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ABSTRACT

Triclosan (TCS) is an antibacterial found in a host of consumer products
ranging from toothpaste to textiles. While initially confined to health care settings, the
increased popularity of antimicrobial products has resulted in a surge of products
containing this compound and can currently be found in over 700 consumer products.
The fate of TCS in wastewater treatment plants (WWTPs) and loss mechanisms once
exposed to the environment is a topic that has gained much attention over recent years.
However, similar research in onsite systems, where its presence and subsequent
persistence can have similar adverse environmental effects, is lacking. It is the objective
of this study to examine the interaction of TCS to a sorbing medium in the presence of
treated effluent from an onsite wastewater treatment system (OWTS). Experiments
conducted to examine factors that govern this behavior were centered around three main
points of interest: 1) the interaction of TCS to the sorbing medium in the presence and
absence of DOM, 2) the mobility of TCS in the presence and absence of DOM, and 3) the
effect DOM with a high and low organic carbon concentrations on sorption and mobility.
Laboratory scale batch sorption equilibrium and column transport studies were used to
observe the solution interaction of TCS in the presence of a sorptive material, 100%
quartz sand. Treatments consisted of three solutions: 1) low organic content (LOC)
wastewater filtrate (<0.45um), 2) high organic content (HOC) wastewater filtrate
(<0.45um), and 3) 5 mM CaCl, serving as the organic free control (NOC). Human
derived wastewater from OWTSs was collected for wastewater treatment solutions.

Sorption data fit to the Freundlich isotherm model indicates the greatest amount of TCS

v
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sorption to sand in the presence of CaCl, as compared to LOC and HOC treatments. The
Freundlich sorption coefficient (Ky) revealed the least amount of sorption in the LOC
treatment. Statistical analysis showed significant differences (P<0.001) between all
three treatment means. Based on isotherm results, TCS has the potential to be
preferentially transported by DOM. Column transport experiments also indicate the
potential for facilitated transport by DOM in both LOC and HOC treatments.
Breakthrough curves demonstrate earlier breakthrough in DOM treatments as compared
to NOC. Although DOM treatments (LOC and HOC) were not found to be significantly
different from each other, both were significantly different from the NOC treatment
(P<0.001). Batch and transport results indicate potential for the facilitated transport of
TCS by DOM. However, predicted (batch sorption) and calculated (CXTFIT v2.0)
retardation factors did not correlate well with each other. Equilibrium effects were

expected to be the dominant factor behind this discrepancy.
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CHAPTER 1
PHARMACEUTICALS AND PERSONAL CARE PRODUCTS
IN OUR ENVIRONMENT

1.1 INTRODUCTION

Modern advances in medicine, industry, and agriculture offer innumerable
benefits to consumers and suppliers. These advances, however, do not come without a
tradeoff. Such “improvements” have resulted in the production and accepted use of
various chemicals used in the synthesis of medications for human and animal
consumption, added as active ingredients to personal care products, and incorporated into
textiles for various applications. Collectively, these compounds have been termed
pharmaceuticals and personal care products (PPCPs) and will be referred to as such
throughout this document. These advances undoubtedly have their place. Developments
in science and technology over the past decade have gained sizeable ground in the
identification, prevention and treatment of diseases. In exchange for this improvement of
human well-being, chemical pollution has been amplified considerably. It is important to
note that many of these chemicals have been present in the environment for a number of
years. It is their threat as environmental ecotoxical contaminants that are emerging.
These threats have been identified due to sensitive analytical methods that are able to
detect these compounds at the parts per million and parts per trillion level. This increased
sensitivity has highlighted various potential environmental concerns such as their
potential ability to cause abnormal physical processes in aquatic life, reproductive

impairment in fish, increase in the incidence of cancer, development of antibiotic

www.manaraa.com



resistant bacteria, and an increase in potential toxicity when mixed with other chemicals
present within an aquatic system (Kolpin et al., 2002).

Digested pharmaceuticals enter the environment after being metabolized by the
body and are thus carried in urine and feces. Other compounds are washed down-the-
drain if applied or used externally. Many of these compounds have been found to pass
through wastewater treatment processes and enter the environment as either the unaltered
parent compound or as breakdown products. Once introduced to the environment the
effects of these chemicals are largely unknown. A compound’s environmental threat is
based on the source of the contaminant, its removal rates, and/or its mobility in the
environment. How PPCPs are introduced to the environment, their potential impacts, and

current status as environmental contaminants is the subject of this chapter.

1.2 IMPORTANCE, EXPOSURE, AND IMPACT
1.2.1 Importance

Pharmaceuticals and personal care products (PPCPs) are an assorted group of
chemicals that have, until recently, received only modest consideration as environmental
pollutants. The class PPCPs, consist of (but not limited to) all drugs whether prescription
or over the counter, nutraceuticals (bioactive food supplements), fragrances, agents in
sun-screen, and active ingredients in consumer products (Daughton and Ternes, 1999).
Table 1.1 lists the most frequently detected organic wastewater contaminants in U.S.
streams (Kolpin et al.,2002). Table 1.2 lists common additives in various personal care
products. The components that are found in this large array of products are used

specifically for biological activity, either for therapeutic or preventative purposes
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Table 1.1 Most frequently detected organic wastewater contaminants in U.S. streams (Kolpin et al., 2002). Table represents a

portion of the total 95 compounds of interest in this study.

Occurrence
Chemical CASRN Percentage Use
(139 streams)
Cholesterol 57-88-5 84.3 Plant/animal steroid
N.N-diethyltoluamide 134-62-3 74.1 Insect repellent
Caffeine 58-08-2 61.9 Stimulant
Triclosan 3380-34-5 57.6 Antimicrobial, disinfectant
Tri(2-chloroethyl) phosphate 115-96-8 57.6 Fire retardant
4-nonylphenol monoethoxylate - 459 Nonionic detergent metabolite
Bisphenol A 80-05-7 41.2 Plasticizer
Cotinine 486-56-6 38.1 Nicotine metabolite
Coprostanol 360-68-9 353 Fecal steroid
Fluoranthene 206-44-0 294 PAH
1,7-dimethylxanthine 611-59-6 28.6 Caffeine metabolite
Trimethoprim 738-70-5 274 Antibiotic
Diazinon 333-41-5 259 Insecticide
1,4-dichlorobenzene 106-46-7 25.9 Deodorizer
4-methyl phenol 106-44-5 24.7 Disinfectant
Acteominophen 103-90-2 23.8 Antipyretic
Tetrachloroethylene 127-18-4 23.5 Solvent, degreaser
Erythromycin-H,O 114-07-8 21.5 Erythromycin metabolite
Estriol 50-27-1 21.4 Reproductive hormone
Lincomycin 154-21-2 19.2 Antibiotic
Chlorpyrifos 2921-88-2 15.3 Insecticide
17p-estradiol 50-28-2 10.6 Reproductive hormone
4
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Table 1.2 Common additives in personal care products (Xi et al., 2005).

Additive compound

Characteristics

Musk ketone

synthetic musks in personal care products

Musk xylene

candles, air fresheners, and aroma therapy, perfumes, cosmetics, and toiletries

Triclosan (2,4,4’-trichloro-2’-

Bactericide added in detergents, dishwashing detergents, laundry soaps, deodorants,

hydroxy cosmetics, lotions, creams, toothpastes and mouthwashes, footwear, and plastic wear. It
dipheny]l ether) interferes with an enzyme crucial to the growth of bacteria
Biphenylol Bactericide and virucide added in dishwashing detergents, soaps, general surface
disinfectants in hospitals, nursing homes, veterinary hospitals, commercial laundries,
barbershops, and food processing plants. It is used to sterilize hospital and veterinary
equipment
Chlorophene Bactericide and fungicide added in disinfectant solutions and soaps
DEET (N,N- Pesticide added in insect repellant
diethyltoluamide)
Butylparaben (alkyl-p- Fungicide added in cosmetics, toiletries, and food
hydroxy-
benzoates)

Alkylphenol polyethoxylates

Nonionic surfactants added in detergents

Sodium
dodecylbenzenesulfonate

Ionic surfactants added in detergents
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(Daughton and Ternes, 1999). Also included in the vast list of PPCPs are drugs used for
veterinary purposes and confined animal feeding operations (CAFOs). Animal
medications are often not regulated to the level of human drugs and are often
administered in larger quantities. The metabolic byproducts of these compounds are, in
many cases, directly released to the environment with little to no pre-treatment.

The majority of PPCPs are recalcitrant in wastewater treatment plants and are
subsequently released to the environment. However, there are additional exposure routes
to the environment. Land application of sewage sludge, wastewater reuse, landfill
leachate, are all additional means that these chemicals are introduced to the environment.
This document will focus on the contribution of wastewater treatment processes to the
presence of PPCPs in the environment with a specific look at one compound in particular,

triclosan.

1.2.2 Exposure

Introduction of PPCPs to the environment has no geographic boundaries or
climatic limitations as with agrochemicals (Daugthon and Jones-Lepp, 2001). More
importantly, these compounds do not necessarily have to be chemically stable to be
persistent. Due to their widespread usage and continued output, natural removal rates are
often exceeded by their replacement rates. As stated by Daugthon and Jones-Lepp
(2001): “...chemical stability is not a prerequisite for environmental persistence”.

The levels of PPCPs anticipated in the environment are just as ambiguous as
their known effects. The amount that enters the environment is based on various factors:

the extent to which a drug is metabolized by the body, the cleaning habits of individuals
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using various products, which products are used, and the extent in which they are
removed from wastewater. The latter factor has been labeled as the primary source of
these compounds in the environment. By way of wastewater treatment systems, whether
centralized or decentralized, these compounds are continuously introduced to the
environment. Since many of these compounds have been found to survive the
wastewater treatment process, loss mechanisms once they reach the receiving
environment are of primary concern. Natural chemical degradation, biological
degradation, and photodegradation determine the rate in which these compounds are
removed from the environment. It is therefore, of high importance to study the removal,
or non-removal, of these compounds in wastewater treatment facilities and other loss
mechanisms that are in the receiving environment.

However, little is known about the ultimate fate of many of these organic
chemicals. One reason for this lack of information is the inability of current analytical
methods to detect these compounds at levels anticipated in the environment (Kolpin et
al., 2002). Complexing this problem is the plethora of compounds that could be present
in any given system at any given time. The combined effects, of not only the parent
compounds, but also breakdown products and metabolites, add to this issue that is further
compounded by the difficulty to predict environmental conditions in both the aquatic and
soil environment. Although assessing this situation seems nearly impossible, progress
has been made in the ability to detect their presence, quantify their levels of occurrence,
and assess their threat to the environment (Herberer, 2002; Boyd et al.., 2003; Kolpin et

al., 2004; Oppel et al., 2004; and Bendz et al., 2005).
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As of 1999, practically all ecological monitoring studies for PPCPs have been
carried out in Europe. Awareness was heightened in Europe due to the restricted ability
of their surface water bodies to receive waste due to size limitations, relative to the
United States. However, research in Europe concerning their occurrence and behavior in
the environment is distributed over a large and often difficult to assess literature base
(Daughton and Jones-Lepp, 2001). Over the past five years these compounds have
gained substantially more attention in the United States. Research in both Europe and the
United States has proven many of these compounds to be persistent and potentially
harmful to the environment. Further research has been limited due to the cost of

developing methods and conducting analysis.

1.2.3 Impact

Daughton and Jones-Lepp (2001) lists three drivers of ecological change as
affected by human activities: 1) habitat disruption and fragmentation, 2) the alteration of
community structure, such as, the introduction of alien and nuisance species, and 3)
chemical pollution. Chemical pollution by PPCPs is difficult to assess. Annual
production of PPCPs can range from a couple of kilograms to thousands of tons. Their
use and incorporation into various products is steadily increasing; in many instances,
their usage rates are comparable to that of agrochemicals (Daughton and Ternes, 1999). .
Concentrations of these compounds in the environment are typically found at extremely
low levels (parts per trillion) and effects are expected to be gradual. Complexing the

problem are the synergistic effects of multiple compounds.
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Some of these compounds serve a dual function as both drugs and as pest-
control agents. A few examples are listed as follows: 4-aminopyridine, an avicide and
experimental drug for multiple sclerosis; warfarin, a rat poison and anticoagulant;
triclosan, a biocide and gingivitis agent used in toothpaste; azacholesterols, antilipidemic
drugs and avian/rodent reproductive inhibitor, and acetaminophen, an analgesic and used
for the control of brown tree snakes (Daughton and Jones-Lepp, 2001). However, their
dual purposes do not directly implicate them as chemical pollutants. Many useful
chemicals have dual purpose and one function does not necessarily reflect the other.

With the quantity of compounds of diverse origins detected at measurable
concentrations in various compartments of the environment, why have PPCPs gained so
much recent attention? Why is their occurrence important? The answer to these
questions has been the subject of a variety of papers, symposiums and the like. Research
in this area is not solely based on their occurrence and exposure. It is based scientifically
on their measurable effects in the aquatic and terrestrial environments as well as effects in
the human body. Thus, significant outcomes as to their presence must be weighed
against their benefits to consumers. Their presence and abundance is due to the fact that
they enter wastewater treatment works and exit either untreated or as various metabolites.
Often environmental removal rate are exceeded by replacement rates. This continued out
put warrants their persistent classification. Additionally, their simultaneous and
sequential exposure of PPCPs to the environment endorses their classification as

chemical pollutants.
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1.3 OUTLINE OF THESIS

The primary objective of this thesis is to investigate the facilitated transport of
triclosan (TCS) by dissolved organic matter (DOM) carried within the treated effluent of
an onsite wastewater treatment system (OWTS). A multidisciplinary approach is taken to
investigate the many factors involved in the transport of hydrophobic organic compounds
(HOCs) in the environment. Using TCS as a probe, this thesis will evaluate the role an
OWTS plays to the potential presence of TCS, and possibly other PPCPs, in groundwater
and other receiving water bodies. Chapter 2 introduces the multipart nature of TCS,
provides background into its origin, mode of action, and current status as a potential
environmental pollutant. Chapter 3 highlights advances in research in the removal of
PPCPs, specifically triclosan, from wastewater treatment plants. Loss mechanisms
during wastewater treatment and in receiving environments are also discussed. Chapter
4 examines the role of organic matter in the environment. It describes the interactions
between HOCs and DOM that govern their combined and individual mobility in the
environment and factors favoring facilitated transport. Chapter 5 lists the materials and
methods involved in carrying out the experimental procedures. Chapters 6, 7, and 8
present and discuss the final results of the experiments and concludes with a summary of

project findings and list areas for future research.

10
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CHAPTER 2

THE MULTIFACETED TRICLOSAN

2.1 INTRODUCTION

Triclosan (TCS) is a synthetic, non-ionic, broad spectrum antimicrobial agent
possessing mostly antibacterial, some antifungal, and antiviral properties. TCS attacks
cells by inhibiting membrane synthesis (Singer et al., 2002) and this specific mode of
action can encourage microbial resistance. TCS has been used for over 30 years but
initially it was confined only to hospitals and health care settings. In the last decade, the
use of triclosan containing products has dramatically increased due to marketing schemes
and the public’s desire for antibacterial labeled products. Currently, TCS can be found in
over 700 consumer products, such as, detergents, mouthwash, soaps, cosmetics, socks,
sportswear, bed cloths, and even some children’s toys. It has gained considerable
environmental attention over the past five years and has been labeled as a potentially
persistent organic contaminant. In a recent study by the USGS, triclosan was found in
57% of 159 streams and lakes sampled in the U.S. (Kolpin et al., 2002). Similar studies
have also detected TCS at quantifiable concentrations in surface waters (Lindstrom et al.,
2002; Balmer et al., 2004; Morrall et al., 2004; Singer et al., 2002; Halden and Paull,
2005; Hua et al., 2005; Sabaliunas et al., 2003; Kolpin et al., 2004). These studies have
also raised concerns on the effect of triclosan in the environment. As a result of
continued research, triclosan has been found to be both beneficial and potentially

detrimental.
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This chapter will explore the role of triclosan in antimicrobial resistance, the
estrogenic properties of TCS, its use as an effective antimalarial, and potential drug in the
treatment of cancer. The purpose of this chapter is to provide useful information as to the
many faces of triclosan. Triclosan is used in many products for various purposes.
Understanding the benefits and deficiencies in the use of triclosan is essential in
understanding the full girth of this controversial issue and assessing its environmental and

human impact.

2.2 BENEFITS
2.2.1 Background

TCS was first manufactured by Ciba Specialty Chemicals in Switzerland. Its
chemical properties and common uses and benefits (as stated by chemical manufacturer)
are listed in tables 2.1. and 2.2, respectively. Less common uses for TCS include its
incorporation in certain paints (Meade et al., 2001), plastics used for packaging food
(Sanches-Silva et al., 2005), children’s toys, toothbrush handles, cutting boards, and
surgical drapes (Schweizer, 2001). Ciba Chemical states that TCS is most beneficial
when used in hospital and oral hygiene. Hospitals in Australia found a significant
reduction of infections in newborn infants caused by methicillin-resistant Staphylococcus
aureus when soaps containing TCS were used within the maternity ward. TCS has also
been proven to reduce cavities and other oral problems due to bacteria by 20-25% when

TCS containing toothpaste is used on a regular basis.
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Table 2.1 Chemical structure and properties of triclosan

. Molecular Log
Chemical Trade Names Weight Sw K.
2.,4,4’-trichloro-2- . 1 21
hydroxydiphenyl ether Triclosan 289.5 g mol 10 mg L 4.8
cli OH Igrasan

o Microban
Lexol 300
cl ci Ster-Zac
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Table 2.2 Applications and benefits of using triclosan containing products. Information obtained from manufacturers website,

(http://www.cibasc.com/index/ind-index/ind-per_car/ind-pc-ah/ind-pc-triclosan.htm.) Ciba Specialty Chemicals, Switzerland.

Application

Product features

Generic Product Benefits

End consumer benefit

Toothpaste, Mouth-
rinse, Oral devices

Liquid soap, Dish soap

Deodorant

- Long lasting activity against
harmful oral bacteria

- Adhesion to teeth enamel and
gums

- Anti-inflammatory activity

- Mouth ulcer reduction

- Long lasting adhesion

- Protection against bacterial
contact after hand-wash

- Against gram+ (odor) and
gram- (infections) bacteria

- Long lasting activity against
odor forming bacteria

- Long lasting adhesion

- Anti-gingivitis (bacterial
gums disease)

- Anti-cavities (bacterial teeth
decay)

- Anti-plaque (soft bacterial
film)

- Anti-tartar (hard bacterial
film)- Long lasting activity

- Deodorant activity

- Broad spectrum antibacterial

- Long lasting activity

- Hygiene claims

- Deodorant activity
- Broad spectrum antibacterial

- Long lasting activity

- One product fights both oral
diseases and their precursors

- Fights odor

- Protects from contact
infections

- Adds additional layer of
hygiene

- Reduces skin irritations
- Fights odor
- Reduces skin irritations

- Additional layer of hygiene
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2.2.2 Effective Antimalarial

Due to the fact that triclosan specifically attacks lipid biosynthesis, it can be
used as an effective drug in the selective treatment of various bacterial born illnesses.
Fatty acid synthesis is a fundamental and vital component of the cellular metabolic
network. Fatty acids are the essential building blocks for the formation of phospholipids
which form the cell membrane. Fatty acid synthase (FAS) is the enzyme system that
performs fatty acid synthesis. FAS enzymes are either labeled as type I, found in
eukaryotes and some Mycobacteria, or type I, strictly found in prokaryotes. This
difference allows FAS to be the most amendable of all biochemical pathways in selective
drug therapy. Thus, triclosan can be effective in attacking microbial invaders without
affecting the human host.

This discovery has application in combating malaria. The causative bacteria,
Plasmodium falciparum, have been widely studied in its inhibited growth by triclosan.
Here, NAD" is the preferred co-factor for the Fabl enzyme that is responsible for the
delivery of fatty acid intermediates necessary for full lipid synthesis. Triclosan binds
directly to Fabl which increases its affinity for the oxidized co-factor, NAD". This
results in the locking of the enzyme in its NAD-bound form, blocking the essential
binding of NADH and thus preventing FAS (Figure 2.1). These processes retard cell
growth and ultimately cause cell lysis (Roa et al., 2003; Kapoor et al., 2004; Kapoor et

al., 2004 ).
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Figure 2.1 Type II fatty acid synthesis. Diagram illustrates the role of the co-enzymes (Fab) in facilitating fatty acid synthesis in

a series of oxidaxtion/reduction reactions. Boxes in red/dashed illustrate where TCS interrupts the FAS cycle.
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2.2.3 Chemopreventative Agent

The discovery of the specific FAS pathway has also led to another beneficial
application, possible agent for the chemoprevention of breast cancer. Over expression
and high levels of FAS has been found in various cancers of the human body. Often
expression levels aid in the transformation to malignant tumors. Studies have shown that
FAS expression in malignant breast tumors is associated with an increase in the risk of
death (Lu and Archer, 2005; Pizer et al., 1996). In one study, there was a nine fold
increase of death when high levels of FAS expression occurred together with high
proliferative index >17%. Therefore, FAS expression is expected to play an essential
role in the growth and survival of breast cancer cells. FAS inhibitors decrease cell
proliferation and induce lysis in breast cancer cell lines. Using triclosan as a FAS
inhibitor, Lu and Archer (2005) determined that triclosan suppresses rat mammary
carcinogenesis by inhibiting FAS. Thus, FAS is a potential molecular target for the
chemoprevention of breast cancer, and as a FAS inhibitor, triclosan has the potential to

serve as a chemopreventative agent.

2.3 ADVERSE AFFECTS
2.3.1 Agent Fostering Antibiotic Resistance

Due to triclosan’s specific mode of action (specifically attacks lipid
biosynthesis) its widespread usage has been called into question. Various studies have
looked at the link between antibiotic resistance and the use of triclosan and other
antimicrobials (McBain et al., 2003; White and McDermott,2001; Levy, 2001; McBain

and Gilbert, 2001; Lateef, 2004; Schweizer, 2001; Perencevich et al., 2001; Aiello and
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Larson et al., 2003). Even though antibiotic resistance is an age old concern, the
responses of bacteria to biocides, in particular triclosan, revived this long established and
well researched problem. Many pharmaceuticals attack the same cellular targets. Of
concern, is the potential for triclosan to weaken the ability of other pharmaceuticals to
treat bacterial diseases that may also function as cell wall inhibitors. This phenomenon is
referred to as cross resistance. Fueling this debate is the fact that the presence of
triclosan in so many consumer products has not been justified. A number of studies have
determined that the inclusion of triclosan is not necessarily an added benefit to consumers
(Ayliffe et al., 1988; Larson, 2001; Adolfsson-Erici et al., 2002). The level of protection
attained by the addition of triclosan in consumer products is not usually needed in a
typical household. This misuse can have a subtle effect, contributing to the progression
and persistence of drug resistance within microbial communities (McBain and Gilbert,

2001).

2.3.2 Androgenic Properties

Triclosan is structurally similar to various non-steroidal estrogens. This
similarity implies a potential to behave as an environmental estrogen. Foran et al., (2000)
examined the effects of triclosan exposure on the development of Japanese medaka as
compared to 17-f estradiol, a noted estrogen. Japanese medaka are commonly used as an
indicator species of fish. This species is commonly used as a model for endocrine
disruption because of their reproduction rates and rapid development time. Sex can be
determined phenotypically by visual examination of dimorphic fin characters. Early

developmental exposure to estrogen can result in bias sex ratios or intrasex morphology
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of the gonads. Results from Foran et al., (2000) indicated that changes in fin length and
non-significant trends in sex ratio rules triclosan as being weakly androgenic but not
estrogenic. Triclosan was used in concentrations of 1, 10, and 100 ug/L and 17-f
estradiol at a concentration of 1 ug/L. Exposure of 17-f estradiol to developing Japanese
medaka by Nimrod and Benson (1998) produced a 100% female population in
concentrations as low as 1 pg/L. Triclosan treatments were not found to be statistically
different from controls of an ethanol solution not containing TCS. 17-p estradiol was
found to be different, producing 92% females as compared to 56% females at the
comparable triclosan level of 1 ng/L. Studies indicate that even though estrogenic
properties were not concluded from this preliminary study, triclosan does have the ability
to behave as an environmental androgen due to the observed differences in fin length as
compared to controls. An androgen is any group of hormones that controls the growth
and development of the male reproductive system. Additional research is needed to

further explore the sexual effects of TCS exposure to aquatic life.
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CHAPTER 3
COMPARATIVE ANALYSIS OF WWTPS AND OWTS IN THE REMOVAL OF
TRICLOSAN FROM WASTEWATER

Numerous studies have been conducted on the effectiveness of wastewater
treatment plants (WWTPs) in the removal of triclosan from wastewater influent.
However, research exploring the effectiveness of onsite wastewater treatment systems
(OWTSs) in removing TCS has been neglected. In addition, a full understanding the loss
mechanisms associated with the removal of TCS in the environment, i.e.,
photodegradation, biological and chemical degradation, sorption into soil and sediment,
biological methylation, and the formation of dioxin derivatives, are areas not completely
explored as well. The main objective of this chapter i