of 4-, 5-, 6-, and 7-hydroxybenzo-
thiophene can be plotted as a function of reaction time with a R2 = 0.93. 

Applying the same technique, the reaction rate constants associated with 2-, and 
3-hydroxybenzothiophenes, 2,3-dihydroxybenzothiophene, and benzothiophene-
2, 3-dione can be determined.  For this analysis, the minimization function can be 
expressed as: 

For 2-, and 3-hydroxybenzothiophenes: 
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For 2,3-dihydroxybenzothiophene: 
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For benzothiophene-2,3-dione 
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From the minimization of both 2- and 3-hydroxybenzothiophenes, 2,3-dihydroxy-
benzothiophene, and benzothiophene-2, 3-dione functions using the multiple 
nonlinear regression, the reaction rate constants, k2, k5, k6, and k7, can be 
calculated as: 

 k2 = 1.9 x 10
-4

 sec
-1

 (20) 

 

 k5 = 2.0 x 10
-4

 sec
-1

 (21) 

 

 k6 = 1.82 x 10
-4

 sec
-1

 (22) 

 

 k7 = 1.6 x 10
-4

 sec
-1

 (23) 

 

The actual and the predicted concentrations of 2- and 3-hydroxybenzothiophenes 
and benzothiophene-2,3-dione can be plotted as a function of reaction time with a 
R2 = 0.98 and 0.93, respectively. 

The only reaction rate constant remaining to be determined is k3, which can be 
solved using equation 24 since k1 and k2 are known: 

 k3 = 0.08 x 10
-3

 sec
-1

 (24) 

The above calculated rate constants, kA, k1, and k2, allow us to predict the percent 
of benzothiophene that reacts to form the sum of 4-, 5-, 6-, and 7-hydroxyben-
zothiophenes and the sum of 2-, and 3-hydroxybenzothiophenes as the reaction 
products.  The percentage is provided by the ratio (k1 + k2)/ kA.  From this ratio, 
77.1 % of the benzothiophene goes to form monohydroxybenzothiophenes as the 
reaction products at the initial step.  The remaining 22.9 % of reacted 
benzothiophene would form other reaction products. 

B.3 Dibenzothiophene (DBT) 

The sonochemical reaction in aqueous phase gives rise to H2O sonolysis 
with production of radical species such as H., OH, and hydrated electrons e-

aq.  
These radicals either can combine to form H2 and H2O2 or attack solute 
molecules.   electrons of the aromatic ring are excellent targets for hydroxyl 
radicals.  The chromatogram and the mass spectra of the parent compound, 
DBT, and its intermediate are shown in figures B-8a, b, c, d, e, f, and g.  The 
peak at 24.05 minutes (figure B-8c) was identified as an intermediate, 
monohydroxydibenzothiophene.  The spectrum of the monohydroxydiben-
zothiophene derivative is shown in figure B-8e.  The intermediates in  
figures B-8d, f, and g were not identified. 

Each peak was examined with the computer database of the National Institute of 
Science and Technology mass spectral library. 
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Figure B-8a.  The chromatogram of dibenzothiophene. 

 
 
 
 

 

Figure B-8b. The mass spectrum of dibenzothiophene from sonochemical 
reaction. 
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Figure B-8c. The chromatogram of dibenzothiophene decomposition from 
sonochemical reaction. 

 
 
 
 

 

Figure B-8d.  The mass spectrum of a dibenzothiophene intermediate 
derivative from sonochemical reaction. 
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Figure B-8e. The mass spectrum of monohydroxydibenzothiophene 
TMS derivative from sonochemical reaction. 

 
 
 
 

 

Figure B-8f.  The mass spectrum of a dibenzothiophene intermediate 
derivative from sonochemical reaction. 
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Figure B-8g.  The mass spectrum of a dibenzothiophene intermediate 
derivative from sonochemical reaction. 

 

 
Our analysis of intermediates of dibenzothiophene decomposition together with 
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decomposition in the cavitation bubbles.  The radicals can react either directly 
with the organic species in the bubbles-water interface or diffuse to the solution 
and then react with the organic species in the solution phase.  Both reactions lead 
to formation of hydroxylated products such as monohydroxybenzothiophene 
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Figure B-9.  Scheme 6, proposed sonochemical decomposition pathway for 
DBT. 
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The malonic acid then will be converted to acetic acid and carbon dioxide as the 
end products.  The other pathway is the rearrangement of the acrylic acid to oxalic 
acid and glyoxylic acid generating the formic acid as depicted in the following 
scheme: 

 

 

 

B.4 Trihalomethanes (THMs) 

The decomposition rate decreases with increasing the number of bromine atoms 
in THM:  chloroform is greater than (>) dichlorobromomethane > 
dibromochloromethane > bromoform.  Figure B-10 shows the relationship of the 
Henry’s law constant and the sonochemical reaction rate constant of THMs. 
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volatile compound (Petrier, 1998); but this inhibition must not to be considered as 
an inhibition of cavitation.  In the bubble, the decomposition of a more volatile 
compound takes the place of the OH radical formation.  Thus, the overall 
decomposition of the more volatile compound (chloroform) is attributed to the 
pyrolysis and free radical attack that occurred in both the gaseous and interfacial 
zones.  Conversely, transfer of the less-volatile compound into the gaseous zone is 
hindered by chloroform, leaving the decomposition of dichlorobromomethane to 
mainly occur in the interface and, thereby, decreasing the decomposition rate.  
This relationship between vapor pressure and decomposition rate is depicted by 
the sonochemical hot spot study (Suslick, 1986).  

B.4.1 Activation Energy of THMs 
The values in figure B-10 indicate that chloroform and dibromochloromethane 
have almost the same value, and bromoform has the largest activation energy.  It 
is notable that dichlorobromomethane has the lowest activation energy value 
(7.3 kilojoule per mole [kJ/mole]) in the sonochemical reaction, though 
dichlorobromomethane has a lower decomposition rate than that of chloroform.  
Normally, it is expected that the compound with a lower activation energy 
decomposes more rapidly.  These results can be explained by two properties of 
THMs—vapor pressure and bonding force.  As described above, since chloroform 
boils at low temperature, 62 degrees Celsius (°C), high-temperature reaction 
mechanism (pyrolysis) of chloroform vapor inside the cavitating bubbles can be 
the preferable reaction mechanism due to its high vapor pressure (160 millimeters 
of mercury [mm Hg at 20 °C]).  It was shown that a THM with a higher vapor 
pressure had a larger rate of decomposition than that of a less-volatile THM under 
fixed experimental conditions.  Also, the methanol spiked with THMs into the 
solution acts as a radical scavenger to reduce the radical reactions inside bubbles 
and in the interface and bulk of solution.  Moreover, the low apparent activation 
energy values of four THMs in figure B-10 indicate that the sonochemical 
reaction for THMs is controlled by the diffusion step. 

An explanation for the lower activation energy of dichlorobromomethane in 
sonochemical reaction is based on the reasoning described below.  Bromine 
substituents are better leaving groups than chlorine substituents; it is easier for 
bromine substituents to leave the parent molecule than for chlorine substituents 
(Solomons, 1988).  Values of bonding energy for carbon-chlorine and carbon-
bromine bonds are 95 and 67 kilocalorys per mole (kcal/mole), respectively, as 
reported by Weast et al. (1992).  The ease of dehalogenation of an organic 
compound is directly proportional to the bond energy between carbon and 
halogen atoms.  This can explain why the activation energy of 
dichlorobromomethane is lower than that of chloroform in sonochemical reaction, 
even though the sonochemical rate of dichlorobrommethane is lower than that of 
chloroform. 
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Figure B-10. Relationship between the Henry’s law 
constant and the sonochemical rate constant of 
trihalomethanes in aqueous phase.   Experimental 
conditions:  ultrasonic energy intensity = 226 watts per 
square centimeter, total volume = 40 milliliters, C0 = 
3.7 micromolars, pH = 7, temperature = 25 °C, ionic 
strength = 0.05 molar NaClO4. 
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