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ABSTRACT

Municipal wastewater effluent (MWWE) is a major source of contaminants of
emerging concern (CECs) in the aquatic environment. Studies have shown ozonation of
MWWE to be effective in disinfection as well as transformation of the CECs. However,
the characteristics of the MWWE matrix influence the oxidation efficacy with ozone. In
the current study, a pilot unit was set up to examine efficiency of ozonation of MWWE in
disinfection and transformation of target CECs. A transferred ozone dose (TOD) of
0.72 mg Os/mg DOC was sufficient to consistently achieve the Ontario MOE disinfection
target of < 200 MPN E. coli/100 mL. A similar TOD transformed the majority of the
detected CECs by over 80%. Out of the 31 CECs for which transformation efficiencies
could be calculated, transformations of 21 CECs were > 80%. Transformations of 4

CEC:s of antibiotics group were less than 30%.
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CHAPTER I

INTRODUCTION

1.1  BACKGROUND

Many municipal wastewater treatment plants (MWWTPs) discharge the effluent
in water bodies such as rivers and lakes that are important sources of drinking water. The
MWWTPs are typically designed for and are efficient in removing suspended solids,
organics, and nutrients. Municipalities in North America have increasingly targeted
treated municipal wastewater effluent (MWWE) since the 1970s to protect public health.
They are typically required to achieve some level of disinfection before discharging the
MWWE to receiving water bodies. The regulatory limit varies with jurisdiction as well as
sensitivity of the receiving bodies. A disinfection limit of around 200 most probable
number (MPN) of fecal coliform or Escherichia coli (E. coli) per 100 mL is common
both in the USA and in Canada (Minnow Environmental and CCME, 2005; Black &
Veatch, 2010).

Historically, chlorine was used for disinfection of MWWE because of its
effectiveness, residual properties, and low cost. However, studies in the early 1970s
showed that free chlorine reacts with the organics to form disinfection by-products
(DBPs) such as trihalomethanes and haloacetic acids. These DBPs could adversely affect
public health and aquatic life because of their carcinogenic properties (Morris and
McKay, 1975; Rice et al., 1981). Fish kills were also experienced in water bodies
receiving municipal wastewater disinfected with chlorine (Rice, 1999). The concerns

with adverse effects of chlorinated effluent led United States Environmental Protection



Agency (USEPA) to promote research in alternate disinfection technologies such as
ozonation and UV disinfection (Rice et al., 1981; Whitby and Scheible, 2004). At that
time, both these technologies were already in use for disinfection of drinking water. The
researchers quickly realized the advantages of using ozone for disinfection (Rice, 1999).
However, the technology to produce ozone was not mature and reliable. This resulted in
ozone treatment systems having high manufacturing cost, high operating and
maintenance cost, and low reliability.

The first full scale UV system was installed in a MWWTP in 1978 and in a
MWWTP with gravity fed open channel in 1982 (Whitby and Scheible, 2004). The UV
radiation technology continuously and rapidly improved, making it more reliable and cost
effective. Hence, UV treatment became the preferred method for wastewater disinfection
(Rice, 1999; Whitby and Scheible, 2004).

Studies in the 1990s discovered an additional threat with MWWE due to the
finding of trace amounts of estrogenic compounds and the possible link to the
feminization of male fish (Folmar et al., 1996; Harries et al., 1997). Daughton and Ternes
(1999) revealed that the active compounds in pharmaceutical and personal care products
(PPCPs) released with municipal effluents could induce estrogenic effects. These
discoveries have led to a significant increase in the research of occurrence, fate, transport,
and removal of potential estrogenic compounds from water and wastewater (Snyder et al.,
2003; Ternes et al., 2004; Shon et al., 2006). Researchers have discovered many more
chemicals and compounds in water and wastewater in concentrations that can be a cause
of various other ecological concerns. These more recently discovered pollutants of

concern are commonly being grouped as contaminants of emerging concern (CECs). As



per Bhandari et al. (2009), the CECs are usually unregulated and consist of
pharmaceutically active compounds (PhACs), personal care products (PCPs), antibiotics,
hormones, endocrine disruptive chemicals (EDCs), plasticizers, surfactants, fire
retardants, pesticides, herbicides, insecticides, industrial and household chemicals, and
nanomaterials. The current knowledge base on many of these CECs in low concentrations
does not give any indication if they pose risks to human health. However, researchers
have shown that these micropollutants can cause reproductive abnormalities and
feminization of fish as well as of other vertebrates such as reptiles, mammals, and birds
(Bloetscher and Plummer, 2011). Hence, to protect the aquatic ecosystem and public
health from probable adverse effects, it is advisable to take precautionary steps by
limiting the release of the estrogenic compounds in the environment.

Studies conducted in various parts of the world show the presence of CECs in
potable water sources (Daughton and Ternes, 1999; Huber et al., 2003; Auriol et al.,
2006; Benotti et al., 2009; Tabe et al., 2009). Municipal wastewater treatment plants are
an important point source of the CECs released in the environment and water bodies
(Daughton and Ternes, 1999; Petrovi¢ et al., 2003). It makes logical sense to treat and
remove the CECs from the MWWE when their concentration is higher, rather than from a
water supply for potable water in which they have been diluted several orders of
magnitude (Oneby et al., 2010). The conventional technologies to treat MWWE are
efficient in removing suspended solids, organics, and nutrients. However, they are not
effective in removing the CECs that are present in trace quantities (Ternes, 1998). Hence,
new treatment technologies or additional treatment processes are required to remove

these CECs, which are normally low molecular weight compounds in the size range of



about 150 to 500 Dalton (Snyder et al., 2003). These new treatment technologies or
treatment processes should meet the following requirements:
. Remove CECs to acceptable levels
o Remove biologically active compounds
J Provide effective disinfection
o The disinfection by-products should have lower toxicity than the parent compounds
J Use minimum possible resources such as energy and water
o Require low maintenance (specially human labor)
o Economically viable
o Environmentally friendly

The scientific community has been aware of the disinfection property of ozone
since the start of the 19th century. Higher costs and operational problems related to it
have led to the choice of UV as the preferred technology for wastewater disinfection in
North America since the 1990s. Since then, studies have shown ozone and ozone based
advanced oxidation processes (AOPs) to be effective in the oxidation of CECs both in
water and wastewater matrices (Snyder et al., 2003; Ternes et al., 2003). The ozonation
of MWWE has several other advantages such as an increase in dissolved oxygen,
decrease in chemical oxygen demand, and improvement in aesthetic characteristics due to
reduction in turbidity and color. Chlorination and UV radiation do not provide these
additional benefits. In addition, due to the significant advances in the ozone
manufacturing technology in the last couple of decades and the experience gained by
ozone treatment of water and wastewater, ozonation is now a mature technology (Leong

et al., 2008). The cost of ozonation is now almost at par or lower than that of UV



disinfection technology (Drury et al., 2006; Oneby et al., 2010). These developments
have led to a huge surge in research related to ozone treatment of secondary and tertiary
treated municipal wastewater the world over in recent years. While studies have
demonstrated the potential for ozonation to transform effectively many CECs present in
MWWE, such studies are still limited both in number and list of CECs examined. Studies
have further shown that the effectiveness of such transformations by ozone is strongly
dependent on the properties of the CEC and the matrix, particularly the nature and
concentration of dissolved organic carbon. In addition, the list of CECs in the water
environment continues to grow. Hence, there is a continued need to study the ozone and
ozone-based advanced oxidation processes (AOPs) for different wastewater matrices and
CEC groups to better understand and apply them for wastewater treatment. Ozone
treatment of municipal wastewater in Canada for disinfection has been studied and is
being considered as a special circumstance for the primary treated wastewater effluent in
the City of Montreal. However, to the best knowledge of the author, study on disinfection
and oxidation of CECs using ozone for treatment of the more common secondary treated

municipal wastewater effluent has not been conducted in Canada.

1.2 OBJECTIVES

The main objective of this study was:

e To investigate the effect of ozone treatment of secondary treated wastewater
effluent on disinfection and the transformation of selected contaminants of
emerging concern.

Other objectives of the study were:



1.3

Examine the effect of different ozone doses on the characteristics of the
treated wastewater.

Check for the correlation of the transformation of the CECs and inactivation
of the disinfection indicator microorganisms with easy to monitor surrogate

parameters such as UV absorption at 254 nm (UVA) and color.

SCOPE

The scope of this project was to:

design and build a pilot unit keeping in view process parameters such as
dissolution time, air-to-water flow ratio, hydraulic retention time, and length
to diameter ratio of the contactors;

determine the effect of different air-to-water flow ratios on ozone transfer
efficiency and residual ozone in water;

examine the effect of different transferred ozone dose, residual ozone, and
hydraulic retention time on the level of disinfection;

study the reduction in the concentration of the monitored CECs at typical
disinfection ozone dose; and

monitor the changes in the characteristics of the MWWE such as total organic
carbon concentration, UV absorption at 254 nm, and color due to ozone

treatment.



1.4  ORGANIZATION OF THE THESIS

This thesis is organized into five chapters. Chapter I consists of the introduction
and objective of this study. Chapter Il consists of literature review related to the history
of wastewater ozonation, factors effecting ozonation, disinfection by ozone and oxidation
of the CECs. The topics included in Chapter III are details of the experimental setup and
experiment methodology. The results and discussion are included in Chapter IV. Chapter

V includes the conclusions of this study as well as recommendation for future study.



CHAPTER I

REVIEW OF THE LITERATURE

2.1 HISTORY OF OZONATION OF MWWE

Historically, chlorine was the choice of disinfectant for MWWE. In 1892, the
disinfection of sewage with chlorine first occurred in Hamburg, Germany and Brewster,
New York (Gascoigne, 1931). By 1906, disinfection of sewage by chlorination was
established as a practical and economical process, and its application for sewage
disinfection increased (Gascoigne, 1931). In 1911, eight sewage treatment plants in New
York treated sewage effluent with chlorinated lime (Black & Veatch, 2010). Phelps
(1912) has documented the use of chlorine for disinfection of sewage by several full-
scale sewage treatment plants, and its benefit for public health as well as shellfisheries.
For comparison, in the USA the first successful commercial application of chlorine for
water disinfection started in 1908 (Baker, 1925) and by 1912 the drinking water was
regularly disinfected in several hundred American cities (Phelps, 1912). By 1911,
Canadian cities - Montreal, Ottawa, and Toronto, chlorinated the drinking water (Race,
1918). As per Baldwin (1927), laboratory scale to full scale experiments were being
conducted in 1927 in USA, Canada, and Germany to determine all the possible and
proper use of chlorine for sewage disinfection and disposal. Gascoigne (1931) has noted
the use of chlorine in Toronto for improvement in performance of activated sludge
process. The use of chlorine for disinfection of MWWE in United Sates became more

common from 1945 (Black & Veatch, 2010).



Studies in the 1970s found that disinfection of MWWE with chlorine lead to the
formation of carcinogenic disinfection by-products (Morris and McKay, 1975). This
concern led to research in alternate disinfection technologies. Research revealed that
ozone treatment and UV radiation were viable alternate modes for disinfection of
MWWE (Rice, 1999; Whitby and Scheible, 2004).

The use of ozone for MWWE disinfection started in the United States in the early
1970s (Rice et al., 1981) and there was a gradual increase in the number of MWWTPs
using this process. However, the change in the USEPA disinfection policy in 1976,
higher capital cost, and operational problems lead to the gradual decline of the use of
ozone for disinfection of MWWE (Rice, 1999). At the same time, its application in water
treatment has continued to grow. The number of municipal wastewater plants using
ozone peaked at around 45 in the early 1980s (Rice, 1999). Only nine MWWTPs were
using ozone for disinfection in 2008 - 2009 (Black & Veatch, 2010; Oneby et al., 2010).
For comparison, there were nearly 201 water treatment plants (WTPs) using ozone in the
USA in 1997 (Rice, 1999). However, since 1990s, the concerns related to the toxic and
mutagenic effect of CECs present in MWWE on aquatic species has renewed the interest
in ozone treatment of MWWE for disinfection as well as transformation of CECs.
Various full scale and pilot scale studies have been conducted (Snyder et al., 2006; Wert
et al., 2007; Dickenson et al., 2009; Wert et al., 2009a; Gerrity et al., 2011; Lee et al.,
2012).

As per Larocque (1999), two Canadian MWWTPs were using ozone primarily
for disinfection and six were using it probably for odor control. The paper does not

provide any detail or name of these plants. Literature research did not reveal any full



scale MWWTP currently operating in Canada that uses ozone for final disinfection of
MWWE. The Montreal Urban Community WWTP having capacity of 700 mgd is
considering ozone treatment for effluent disinfection (Black & Veatch, 2010). Absi et al.
(1993), Gehr and Nicell (1996), and Gehr et al. (2003) have conducted pilot-scale ozone
disinfection study at this MWWTP.

In general, the regulations in Europe do not require disinfection of MWWE (Rice
et al., 1981; Black & Veatch, 2010). However, concerns related to CECs in MWWE have
resulted in a surge in research and use of ozonation for the transformation of CECs in
recent years around the globe. In Europe, full-scale MWWTPs that apply ozone mainly
for micropollutant removal are now operational in Switzerland (Hollender et al., 2009),
and France (Ruel et al., 2011). In Germany, three municipal wastewater treatment plants
have full scale ozonation plants for micropollutant removal, one of which is in operation
since 2009 (Griinebaum, 2011; Launer et al., 2012). A full-scale ozonation unit exists in
Italy that treats effluent of a wastewater plant that receives municipal and industrial
wastewater (Bertanza et al., 2012). Pilot scale ozonation studies are being conducted in
Austria (Schaar et al., 2010), Germany (Bahr et al., 2005; Ried et al., 2009), and Great
Britain (Ried et al., 2009). The results from these studies would be helpful to the
MWWTPs exploring the possibility of upgrading to or selecting ozonation for
disinfection of MWWE as well as micropollutant removal.

In Japan, 65 sewage treatment plants had an ozonation process in the year 2004.
Ten of them were constructed between 2002 and 2004 (Takahara et al., 2006). A full-
scale water reclamation plant in Australia uses ozone for disinfection of the effluent. It

receives tertiary treated effluent from a WWTP that serves 40,000 people (van Leeuwen
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et al., 2003; Reungoat et al., 2010). A water reclamation plant existed in South Africa in
1978 that disinfected the effluent with ozone (van Leeuwen and Prinsloo, 1980). The
ozone dosages used and the results obtained have varied considerably depending on the

wastewater characteristics and the treatment objective.

2.2 OZONE CHEMISTRY
2.2.1 Properties of Ozone

Ozone (0O3) is a pale blue gas and has a pungent odor. It is generated from oxygen
molecules. The electric discharge method is the most common method for generating
ozone on industrial scale. The electrical discharge ionizes the oxygen molecules. The
ionized oxygen atom then combines with molecular oxygen to form ozone. The feed gas
to produce ozone can be air or oxygen. The concentration of ozone produced is 3 to 4%
by weight with air as feed gas and 10 to 13.5% by weight when oxygen is the feed gas
(Gottschalk et al., 2000).

Ozone is one of the most powerful disinfectants having high oxidation potential of
2.07 eV (Alvares et al., 2001). It is highly unstable and hence produced on site prior to
use. Ozone is more than 10 times as soluble as oxygen, however only a few mg/L ozone
dissolves in water in actual operating conditions due to its low partial pressure (Sawyer,
1976). The solubility of ozone in water or wastewater is an important property as the
disinfection and oxidation of the micropollutants depend on the amount of ozone
transferred. The solubility of ozone in water or wastewater can be calculated using

Henry’s law (USEPA, 1986b; Metcalf & Eddy et al., 2002):
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g
H, = C_s (2.1)
H, Henry’s law constant, unitless (H,, for ozone = 3.97 at 20 °C)
C, concentration of ozone in gas phase, mg/L
G saturation concentration of ozone in liquid, mg/L

Equation 2.1 shows that the solubility of ozone in water increases with an increase

in the concentration of ozone in the gas that is bubbled through the water.

2.2.2 Oxidation pathways

As per Hoigné and Bader (1976), ozone can oxidize and transform a substrate (S)
by the direct or indirect pathway. Figure 2.1 shows the two pathways. The ozone
molecule reacts directly with the substrate to form product in the direct pathway. In the
indirect pathway, ozone reacts with hydroxide ions (OH™) or radicals (Re) and
decomposes to form oxidants such as hydroxyl radical (OH¢) which then reacts with the
substrate (S). While the oxidation potential of molecular ozone is 2.07 eV, that of OHe
formed is 2.8 eV (Alvares et al., 2001). The oxidation pathway that will dictate the
transformation will depend on the reaction rate of ozone and the substrate, and the

reaction products that may promote or inhibit ozone decomposition (S’).
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Figure 2.1 Ocxidation of substrate during ozonation of water and wastewater

(Adapted from Hoigné and Bader, 1976)

The direct reaction of ozone is highly selective and slow. The second-order
reaction rate constant of ozone with organics and inorganics in water is in the range of
<1 to 10° M s, but most of the rate constants are in the order of 1 to 10° M s (Hoigné
and Bader, 1983a; b; Hoigné et al., 1985). Compounds that have reaction rate with ozone
<< 10*M™' s can be considered as “ozone refractory” and react slowly with ozone
(Nothe et al., 2009). The second-order reaction rate constant of E. coli with ozone is
130 I/(mg.s), i.e. 6.24 x 10° M s”' (Hunt and Marifias, 1997).

In comparison with molecular ozone, hydroxyl radical is less selective and its
diffusion rate controls its reaction rate with solutes such as aromatic hydrocarbons,

unsaturated compounds, aliphatic alcohols, and formic acid (Hoigné and Bader, 1976).
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The second-order reaction rate constants of hydroxyl radical with these solutes are in the
range of 10" to 10" M ! (Hoigné and Bader, 1976; Glaze and Kang, 1989; von Gunten
and Ramseier, 2010). With carbonates and bicarbonates, their reaction rate constant is
2-39x10°M"'s" and 0.85-1.5x 10’ M ' s (Hoigné and Bader, 1976; Buxton et al.,
1988). Due to such high rate constants, they are scavenged quickly (Hoigné and Bader,
1976) and their lifetime is in the range of 10~ to 107 seconds (Dhar, 1934; Hoigné and
Bader, 1983a; b; Buxton et al., 1988). In addition, the concentration of hydroxyl radicals

in water is less than 107> M (Elovitz and von Gunten, 1999; von Gunten, 2003a).

2.2.3 Factors affecting oxidation efficacy with ozone

The main factors affecting the stability of ozone are the water or wastewater
characteristics such as pH, alkalinity, and the organic matter content (von Gunten,

2003a). The effects of each of these parameters are discussed in the following sections.

2.2.3.1 Alkalinity

Carbonate and bicarbonate ions act as hydroxyl radical scavengers (Hoigné and
Bader, 1976). The hydroxyl radicals are a part of the chain reaction that results in
decomposition of ozone (Figure 2.1). Hence, the decomposition rate of ozone molecules
decreases with an increase in the carbonates and bicarbonates. In addition, they compete
with organics and other micropollutants for hydroxyl radicals and hence protect them

from oxidation (Hoigné, 1994). The reaction rate of hydroxyl radicals with bicarbonates

(HCO; ) is 0.85-1.5x 10’ M s (Buxton and Elliot, 1986; Glaze and Kang, 1989), and

with carbonates (CO?) is 2 -42 x10°M"' s (Hoigné and Bader, 1976; Glaze and
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Kang, 1989). Even with this high reaction rate, Nothe et al. (2009) found the hydroxyl
radical scavenging capacity of the bicarbonates in MWWE to be only around 10% of that

of the DOC.

2.2.3.2 Dissolved Organic Matter

The dissolved organic matter (DOM) reacts directly with ozone and decreases its
stability or it reacts with the hydroxyl radicals, which in turn affect the ozone stability.
Ozone reacts directly mostly with aromatic compounds, amines, and sulfides. If DOM
reacts with hydroxyl radicals, it can scavenge it and increase the ozone stability, or it can
form superoxide radicals that react with ozone to form hydroxyl radicals. This chain
reaction can decrease the ozone stability (von Gunten, 2003a). The DOM scavenges
ozone and hydroxyl radicals and shields the micropollutants (Hoigné, 1994) and
microorganisms from oxidation. Hence, it reduces the oxidation efficacy. The reaction
rate of organic matter with hydroxyl radicals is in the order of 10* (mg C/L)" s (Elovitz
and von Gunten, 1999; Reisz et al., 2003; Nothe et al., 2009) to 10° (mg C/L)" s
(Westerhoff et al., 1999). Rosario-Ortiz et al. (2008) have reported this rate constant to be
in the range of 0.27 to 1.21 x 10° M. s (where M, is the molarity of NOM present and
is calculated assuming 12 g C per mole C). Dong et al. (2010) have shown that the
effluent organic matter with smaller apparent molecular weight have higher reactivity
with hydroxyl radicals. The reactivity of <1 kDa fraction organic matter with hydroxyl
radical was approximately 2.31 times higher than that of corresponding bulk organic

matter.
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2.2.33 Temperature
The reaction rate of ozone with organic as well as inorganic compound increases
with increase in temperature (Hoigné and Bader, 1983a). The reaction rate constant as per

the Arrhenius equation is as follows (Gottschalk et al., 2000):

a

E

k=AeRT (2.2)
k reaction rate constant
A frequency factor or pre-exponential factor
e mathematical quantity, 2.71828
E, activation energy, J mol

R ideal gas law constant, 8.314 J mol™ K

T temperature, K

Activation energy required for reaction of most of the compounds with ozone is
35 to 50 kJ mol™ (Hoigné and Bader, 1983a). The frequency factor can be considered
constant across a small temperature range. Considering the above and from Equation 2.2,
an increase in temperature by 10 °C will increase the reaction rate by a factor close to
two.

The temperature also affects the ozone exposure. Ozone exposure is commonly
known as CT value, i.e. product of residual ozone concentration and the time of exposure
of a compound or microorganism to ozone. The ozone depletion rate increases with
increase in temperature. Hence, the ozone exposure decreases substantially but the

hydroxyl radical exposure remains unchanged (Elovitz et al., 2000).
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The temperature affects the solubility of ozone in water. The solubility of ozone
in water decreases with increase in water temperature (Sotelo et al., 1989). The empirical

formula of solubility of ozone in water as given by Morris (1988) is:

Log,,S = -025 - 0.013T (2.3)
S aqueous solubility of ozone (mg per liter in water/mg per liter in gas)
T temperature of water, °C
2.2.34 pH

Ozone reacts with substrates directly or indirectly by decomposing to hydroxyl
radicals that then react with the substrate. However, the indirect mode of reaction is
predominant above a critical pH value (Hoigné and Bader, 1976). Studies have shown
that hydroxide ions initiate the decomposition of ozone (Tomiyasu et al., 1985; von

Gunten, 2003a). The following are the initiation reaction as per von Gunten (2003a):

O, + OH" - HO, +0, k=70M"'s™ (0.4)

0, + HO, - OHe +0; +0, k=2.8x10"M7s" (2.5)

Since, at lower pH the hydroxide ions are less in water solution, decreasing the
pH of the solution will result in a lower rate of decomposition of ozone (Hoigné and
Bader, 1983a). The dissolved ozone concentration decreases with increase in pH (Sotelo

et al., 1989).
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2.2.3.5 Other factors

The turbidity of water and the concentration of the following compounds in water
can also affect the oxidation efficiency with ozone: nitrites, iron, manganese, chloride

ion, bromide ion, and ammonia (Hoigné, 1994).

2.3 DISINFECTION OF MWWE BY OZONE
2.3.1 MWWE disinfection standards

Disinfection of MWWE is not required unless the receiving water body is used
for (a) a drinking water intake source (b) cultivation of shell fish or aquaculture, or (c)
recreation use resulting is human contact (Rice, 1999). For the protection of public
health, disinfection of MWWE before discharge to receiving bodies is important
(Chambers et al., 1997). Municipalities in North America are typically required to
achieve some level of disinfection, but the regulatory limit varies with jurisdiction or
sensitivity of the receiving bodies. In the Ontario province of Canada, as per the Ontario
Water Resources Act (Section 17 and 24 — R.S.0. 1980), unless specifically exempted by
the Guidelines, all municipal, institutional, and private communal sewage works that
discharge their effluent to surface water are required to disinfect the effluent (Ontario
MOE, 2001). A disinfection limit of around 200 MPN/100 mL or less of fecal coliform or
E. coli is common both in the USA and in Canada (Minnow Environmental and CCME,
2005; Black & Veatch, 2010). In Ontario, as per the regulations the monthly geometric
mean density of E. coli should not exceed 200 MPN per 100 mL (Ontario MOE, 2008).

Total coliform, fecal coliform and E. coli are the most common microorganisms

monitored to determine the effectiveness of disinfection treatment. The method for
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enumeration of fecal coliform may overestimate the true fecal level in water due to the
interference from non-fecal coliforms (Elmund et al., 1999). The fecal coliform has been
the preferred disinfection indicator in North America only because of the simple method
required for its enumeration (Dufour, 1977). The E. coli accounts for more than 90% of
coliform species in human feces (Dufour, 1977; Rice et al., 1990), and is a better
indicator of disinfection than fecal coliform (USEPA, 1986a; Rice et al., 1990; Elmund et

al., 1999).

2.3.2 Pathways of inactivation of microorganism with ozone

Theoretically, the inactivation of microorganisms by ozone can occur through the
direct as well as the indirect pathway. The microorganisms are inactivated by attack of
molecular ozone in the direct pathway and by the hydroxyl radicals formed on
decomposition of molecular ozone in the indirect pathway. There is no clear agreement
among the researchers on the predominant mode responsible for the inactivation of
disinfection indicator microorganism E. coli. As per Hoigné and Bader (1976), the
inactivation is mainly due to the direct attack of ozone. They hypothesize that the
dissolved species in water react quickly with hydroxyl radicals and scavenge them before
the radicals can react with dispersed particles such as microorganisms. Hunt and Marifias
(1997) studied the inactivation of E. coli with ozone. They conducted ozonation
experiments with and without radical scavengers in water. They concluded that dissolved
ozone, i.e. direct attack by ozone, was primarily responsible for E. coli inactivation. von
Gunten (2003b) estimated the reaction rate constant of hydroxyl radicals for inactivation

of microorganisms from the kinetic data. They found that for hydroxyl radicals to be the
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main mode of disinfection, the rate constant has to be a minimum of 10 times their
typical rate constant. In addition, they observed that the cell wall of the microorganism
would probably scavenge the hydroxyl radical before it can attack the DNA and cause
inactivation of the microorganism. They concluded that hydroxyl radicals do not have a
major effect on disinfection. However, as per Dahi (1976), the free radicals formed on
decomposition of ozone are mainly responsible for disinfection. He hypothesized
establishment of free radical activity at the end of initial ozone demand phase that causes
rapid inactivation of the microorganisms. The results and hypothesis by Bancroft et al.
(1984) also support the hydroxyl radical mediated mechanism as the primary mode of
disinfection.

The experimental results in recent literature show that direct attack by ozone is
mainly responsible for inactivation of microorganisms. Wolfe et al. (1989), and Can and
Cakir (2010) have conducted ozone based advanced oxidation process (AOP)
experiments by adding hydrogen peroxide (H,O,) to ozone. They observed a decrease in
disinfection efficiency with an increase in hydrogen peroxide to ozone ratio. The residual
ozone concentration decreases with an increase in hydrogen peroxide to ozone ratio.
Hence, the decrease in disinfection efficiency in the AOP can be due to the decrease in
the residual ozone concentration, and this can indicate that the direct attack by ozone is
the predominant mode of disinfection. Finch et al. (1992) have also reported results of a
study on disinfection of E. coli with ozone and peroxone. They observed that the rapid
decomposition of ozone to form hydroxyl radicals did not increase the disinfection
effectiveness. The presence of residual ozone improved inactivation of E. coli. Their

results also indicate that E. coli inactivation is primarily through direct pathway.
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Researchers have attempted to study the change in the E. coli structure after their
inactivation by ozone. As per Finch and Smith (1987), ozone acts on the cell membrane
and changes the permeability of the cell that results in the transfer of the contents of the
cell into surrounding aqueous environment and inactivation. Cho et al. (2010) have
shown that ozone inactivates the E. coli by causing damage to its cell surface. Ozone
reacts with the cell wall, changes the permeability, and reacts with the cell wall
components to destroy them. However, Hunt and Marifias (1999) did not notice any
notable change in the structure of E. coli at the ozone dose that resulted in approximately
99.999% inactivation. They did observe change in structure of E. coli and subsequent

lysis of the cells with an increase in the ozone dose.

2.3.3 Kinetics of disinfection with ozone

Conventionally, the Chick-Watson equation used to calculate the disinfection

kinetics is (Haas and Karra, 1984; Metcalf & Eddy et al., 2002):

ln(NiJ = —kc"t

© (2.6)
No Number of microorganisms at time 0

N Number of microorganisms at time t

k Die-off constant, empirical constant

c Concentration of the disinfectant

n Coefficient of dilution, empirical constant

t Contact time
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In the above equation, the term c¢" t relates to the exposure of disinfectant.
Replacing this exposure term with ozone and hydroxyl radical exposure, the modified

equation becomes:

(2.7)
ko;  Second-order reaction rate constant for inactivation of microorganism with ozone
Koy Second-order reaction rate constant for inactivation of microorganism with

hydroxyl radical

[03] Concentration of ozone

[OH] Concentration of hydroxyl radical

It is difficult to measure directly the concentration of hydroxyl radical. Elovitz
and von Gunten (1999) measured their concentration indirectly by calculating the ratio of

hydroxyl radical exposure and ozone exposure. They have termed this ratio as R value,
ie. R = HOH]dt / J'[O3]dt. The R, value is calculated from the measured

transformation of a compound having low reactivity with ozone (< 1 M s™) and high
reactivity with hydroxyl radicals (> 10° M s). Substituting this value in Equation 2.7, it

transforms to:

N
ln[N_] = = (ko3 + kOH RCT) J.[O3] dt (2'8)

(6]
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The above equation includes the ozone exposure and OH radical exposure, as well
as the second-order reaction rate constants of the microorganism with ozone and
hydroxyl radical.

If it is assumed that hydroxyl radicals do not play a major role in disinfection,
then Equation 2.8 is reduced to:

m(ij = —ko, [[0,]dt

(2.9)

2.3.4 Factors affecting disinfection of MWWE with ozone
2.34.1 Transferred ozone dose

The transferred ozone dose (TOD) is the mass of the applied ozone dose that
dissolves in the MWWE (i.e. product of applied ozone dose and ozone transfer
efficiency). It is the most important parameter that affects ozone treatment (Paraskeva et
al., 1998). The MWWE characteristics and the disinfection target dictate the TOD
required. As per USEPA (1986b), good quality secondary or tertiary treated effluent
require 4 to 10 mg/L of TOD to achieve the disinfection criterion of 200 fecal coliform
MPN per 100 mL (approximately equal to 126 cfu E. coli per 100 mL as per Black &
Veatch (2010)). However, TOD of 15 to 42 mg/L may be required to meet California’s
stringent Title 22 standard of 2.2 total coliform per 100 mL. For practical disinfection
applications, Gehr et al. (2003) consider an ozone dose up to 20 mg/L reasonable. In
Japan, the typical dose for disinfection of MWWE is usually between 2 and 5 mg/L

(Hashimoto et al., 2006).
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Researchers have reported the all-or-none effect of ozone on microorganisms.
They have noted measurable disinfection only beyond a threshold dose of ozone
(Bancroft et al., 1984). USEPA (1986b) defines this ozone dose as the initial ozone
demand (IOD). It is difficult to determine the IOD of MWWE experimentally. However,
it is possible to get an estimate of this value from the dose-response curve as suggested
by USEPA (1986b). The IOD has a great impact on the effectiveness of disinfection by
ozone (USEPA, 1986b).

Studies have reported the presence of residual ozone in MWWE only beyond a
certain ozone dose. Xu et al. (2002) have referred to this dose as the immediate ozone
demand (ImOD) of the MWWE, and have defined it as the minimum ozone dose required
to obtain measurable residual ozone. Researchers have reported inactivation of
microorganisms even in the absence of residual ozone in effluent (Paraskeva et al., 1999;
Xu et al., 2002; Gehr et al., 2003). Xu et al. (2002) have observed up to 3-log reduction
of fecal coliform at residual ozone concentration less than measureable level. Figure 2.2

shows the effect of TOD on measureable disinfection and residual ozone.

Initial ozone Immediate
demand ozone demand
(IOD) (ImOD)
TOD < 10D IOD<TOD <ImOD | TOD > ImOD
No measurable | Measurable Measureable
disinfection, no | disinfection, but no disinfection and
residual ozone | residual ozone residual ozone
0 Transferred ozone dose (TOD)
Figure 2.2 Effect of TOD on disinfection and residual ozone in reference to ozone demand
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As shown in Figure 2.2, the total transferred ozone dose can be hypothetically
divided into three zones: (a) TOD less than initial ozone demand, (b) TOD more than
initial ozone demand but less than immediate ozone demand, and (c) TOD more than
immediate ozone demand. In the first zone, when the TOD is less than the initial ozone
demand, researchers have observed that there is no measurable inactivation of the
microorganisms. It is possible that in this zone, the compounds in the MWWE matrix
with higher second-order reaction rate constants (with oxidants) than that of the
microorganisms react with and scavenge the oxidants. This shielding of microorganisms
leads to their negligible inactivation that is difficult to measure.

The second zone relates to the ozone dose at which the TOD is more than the
initial ozone demand but less than the immediate ozone demand. In this zone, the
oxidants first react with compounds with comparatively higher reaction rates than the
disinfection indicator microorganisms. The oxidants remaining then react with the
microorganisms and compounds that have similar reaction rates. This results in
measurable inactivation of the microorganisms. The rate of disinfection will depend on
the characteristics of the MWWE. The rate of reaction between the oxidants and reactants
such as the microorganisms and the compounds, would still be in the magnitude of 10* to
10° M s, resulting in the oxidants being consumed quickly. Hence, there is measurable
disinfection but not measurable residual ozone in the effluent in this zone.

In the third zone, the TOD is more than the immediate ozone demand and the
ozone demand of the effluent is significantly less. Hence, an increase in ozone dose will
result in an increase in the residual ozone concentration. If considerable disinfection has

already occurred before fulfillment of the immediate ozone demand, then with an
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increase in ozone dose the inactivation of microorganism may increase, however the rate

of disinfection would be lower.

2.3.4.2 MWWE characteristics

The quality and the quantity of organic matter present in the MWWE can have a
great impact on the efficacy of disinfection by ozone. In this context, organic matter
includes natural organic matter (NOM), dissolved organic matter (DOM), dissolved
organic carbon (DOC), and total organic carbon (TOC).

Bancroft et al. (1984) have proposed that in water above pH 6.5, disinfection

with ozone might include the following steps:

Ozone mass transfer; O3 (g) 2 Os (aq) (2.10)
Ozone decomposition; O3 (aq) = Oxidants (including OHe) (2.11)
Competitive reactions: (a) Oxidants + TOC -> products (2.12 a)

(b) Oxidants + bacteria = disinfection (2.12b)

The mass transfer step is the slowest and rate limiting in the above reactions as
per Bancroft et al. (1984). They indicate that in the presence of high organic load, the
reaction between TOC and the oxidants get preference and the microorganism
inactivation is lower. Hence, a larger ozone dose is required to meet the ozone demand of
the organics as well as to achieve disinfection. Organic carbon in MWWE thus negatively
affects the disinfection ability of ozone (Sawyer, 1976; Bancroft et al., 1984). The
refractory materials that are present in the effluent can contain carbon-carbon double

bonds and increase the ozone demand of effluent (Nebel et al., 1973). Drury et al. (2006)
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noted in their experiments that most of the ozone demand was due to total organic
carbon. Inorganics and suspended solids can also exert ozone demand (Gehr et al., 2003).
Finch and Smith (1989) have observed that the secondary treated effluent required 960
times more ozone than the ozone demand-free water for 99.99% inactivation of E. coli. In
their experiment, the effluent had initial ozone demand of 1 mg/L. Even after this initial
demand was fulfilled and disinfection was apparently favoured, they observed competing
reactions for ozone. They concluded that the effectiveness of disinfection at a given TOD
would also depend on the characteristics of the competing compounds present in the
effluent. The concentration and composition of dissolved organic carbon can also affect
the rate of decomposition of aqueous ozone (Buffle et al., 2006a), which can in turn
affect disinfection.

The microorganisms can also be shielded by the organic matter or flocs from
direct attack of oxidants and the low residual ozone concentration may not be sufficient
to cause their inactivation (Xu et al.,, 2002; Huber et al., 2005). Based on their
hydrophobicity characteristics, 30 to 85% of the E. coli strains in activated sludge liquor
may bind to the sludge flocs (Zita and Hermansson, 1997).

Besides the organic matter, other effluent characteristics such as temperature, pH,
and alkalinity can affect the reaction rate and the decomposition rate of ozone. Hence,
they can affect the disinfection efficacy. A later section in this chapter discusses in detail

their effects on the stability of ozone.
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2343 Hydraulic retention time

Studies have been made on the effect of hydraulic retention time (HRT) in the
ozone dissolution chamber on disinfection. Nebel et al. (1973) observed that disinfection
occurred within 3 to 8 seconds of contact time. Liberti et al. (2000) observed that the
mass of the inactivation of microorganism occurred within the initial 6 seconds of contact
time with a sharp initial inactivation rate. They did not observe an increase in
microorganism inactivation after 5 minutes of contact time. Xu et al. (2002) found that
the HRT of the dissolution chamber did not have a major impact on the inactivation of
E. coli and fecal coliform. In their experiments, the inactivation of microorganism was
identical with dissolution chambers having 2 and 10 minutes of HRT. Ried et al. (2009)
have reported similar disinfection levels with 10 to 30 minutes HRT in the contact
column.

As the HRT in the dissolution chamber does not have a major effect on the
disinfection, the volume of the dissolution chamber should be just sufficient for efficient
ozone transfer from gaseous phase to the aqueous phase. An increase in the ozonation
rate (product of feed gas flow rate and concentration of ozone in the feed gas) results in a
higher ozone mass transfer (Paraskeva et al., 1998). For similar TOD, this will result in a
decrease in feed gas consumption as well as the size of dissolution chamber. Ried et al.
(2009) also suggest ozonation with low feed gas flow rate and high ozone concentration

for economic reasons.

28



2.3.5 Monitoring and control of disinfection by ozone

Ozone dissipates quickly in the effluent and does not leave a residual for long
(Sawyer, 1976). Since a typical ozone dose for disinfection of MWWE may not produce
a measurable residual ozone in the MWWE, studies have attempted to correlate
disinfection with surrogate parameters. Absi et al. (1993) have reported that disinfection
efficiency cannot be predicted by monitoring parameters such as BOD, COD, TOC, pH,
oxidation-reduction potential (ORP), ozone dose, suspended solids and turbidity. Buffle
et al. (2006a) have observed a weak correlation between TOD and ozone exposure since
the ozone exposure varied by a factor of more than two at the same TOD. Hence, they do
not recommend TOD as a surrogate parameter to predict disinfection or oxidation of
micropollutants. Venosa and Meckes (1983) and Rakness et al. (1984) have proposed the
use of concentration of ozone in the off-gas for process control of disinfection because of
ease in continuous monitoring and quick feedback in case of change in the effluent
characteristic and flow-rate. Residual ozone in the liquid or in the off-gas (vent gas) is
currently used as a technical control parameter in ozone treatment (Bahr et al., 2007).

Since, the rate of reaction between disinfection indicator microorganisms and
oxidants is fast, residual ozone can indicate attainment of a certain degree of inactivation
of microorganisms. It implies fulfillment of the immediate ozone demand of the MWWE
and the availability of oxidants to react with microorganisms. While residual ozone in the
effluent leaving the dissolution chamber as well as the first contact chamber can be used
as a surrogate parameter for monitoring disinfection, the residual at the outlet of the first
contact chamber is a better indicator. Residual ozone of 0.2 to 1 mg/L can indicate
fulfillment of disinfection criterion of 100 MPN E. coli per 100 mL (Paraskeva et al.,

1998). As discussed earlier, a typical ozone dose for disinfection may not produce
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residual ozone in the MWWE. Paraskeva et al. (1998) observed that the residual ozone
concentration was less than the detectable level within 20 to 120 seconds of contact time
at the disinfection ozone dose of around 5 mg/L.. Buffle et al. (2006a) also observed that
the TOD of 1.5, 2, and 2.5 mg/L failed to produce residual ozone after 20 seconds of
contact time. Hence, an ozone dose higher than that typically required for disinfection is
required to produce residual ozone in the MWWE.

Bahr et al. (2007) envisaged that it is difficult to measure and hence use as a
process control parameter the concentration of ozone in the vent gas and MWWE when
the TOD is low. They observed strong correlation between inactivation of
microorganisms and reduction in UV absorption at 254 nm (UVA) of the effluent. The
coefficient of correlation (R* value) between UVA and inactivation of total coliform, and
UVA and inactivation of fecal coliform was 0.764 and 0.572, respectively. They
proposed the use of UVA as a process control parameter as it can be easily and
continuously monitored. Ried et al. (2009) have confirmed the availability of instruments

that can measure UVA of MWWE inline.

24  OXIDATION OF CECs INMWWE BY OZONE
2.4.1 Background on the CECs

The CECs consist of pharmaceutically active compounds (PhACs), personal care
products (PCPs), antibiotics, hormones, endocrine disruptive chemicals (EDCs),
plasticizers, surfactants, fire retardants, pesticides, herbicides, insecticides, industrial and
household chemicals, and nanomaterials (Bhandari et al., 2009). Their presence in

drinking source water is a major concern. While the long term effects of these CECs on
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human health is still not clear, studies have linked them to feminization of vertebrates
such as fish. Municipal wastewater plant effluent is a major contributor for many of these
CECs. Earlier research has shown that ozonation is an effective method for
transformation of these compounds in water and wastewater matrices. However, studies
with actual wastewater matrix are limited. In addition, these studies have covered only a
fraction of known CECs. With an ever-increasing list of emerging chemicals, there is a
need to study their transformation with advanced oxidation processes including

ozonation.

2.4.2 Introduction of the CECs into the environment

The use of chemicals and other compounds in everyday life in households,
industries, animal farms, and agricultural farms, results in release of the CECs in the
environment and water bodies. Figure 2.3 shows the origin and transportation of the
CECs in the environment. The municipal wastewater treatment plants (MWWTPs),
industries, and landfills are important point sources while animal and agricultural farms

are some of the non-point sources.
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Figure 2.3 Origin and transportation of micropollutants

(Adapted from Petrovic et al. 2003)

PhACs and EDCs are two main groups of the CECs. The use of pharmaceuticals
results in release of PhACs in the environment. Their main use is to treat or prevent
diseases in the human body. Veterinary pharmaceuticals have a similar application but
for animals. The pharmaceuticals are designed with biologically active sites and are
supposed to be eliminated from the host body quickly (Daughton and Ternes, 1999). The
body excretes the transformed and untransformed drugs from the body in feces and urine,
in the form of parent compound, metabolites, or conjugates. The human body excretes up

to 90% of some drugs in unchanged form (Table 2.1).
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Table 2.1

Maximum excretion rate of some pharmaceuticals in unchanged form

Category Pharmaceuticals Max Excretion rates Metabolites Reference
(%) Unchanged
Antiphlogistics Acetaminophen 2-3 NA MN
Diclofenac 6-39 NA MN
Ibuprofen 1-8 NA MN
Indomethacin 15£8 NA MN
Ketoprofen <10 53-65 V4
Naproxen <1 NA MN
Antibiotics Chloramphenicol <5, 5-10 NA MN
Chlortetracycline > 170 NA MN
Ciprofloxacin 45 -60, =70 40 - 45 MN
Doxycycline 41+£19 NA MN
Erythromycin 12-15 NA MN
Lincomycin 4-17 40 EM
Norfloxacin 40 - 69 NA MN
Oxytetracycline > 80 NA MN
Penicillin G 50-70 30-70 MN
Roxithromycin 74 NA PU
Sulfadiazine sodium 50 22 AD
Sulfadimethoxine 7 86 WS
Sulfamethazine 20 - 89 PL
Sulfamethoxazole 10 - 30 55-175 MN
Sulfathiazole 63 34 WP
Tetracycline 80-90 NA MN
Trimethoprim 50 - 60 NA MN
Antiepileptic, Carbamazepine 1-2 NA MN
Antidepressant
Anitcoagulant Warfarin <2 AN, PL
Lipid regulators Bezafibrate 40 - 69 NA MN
Gemfibrozil <2 70 MN
Ovulation 17-a-Ethynyl-Estradiol 23-59 30-53 MN
Inhibitors
Reproductive 17-B-Estradiol (E2) <1 50 - 80 AN
Hormones Progesterone 5-10 50 -60 AN
References:
AD Andreasen et al. (1978)
AN Anderson et al. (2002)
EM EMEA (1998)
1z Ishizaki et al. (1980)
MN Various sources, refer to Monteiro and Boxall (2010)
PL Pagliaro and Benet (1975)
PU Puri and Lassman (1987)
WP Williams and Parke (1964)
ws Williams (1971)
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Sewage contains the PhACs and EDCs discharged from the human body in the
solid and liquid waste, as well as the expired or unwanted drugs disposed directly into the
sewage system (Daughton and Ternes, 1999). As per a survey in the USA, up to 35% of
the general public flush medication down the drain (Kuspis and Krenzelok, 1996). In the
same country, health care facilities probably dispose 250 million pounds of drugs each
year by flushing them down the drain or throwing them in trash (Gorman, 2010). The
municipal wastewater treatment plants (MWWTPs) treat the sewage that contains
conventional pollutants as well as the CECs, before discharging it to receiving water
bodies. The MWWTPs are effective in removing only the conventional pollutants and
hence are a major point source in introducing the CECs in the aquatic ecosystem

(Daughton and Ternes, 1999; Petrovi¢ et al., 2003; Ternes et al., 2004).

2.4.3 Occurrence of PhACs in MWWE

The use of pharmaceuticals results in release of PhACs in the environment. Some
categories of widely used pharmaceuticals are antiphlogistics, antibiotics, antiepileptic,
and lipid regulators. The following section discusses in detail the use and application of
these drugs, their removal in the conventional sewage treatment process and their

occurrence (ratio of detects to total number of samples) in the MWWE.

2.43.1 Antiphlogistics

This group consist of analgesics, antipyretics, and anti-inflammatory agents.
Use and consumption
Many of the drugs in this category have high consumption rate, and some of them

are available without prescription (Ternes, 1998). Some important antiphlogistics are
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acetaminophen (paracetamol), diclofenac, ibuprofen, indomethacin, ketoprofen,
naproxen, and phenazone. The main use of these drugs is as medicine for humans.
Diclofenac and naproxen have additional application as veterinary medicine (Stumpf et
al., 1999; Swan et al., 2006). All of the drugs have analgesic and antipyretic properties.
Acetaminophen is the only drug in the earlier mentioned list that does not have anti-
inflammatory property. The other drugs are non-steroidal anti-inflammatory drugs
(NSAIDs).

Paracetamol is the other common name of acetaminophen. It is mainly used to
treat pain and fever (Anderson et al., 2002). Diclofenac is an NSAID pharmaceutical
prescribed to humans and livestock to reduce inflammation and to manage pain. The
exposure of this drug to vultures, when they consume the carcasses of the cattle treated
with diclofenac, has resulted in their death and a major decrease in their global
population (Swan et al., 2006). Diclofenac is a more toxic drug compared to naproxen,
ketoprofen, and ibuprofen as per Mehinto (2009). Their study has shown that continuous
exposure to diclofenac in environmentally relevant concentrations can cause damage to
the kidney and intestine of fish, and can disrupt key functional processes controlling
metabolism and cell cycle.

Acetaminophen is a widely used analgesic drug in Canada, with nearly 740 tonnes
of this drug sold in 2001 (Metcalfe et al., 2004), which is equivalent to 24.7 g per capita
per annum consumption. It is a popular analgesic in the United States (Sedlak and
Pinkston, 2001). Table 2.2 compiles the data related to consumption of some of the drugs

of the antiphlogistics group of several studies. Acetaminophen is widely used in France
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and UK and its consumption is more than 3300 tonne/yr, which is approximately equal to
50 g per capita per annum.

Zhang et al. (2008) have estimated the worldwide consumption of diclofenac to
be 940 tonnes in 2008. In Canada, the sale of this drug in 2001 was approximately 3.5
tonnes (Metcalfe et al., 2004).

Ibuprofen is a NSAID that is available without prescription in Canada (Lévesque
et al., 2005). The sale of this drug in Canada in the year 2001 was 176 tonnes (Metcalfe
et al., 2004). As per Table 2.2, the sale of ibuprofen in France, Germany, Spain, and UK
exceeds 200 tonne/yr. High consumption can indicate high occurrence and concentration
in raw sewage. The occurrence and concentration in MWWE will depend on the removal
of the compound in the MWWTP.

The literature research did not reveal data related to consumption of ketoprofen in
Canada. If per capita consumption of this drug in other countries may give any indication,
Sadezky et al. (2008) have reported 0.018 and 0.025 g per capita per annum consumption
of this drug in Germany and UK. They also report 0.337 and 0.366 g per capita per
annum consumption of this drug in France and Poland, which translates into a total
consumption of 22 and 13 t/yr, respectively. As per Table 2.2, the annual consumption of
this drug in most of the other listed countries was below 2 tonnes.

Naproxen is a widely used NSAID in Canada. Its consumption in Canada in year
2001 was 25 tonnes as per Metcalfe et al. (2004). From data in Table 2.2, the annual
consumption of naproxen in European countries such as France, UK, Spain, and Poland
exceeds 30 tonnes each. The annual consumption in Australia was nearly 24 tonnes in

2004.
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Table 2.2 Consumption of antiphlogistics in various countries

Compound Country Year Sale Reference
(tonne/yr)

Acetaminophen Canada 2001 740 Metcalfe et al. (2004)

(Paracetamol) France 2004 3303 Besse et al (2008)
France 1999-2006 2799 Sadezky et al (2008)
Germany 1999-2006 367 Sadezky et al (2008)
Norway 2006 185 Grung et al. (2008)
Poland 1999-2006 186 Sadezky et al (2008)
Spain 1999-2006 147 Sadezky et al (2008)
UK 1999-2006 821 Sadezky et al (2008)
UK 2004 3535 Monteiro et al (2010)
Australia 1998 296 Khan et al (2004)

Diclofenac Canada 2001 3.5 Metcalfe (2004)
Austria 1997 6 Zhang et al (2008)
Finland 2005 1.07 Vieno et al. (2007)
France 2004 9.9 Besse et al (2008)
France 1999-2006 9.90 Sadezky et al (2008)
Germany 1999 82 Zhang et al (2008)
Germany 1999-2006 72.7 Sadezky et al (2008)
Norway 2006 1.3 Grung et al. (2008)
Poland 1999-2006 19.5 Sadezky et al (2008)
Spain 2003 323 Monteiro et al (2010)
Spain 1999-2006 242 Sadezky et al (2008)
Switzerland 2004 3.9 Tauxe-Wuersch et al (2005)
UK 2000 26 Zhang et al (2008)
UK 2004 35.4 Monteiro et al (2010)
UK 1999-2006 28.2 Sadezky et al (2008)
Australia 1998 4.4 Khan et al (2004)
China 2005 328 Sui et al. (2010)
Worldwide 2008 940 Zhang et al (2008)

Ibuprofen Canada 2001 176 Metcalfe (2004)
Finland 2005 94 Vieno et al. (2007)
France 2004 240 Besse et al (2008)
France 1999-2006 203 Sadezky et al (2008)
Germany 1999-2006 261 Sadezky et al (2008)
Norway 2006 29 Grung et al. (2008)
Poland 1999-2006 193 Sadezky et al (2008)
Spain 2003 276 Monteiro et al (2010)
Spain 1999-2006 108 Sadezky et al (2008)
Switzerland 2004 18 Tauxe-Wuersch et al (2005)
UK 2004 330 Monteiro et al (2010)
UK 1999-2006 149 Sadezky et al (2008)
Australia 1998 14.2 Khan et al (2004)
Japan 2002 99 Nakada et al. (2006)
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Table 2.2 continued (Consumption of antiphlogistics in various countries)

Compound Country Year Sale Reference
(tonne/yr)

Indomethacin Canada 2001 0.86 Metcalfe (2004)
Germany 1999-2006 3.40 Sadezky et al (2008)
Poland 1999-2006 0.855 Sadezky et al (2008)
UK 1999-2006 1.06 Sadezky et al (2008)
China 2005 277 Sui et al. (2010)

Ketoprofen Finland 2005 11 Vieno et al. (2007)
France 2004 21.7 Besse et al (2008)
France 1999-2006 21.7 Sadezky et al (2008)
Germany 1999-2006 1.48 Sadezky et al (2008)
Poland 1999-2006 12.93 Sadezky et al (2008)
Spain 1999-2006 0.21 Sadezky et al (2008)
Switzerland 2004 0.254 Tauxe-Wuersch et al (2005)
UK 1999-2006 1.30 Sadezky et al (2008)
Australia 1998 4.4 Khan et al (2004)
China 2005 92 Sui et al. (2010)
Japan 2002 71 Nakada et al. (2006)

Naproxen Canada 2001 25 Metcalfe (2004)
Finland 2005 6.05 Vieno et al. (2007)
France 2004 37.3 Besse et al (2008)
France 1999-2006 38.2 Sadezky et al (2008)
Germany 1999-2006 5.19 Sadezky et al (2008)
Poland 1999-2006 38.8 Sadezky et al (2008)
Spain 2003 42.6 Monteiro et al (2010)
Spain 1999-2006 10.6 Sadezky et al (2008)
UK 2004 33.6 Monteiro et al (2010)
UK 1999-2006 322 Sadezky et al (2008)
Australia 1998 23 Khan et al (2004)
Japan 2002 22-33 Nakada et al. (2006)

Legends:

UK United Kingdom
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Abatement in conventional MWWTPs

Conventional MWWTPs are effective in removing acetaminophen from sewage
(Ternes, 1998; Heberer, 2002; Lee et al., 2003; Pedrouzo et al., 2011). Ternes (1998)
have reported 98% elimination of this drug in the MWWTPs.

Ternes (1998) have also reported 50 to 65% reduction in the concentration of
diclofenac in the MWWTPs. However, Heberer (2002) found only 17% reduction in the
concentration of diclofenac on passage through a MWWTP. They have reported it as
difficult to degrade by conventional MWWTPs and have termed it as one of the most
important PhACs in the water cycle. Joss et al. (2006) have reported the biological
degradation constant of diclofenac to be low. Joss et al. (2006) and Radjenovic et al.
(2009) have reported less than 25% reduction in its concentration after treatment of
sewage in MWWTP. Zwiener and Frimmel (2003) also found diclofenac to be resistant to
biodegradation. Lee et al. (2003) and Pedrouzo et al. (2011) found in their studies that
diclofenac was not removed by the MWWTPs. Lishman et al. (2006) have observed
negative removal of this compound. The results from various studies indicate that
diclofenac is difficult to degrade biologically, and hence may have high occurrence in
MWWE.

The efficacy of removal of ibuprofen from sewage by conventional MWWTPs is
high as per various studies. Radjenovic et al. (2009) and Lishman et al. (2006) have
observed minimum 95% reduction in concentration of this drug after sewage treatment.
Pedrouzo et al. (2011) have reported reduction of 80%. From the data compiled by
Monteiro and Boxall (2010), while most studies have reported high removal of 75 to

97%, a study has also reported low removal of 22%. Zwiener and Frimmel (2003), and
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Joss et al. (2005) have found ibuprofen to be biodegradable in conventional MWWTPs.
Joss et al. (2006) indicate that the biological degradation constant of ibuprofen is high
and hence more than 90% removal of this drug during sewage treatment is possible.
Castiglioni et al. (2006) have observed higher removal of ibuprofen in MWWTPs in
summer compared to in winter.

Indomethacin is not an easily biodegradable compound (Joss et al., 2006). Lee et
al. (2003) have reported 40% transformations of this drug in the MWWTPs. Lishman et
al. (2006) and Rosal et al. (2010) have reported less than 25% removal. Radjenovic et al.
(2009) observed that the secondary treatment of sewage did not reduce the concentration
of this compound. The findings from these studies indicate that indomethacin is resistant
to degradation during the sewage treatment process.

Results of various studies show low removal of ketoprofen by conventional
sewage treatment processes. Lee et al. (2003) have observed 18% reduction of this drug.
In a study covering 13 MWWTPs, Lishman et al. (2006) found the median removal of
this drug to be 44%. Radjenovic et al. (2009) have reported 55% removal of this drug in
a conventional MWWTP. The data compiled from various sources by Monteiro and
Boxall (2010) shows 65 to 77% removal of this drug in MWWTPs having activated
sludge process.

Naproxen has a low biodegradation constant and hence it is difficult to transform
by conventional sewage treatment (Joss et al., 2006). Monteiro and Boxall (2010) have
reported 15% removal of this drug from sewage after secondary treatment. Carballa et al.

(2004) have found 40 to 55% reduction in the concentration of this drug after biological
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treatment of sewage. However, Lee et al. (2003) and Lishman et al. (2006) have observed

70% and 93% degradation of naproxen in the MWWTPs.

Occurrence and concentration in MWWE

Studies have frequently detected antiphlogistics in the MWWE in varying
concentrations. Table 2.3 and Table 2.4 summarize pertinent data from some of the
studies for the MWWE discharged in Canada and in other countries.

Data in Table 2.2 shows that acetaminophen is one of the most consumed drugs in
Canada. However, Lee et al. (2003) did not detect this drug in any of the 44 MWWE
samples collected from nine WWTPs in Ontario. Brun et al. (2006) have reported less
than 40% occurrence, and median concentration of 5 ng/L of acetaminophen in the
MWWE samples collected from eight MWWTPs in Canada. However, in one sample
they detected this drug at concentration of 9000 ng/L. The low concentration and
occurrence may be due to high efficacy of conventional sewage treatment plants in
removing acetaminophen from sewage. Sporadic high concentrations of 3,300 ng/L and
6,000 ng/L have been reported by Hope et al. (2012) and Ternes (1998). As per data in
Table 2.4, most of the studies in other countries have reported less than 20% occurrence
of this drug in MWWE. The only exception to this trend is the study by Reungoat et al.
(2012). They detected this compound in all the nine MWWE samples taken from three
MWWTPs, in concentrations between < 5 ng/L and 154 ng/L.

Studies have detected diclofenac in concentrations between 5 ng/L and 748 ng/L
in the MWWE in Canada (Table 2.3). They have reported occurrence in the range of 40

to 100%. However, Metcalfe et al. (2003a) did not detect diclofenac in any of the

41



MWWE samples collected from 18 STPs located in five provinces. One of the reasons
for this low occurrence can be the high method detection limit (MDL) of 250 ng/L of the
compound in the study. Studies from Europe, Australia, and Asia have reported close to
100% occurrence of diclofenac in MWWE (Table 2.4). Bahr et al. (2007) and Ternes et
al. (2003) have reported a mean concentration of 4360 ng/L. and 1300 ng/L, respectively.
Many other studies from Europe also have found this drug in effluent in concentrations in
excess of 1000 ng/L. Hence, the concentration of diclofenac in MWWE in Europe seems
high. Comparison of the data in Table 2.3 and Table 2.4 shows that the occurrence and
concentration of diclofenac in MWWE in Canada is lower than that in Europe.

In MWWE in Canada, Metcalfe et al. (2003a) have detected ibuprofen in
concentrations up to 24,600 ng/L. Brun et al. (2006) have also detected this drug at
similar concentrations in the MWWE in Atlantic Canada. Metcalfe et al. (2003b), Sosiak
et al. (2005), Comeau et al. (2008), and Crouse et al. (2012) have found this drug in
concentrations more than 1000 ng/L and their occurrence in the range of 50 to 100%.
However, Lishman et al. (2006) and Tabe et al. (2009) have found less than 50%
occurrence of ibuprofen. From the drug consumption data, Sedlak and Pinkston (2001)
have estimated the average concentration of ibuprofen in raw sewage in the United States
to be 37,000 ng/L. Hence, high occurrence of this drug in MWWE even after its high
removal during sewage treatment is expected. However, Hope et al. (2012) found less
than 5% occurrence of this drug in the MWWE of 52 MWWTPs in Oregon (USA). The
high method detection limit of 223 ng/L of the drug can be a reason for the low
occurrence. The concentration of the drug when detected in their samples was between

2630 ng/L and 17000 ng/L. Conversely, Snyder et al. (2006) and Wert et al. (2009a) have
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reported 100% occurrence but less than 90 ng/L concentration of this drug in MWWE.
Studies from Europe, Australia, and Asia have reported high occurrence of ibuprofen in
MWWE (Table 2.4). In Europe, Vieno (2007), Ruel et al. (2011), Ternes (1998), Muioz
et al. (2010) and Radjenovic et al. (2007) have detected ibuprofen in MWWE in
concentrations more than 3000 ng/L. The data in Table 2.3 and Table 2.4 indicates that
the concentration of ibuprofen in MWWE in Canada and in many European countries is
higher than that in Australia, Japan, and Korea. This can indicate the consumption pattern
of this drug in these countries.

From Table 2.3, various studies have reported 75 to 100% occurrence of
indomethacin in the MWWE in Canada. However, Hua et al. (2006) did not detect this
drug in any of the 11 MWWE collected by them. Studies have found this drug in MWWE
in Canada in concentrations in the range of 10 ng/L to 803 ng/L. In countries other than
Canada, Ternes (1998) has found occurrence of 100% and median concentration of 270
ng/L of indomethacin in MWWE in Germany (Table 2.4). Stumpf et al. (1999) have
reported a concentration of 1000 ng/L in a MWWE in Brazil. Reungoat et al. (2012) from
Australia have reported 100% occurrence but less than 30 ng/L concentration of this drug
in the effluent.

Lee et al. (2003) and Comeau et al. (2008) have reported more than 50%
occurrence of ketoprofen in MWWE in Canada (Table 2.3). Majority of the other studies
have reported less than 25% occurrence. Brun et al. (2006) have detected this drug in
concentrations up to 310 ng/L. Studies from Germany, Australia, and Japan have reported
high occurrence of ketoprofen in MWWE (Table 2.4). Ruel et al. (2011) from France

have reported a mean concentration of 640 ng/L of this drug in the effluent. Radjenovic
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et al. (2007) have detected this drug in concentrations up to 1650 ng/L. Studies from
Japan have reported concentrations up to 1400 ng/L.

The data in Table 2.3 shows that six studies have reported close to 100%
occurrence of naproxen in MWWE in Canada. Seven studies have reported the maximum
concentration of the drug in MWWE in excess of 1000 ng/L.. Metcalfe et al. (2003a) have
detected this drug in the MWWE in concentrations up to 33,900 ng/L. The high
occurrence and concentration of this drug in MWWE makes it one of the potential drugs
that should be monitored in future in Canada. The data from Table 2.4 indicates a high
occurrence and concentration of naproxen in MWWE in North America, Europe,
Australia, and Asia. The concentrations reported of this drug in MWWE in United States
are between 13 ng/L. and 106 ng/L. In studies from Europe, Rosal et al. (2010), Carballa
et al. (2004) and Radjenovic et al. (2007) have reported maximum concentrations in the
range of 2,208 ng/L to 3,495 ng/L. Stumpf et al. (1999) have detected this drug in

MWWE in Brazil in concentrations up to 3000 ng/L.
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Table 2.3

Occurrence of antiphlogistics in secondary treated MWWE in Canada

Compound Region Det. Freq. RL Concentration, ng/L Reference
ng/L  Min Max Median  Mean + SD

Acetaminophen  Ontario 0/16 10 Lee et al. (2003)
Ontario 3/8 12.3 5 18 Tabe et al. (2009)
Atl Canada 6/16 10 27 9000 4471 +2903 Brun et al. (2006)

Diclofenac Ontario 4/4 5 5 359 Metcalfe et al. (2003b)
Ontario 16/16 10 20 210 Lee et al. (2003)
Ontario 24/39 62 748 140 194 Lishman et al. (2006)
Ontario 11/11 15 538 +£370 Hua et al. (2006)
Ontario 2/8 5.8 225 230 Tabe et al. (2009)
Alberta 2/7 <25 359 429 Sosiak et al. (2005)
Nova Scotia ~ 6/7 3 25 190 Comeau et al. (2008)
Atl Canada 6/16 30 37 500 15 171 £ 176 Brun et al. (2006)
Canada 0/18 250 Metcalfe et al. (2003a)

Ibuprofen Ontario 4/4 520 79 1885 Metcalfe et al. (2003b)
Ontario 16/16 10 40 970 Lee et al. (2003)
Ontario 16/39 61 773 353 384 Lishman et al. (2006)
Ontario 6/11 15 90 + 47 Hua et al. (2006)
Ontario 3/8 6.4 157 203 Tabe et al. (2009)
Alberta 4/7 <25 383 1759 Sosiak et al. (2005)
Nova Scotia ~ 5/5 6 140 6300 Comeau et al. (2008)
Nova Scotia  6/8 7 12 2200 Crouse et al. (2011)
Atl Canada 15/16 30 37 22000 2305 5523+ 6795  Brun et al. (2006)
Canada 12/18 50 300 24600 Metcalfe et al. (2003a)

Indomethacin Ontario 3/4 5-10 10 378 Metcalfe et al. (2003b)
Ontario 16/16 20 30 240 Lee et al. (2003)
Ontario 9/39 100 507 149 190 Lishman et al. (2006)
Ontario 0/11 10 Hua et al. (2006)
Ontario 8/8 6.4 19 46 Tabe et al. (2009)
Alberta 3/7 <25 105 803 Sosiak et al. (2005)
Nova Scotia ~ 4/6 44 41 120 Comeau et al. (2008)
Atl Canada 12/16 30 35 310 54 92+75 Brun et al. (2006)

Ketoprofen Ontario 1/4 5-13 13 Metcalfe et al. (2003b)
Ontario 16/16 10 30 150 Lee et al. (2003)
Ontario 9/39 88 210 114 125 Lishman et al. (2006)
Ontario 5/11 150 348 +240 Hua et al. (2006)
Ontario 4/8 2.3 11 17 Tabe et al. (2009)
Alberta 0/7 <25 Sosiak et al. (2005)
Nova Scotia ~ 5/7 11 18 120 Comeau et al. (2008)
Atl Canada 5/16 30 52 310 15 178 £ 116 Brun et al. (2006)
Canada 0/18 50 Metcalfe et al. (2003a)
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Table 2.3 continued (Occurrence of antiphlogistics in secondary treated MWWE in

Canada)
Compound Region Det. Freq. RL Concentration, ng/L Reference
ng’L  Min Max Median ~ Mean = SD

Naproxen Ontario 4/4 520 21 524 Metcalfe et al. (2003b)
Ontario 16/16 10 210 1110 Lee et al. (2003)
Ontario 21/39 74 1189 351 452 Lishman et al. (2006)
Ontario 10/11 100 414 £ 246 Hua et al. (2006)
Ontario 8/8 2.4 126 555 Tabe et al. (2009)
Alberta 2/7 <25 1785 2668 Sosiak et al. (2005)
Nova Scotia ~ 6/6 5 210 6900 Comeau et al. (2008)
Nova Scotia 8/8 41 61 2400 Crouse et al. (2011)
Canada 15/16 30 220 14000 1450 3483 +4020  Brun et al. (2006)
Canada 3/18 100 7200 33900 Metcalfe et al. (2003a)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:

Atl Canada Atlantic Canada

Min Minimum Max Maximum

SD Standard Deviation VS Various Sources

Det. Freq. Detection Frequency
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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Table 2.4

Occurrence of antiphlogistics in secondary treated MWWE in other countries

RL Concentration, ng/L
Compound Country Det. Freq. Reference
ng/L Min Max Median ~ Mean + SD

Acetaminophen ~ USA 1/4 46 Barber et al. (2011)
USA 0/12 50 <50 Yang et al. (2011)
USA 2/102 223 2610 3300 2955 2955 Hope et al. (2012)
France NA/6 0.5-2 380+ 170 Ruel et al. (2011)
Germany 4/49 500 6000 <500 Ternes (1998)
Spain NA/8 5.35 48 418 207 Radjenovic et al. (2007)
Spain 2/13 2 9 30 Pedrouzo et al. (2011)
Switzerland ~ 0/11 590 Hollender et al. (2009)
Australia NA/4 10 120 390 260 Reungoat et al. (2010)
Australia NA/16 90 580 Reungoat et al. (2011)
Australia 9/9 <47 154 Reungoat et al. (2012)
Japan 43 1700 Okuda et al. (2008)
Korea 3/7 1 1.8 19 9.5 Kim et al. (2007)
Korea 2/12 5 6 9 Choi et al. (2008)
Korea NA/5 1.7 0 27 10 Behera et al. (2011)

Diclofenac USA 3/3 1 54 73 Snyder et al. (2006)
USA 3/3 47 150 81 Wert et al. (2009)
USA 2/3 0.53 110 220 165 Gerrity et al. (2011)
USA NA/12 50 27 130 99 Yang etal. (2011)
Austria 5/5 20 780 1680 Clara et al. (2005b)
Austria 3/3 20 970 2300 2000 Schaar et al. (2010)
Finland 13/13 5 140 620 320 350 Vieno et al. (2007)
France NA/6 0.5-2 630 +310 Ruel et al. (2011)
Germany 49/49 50 2100 810 Ternes et al.(1998)
Germany NA/6 50 1300 £+ 100 Ternes et al.(2003)
Germany NA/10 4360+ 1360  Bahr et al. (2007)
Greece 11/11 2 10 365 Koutsouba et al. (2003)
Spain NA/8 40 786 1991 1241 Radjenovic et al. (2007)
Spain NA/17 1700 Muiioz et al (2010)
Spain NA/17 1500 Muiioz et al (2010)
Spain > 4/12 1 6 431 220 Rosal et al. (2010)
Spain 13/13 2 130 1032 368 418 £273 Pedrouzo et al. (2011)
Sweden NA/3 2.3 485+30 Zorita et al. (2009)
Switzerland ~ NA/15 500 1250 Joss et al. (2005)
Switzerland ~ 11/11 50 501 1731 1096 1099 + 323 Hollender et al. (2009)
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Table 2.4 continued (Occurrence of antiphlogistics in secondary treated MWWE in other

countries)
RL Concentration, ng/L
Compound Country Det. Freq. Reference
ng/L Min Max Median ~ Mean + SD

Diclofenac Australia NA/4 10 140 270 200 Reungoat et al. (2010)

(cont’d) Australia NA/16 80 290 Reungoat et al. (2011)
Australia 9/9 139 316 Reungoat et al. (2012)
China 4/4 4.7 130 260 Sui et al. (2010)
Korea 71 1 8.8 127 40 Kim et al. (2007)
Korea 11/11 1 7.8 26 14 14 Ryu et al. (2011)
Korea 5/5 0.24 13 49 24 Behera et al. (2011)
Brazil NA/10 50 1415 400 Stumpf et al. (1999)

Ibuprofen USA 0/2 2.6 Boyd et al. (2003)
USA 3/3 1 5.6 19 Snyder et al. (2006)
USA 3/3 5 85 75 Wert et al. (2009)
USA 1/3 1 13 Gerrity et al. (2011)
USA 0/4 42 Barber et al. (2011)
USA 5/102 223 2630 17000 3350 6120 Hope et al. (2012)
USA NA/12 50 49 78 64 Yang etal. (2011)
Austria 3/5 20 20 2400 Clara et al. (2005b)
Austria 2/3 20 <20 31 Schaar et al. (2010)
Finland 12/13 5 <5 3910 120 650 Vieno et al. (2007)
France NA/6 0.5-2 2500 +3400  Rueletal. (2011)
Germany 42/49 50 3400 370 Ternes et al.(1998)
Germany NA/6 50 130 £ 30 Ternes et al.(2003)
Germany NA/10 20+ 10 Bahr et al. (2007)
Greece 0/11 1.6 Koutsouba et al. (2003)
Spain NA/17 4700 Muiioz et al (2010)
Spain NA/17 1.7 Muiioz et al (2010)
Spain > 4/12 4 <4 653 135 Rosal et al. (2010)
Spain 9/13 7 15 955 137 261 +301 Pedrouzo et al. (2011)
Spain NA/8 20 336 6268 2559 Radjenovic et al. (2007)
Spain 3/3 20 910 2100 970 Carballa et al. (2004)
Sweden NA/3 2.7 88.5+4.5 Zorita et al. (2009)
Switzerland ~ NA/15 0.1 175 Joss et al. (2005)
Switzerland ~ 3/11 80 56 86 80 74+ 16 Hollender et al. (2009)
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Table 2.4 continued (Occurrence of antiphlogistics in secondary treated MWWE in other
countries)

RL Concentration, ng/L
Compound Country Det. Freq. Reference
ng/L Min Max Median ~ Mean + SD

Ibuprofen Australia NA/4 40 80 160 90 Reungoat et al. (2010)

(cont’d) Australia NA/16 <10 161 Reungoat et al. (2011)
Australia 8/9 <16 88 Reungoat et al. (2012)
Japan 16/16 1 1.4 177 18 33+44 Nakada et al. (2006)
Japan 4/4 0.3-21 4.3 15 Nakada et al. (2007)
Korea 57 1 10 137 65 Kim et al. (2007)
Korea 7/11 1 <1 11 1.9 34 Ryuetal. (2011)
Korea 5/5 3 15 75 40 Behera et al. (2011)
Brazil NA/10 50 3625 600 Stumpf et al. (1999)

Indomethacin Germany 49/49 50 600 270 Ternes et al.(1998)
Germany NA/6 50 100 £ 40 Ternes et al.(2003)
Spain NA/8 31 <RL 124 88 Radjenovic et al. (2007)
Australia NA/4 10 30 40 30 Reungoat et al. (2010)
Australia NA/16 <10 30 Reungoat et al. (2011)
Australia 9/9 6 28 Reungoat et al. (2012)
China 4/4 1.3 70 130 Sui et al. (2010)
Brazil NA/10 50 1000 50 Stumpf et al. (1999)

Ketoprofen Finland 12/13 25 <25 1240 320 370 Vieno et al. (2007)
France NA/6 0.5-2 640 + 390 Ruel et al. (2011)
Germany 37/49 50 380 200 Ternes et al.(1998)
Germany NA/10 130 £ 130 Bahr et al. (2007)
Spain NA/8 74 518 1650 777 Radjenovic et al. (2007)
Australia NA/16 <02 70 Reungoat et al. (2011)
Australia 9/9 <6.7 86 Reungoat et al. (2012)
China 0/4 5.5 Sui et al. (2010)
Japan 16/16 0.3 68 219 110 120 £ 46 Nakada et al. (2006)
Japan 4/4 0.03-15 96 299 Nakada et al. (2007)
Japan 12/12 43 ND 1400 Okuda et al. (2008)
Korea NA/S 1.65 0 37 12 Behera et al. (2011)
Brazil NA/10 50 656 168 Stumpf et al. (1999)
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Table 2.4 continued (Occurrence of antiphlogistics in secondary treated MWWE in other
countries)

RL Concentration, ng/L
Compound Country Det. Freq. Reference
ng/L Min Max Median ~ Mean + SD

Naproxen USA 2/2 0.4 81 106 Boyd et al. (2003)
USA 373 1 13 71 Snyder et al. (2006)
USA 3/3 23 51 48 Wert et al. (2009)
USA 3/3 0.5 52 100 72+25 Gerrity et al. (2011)
Finland 13/13 25 170 1930 500 690 Vieno et al. (2007)
France NA/6 0.5-2 60 + 30 Ruel et al. (2011)
Germany 10/10 50 520 300 Ternes et al.(1998)
Germany NA/6 50 100 £ 10 Ternes et al.(2003)
Germany NA/10 130+ 80 Bahr et al. (2007)
Spain 3/3 20 800 2600 1850 Carballa et al. (2004)
Spain NA/8 20 491 3495 1682 Radjenovic et al. (2007)
Spain >4/12 24 359 2208 923 Rosal et al. (2010)
Spain 13/13 7 15 691 85 175 £ 194 Pedrouza et al. (2011)
Sweden NA/3 2 340+ 15 Zorita et al. (2009)
Switzerland ~ NA/15 190 600 Joss et al. (2005)
Switzerland ~ 11/11 175 181 329 223 249 £ 53 Hollender et al. (2009)
Australia NA/4 100 240 510 290 Reungoat et al. (2010)
Australia NA/16 100 587 Reungoat et al. (2011)
Australia 9/9 83 587 Reungoat et al. (2012)
Japan 16/16 0.3 12 139 56 62 +41 Nakada et al. (2006)
Japan 4/4 0.24-27 33 85 Nakada et al. (2007)
Korea 717 1 20 483 128 Kim et al. (2007)
Korea 11/11 1 1.8 80 21 26 Ryuetal. (2011)
Korea 5/5 4.7 37 166 111 Behera et al. (2011)
Brazil NA/10 50 3000 610 Stumpf et al. (1999)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.
Legends:

USA United States of America

Min Minimum Max Maximum

SD Standard Deviation VS Various Sources

Det. Freq. Detection Frequency

RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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2.4.3.2 Antibiotics

Antibiotics are compounds that can inhibit and/or destroy bacteria or single-celled
organisms. They are used to treat bacterial infection. The main use of antibiotics is in
human and veterinary medicines. McArdell et al. (2003) have reported that of the total
antibiotics consumed in Switzerland in 1997, 38% was in human medicine and 62% was
in veterinary medicine. Gobel et al. (2005a) report 5 g per person per year consumption
of antimicrobials in Germany and Switzerland. The data regarding the consumption of
the antibiotics in Canada and USA was not available in the published literature during
literature research.

The main sub-groups of antibiotics are fluoroquinolones, macrolides, penicillin,
sulfonamides, and tetracyclines (Monteiro and Boxall, 2010). Table 2.5 compiles the data
related to the consumption of antibiotics in other countries from various sources. The
comparison of the data in Table 2.2 and Table 2.5 shows that the consumption of the

antibiotics is lower by one to two orders than that of the antiphlogistics.
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Table 2.5

Consumption of antibiotics in various countries

Compound Country Year Sale Reference
(tonne/yr)

Fluoroquinolones

Ciprofloxacin Finland 2005 0.85 Vieno et al. (2007)
France 2004 12.2 Besse et al (2008)
France 1999-2006 12.2 Sadezky et al (2008)
Germany 1999-2006 14.2 Sadezky et al (2008)
Norway 2006 0.885 Grung et al. (2008)
Poland 1999-2006 4.85 Sadezky et al (2008)
Spain 1999-2006 3.75 Sadezky et al (2008)
UK 2004 16.4 Monteiro et al (2010)
UK 1999-2006 6.51 Sadezky et al (2008)

Enrofloxacin UK 2000 0.80 Sarmah et al. (2006)

Norfloxacin Finland 2005 0.261 Vieno et al. (2007)
Germany 1999-2006 3.04 Sadezky et al (2008)
Poland 1999-2006 3.03 Sadezky et al (2008)
UK 1999-2006 0.393 Sadezky et al (2008)

Macrolides

Erythromycin Germany 1999-2006 21.12 Sadezky et al (2008)
Poland 1999-2006 6.37 Sadezky et al (2008)
Spain 2003 8.1 Monteiro et al (2010)
Switzerland 1999 0.22 Gobel et al (2005b)
UK 2004 48.7 Monteiro et al (2010)
UK 1999-2006 28.03 Sadezky et al (2008)
Australia 1998 11 Khan et al (2004)

Lincomycin UK 2000 0.721 Sarmah et al. (2006)

Roxithromycin France 2004 34 Besse et al (2008)
France 1999-2006 9.5 Sadezky et al (2008)
Germany 1999-2006 7.10 Sadezky et al (2008)
Poland 1999-2006 1.88 Sadezky et al (2008)
Switzerland 1999 0.15 Gobel et al (2005b)
UK 1999-2006 0 Sadezky et al (2008)
Australia 1998 3.75 Khan et al (2004)

Tylosin UK 2000 5.14 Sarmah et al. (2006)

Sulfonamides

Sulfadiazine Germany 1999-2006 2.55 Sadezky et al (2008)
Switzerland 1999 0.070 Gobel et al (2005b)
UK 2000 14.2 Sarmah et al. (2006)*
UK 2004 0.362 Monteiro et al (2010)
UK 1999-2006 0.007 Sadezky et al (2008)

Sulfamerazine Germany 1999-2006 0.923 Sadezky et al (2008)
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Table 2.5 continued (Consumption of antibiotics in various countries)

Compound Country Year Sale Reference
(tonne/yr)

Sulfamethoxazole Finland 2005 0.269 Vieno et al. (2007)
France 2004 16.7 Besse et al (2008)
France 1999-2006 20 Sadezky et al (2008)
Germany 1999-2006 54 Sadezky et al (2008)
Norway 2006 0.26 Grung et al. (2008)
Poland 1999-2006 7 Sadezky et al (2008)
Spain 2003 12.7 Monteiro et al (2010)
Switzerland 1999 2.6 Gobel et al (2005)
UK 2004 3.13 Monteiro et al (2010)
UK 1999-2006 1 Sadezky et al (2008)
Australia 1998 7.3 Khan et al (2004)

Tetracyclines

Chlortetracycline Germany 1999-2006 0.28 Sadezky et al (2008)
UK 2000 6.26 Sarmah et al. (2006)

Doxycycline France 2004 6.24 Besse et al (2008)
France 1999-2006 6.24 Sadezky et al (2008)
Germany 1999-2006 11.25 Sadezky et al (2008)
UK 1999-2006 1.41 Sadezky et al (2008)
Australia 1998 1.8 Khan et al (2004)

Oxytetracycline Germany 1999-2006 2.03 Sadezky et al (2008)
UK 1999-2006 24.90 Sadezky et al (2008)

Tetracycline Germany 1999-2006 1.40 Sadezky et al (2008)
Norway 2006 1.09 Grung et al. (2008)
Poland 1999-2006 3.26 Sadezky et al (2008)
UK 2004 2.1 Monteiro et al (2010)
UK 1999-2006 1.49 Sadezky et al (2008)

Miscellaneous

Chloramphenicol Germany 1999-2006 0.32 Sadezky et al (2008)
UK 1999-2006 0.104 Sadezky et al (2008)
China 2005 1929 Sui et al. (2010)

Trimethoprim France 2004 3.35 Besse et al (2008)
France 1999-2006 3.35 Sadezky et al (2008)
Germany 1999-2006 12.1 Sadezky et al (2008)
Norway 2006 0.68 Grung et al. (2008)
Spain 2003 3.7 Monteiro et al (2010)
Switzerland 1999 0.52 Gobel et al (2005b)
UK 2004 11.2 Monteiro et al (2010)
UK 1999-2006 7.34 Sadezky et al (2008)
Australia 1998 2.7 Khan et al (2004)
China 2005 2352 Sui et al. (2010)

* Sale for veterinary medicine
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Antibiotics - Fluoroquinolones

Use and consumption

The fluoroquinolone class of anti-bacterial drugs can treat infections that affect
different parts of the body as well as bacterial diarrhea and gonorrhea (Sweetman, 2009).
Some of these drugs also have veterinary use.

The data in Table 2.5 shows that the consumption of ciprofloxacin is three to four
times higher than that of norfloxacin in European countries. The average consumption of
ciprofloxacin in selected European countries is between 0.09 and 0.21 g per capita per

annum (Sadezky et al., 2008).

Abatement in conventional MWWTPs

As per Xu et al. (2007), sorption to the sludge is the main elimination process of
fluoroquinolones in MWWTPs. They observed 66% reduction in concentration of
norfloxacin during the sewage treatment process. Gulkowska et al. (2008) have
reported -16 to 78% removal of norfloxacin in secondary wastewater treatment plants.
Ghosh et al. (2009) have observed of 75 to 95% reduction in concentration of norfloxacin
and 60 to 83% reduction in ciprofloxacin. The reduction in concentration of enrofloxacin

was comparatively lower, in the range of 38 to 74%.

Occurrence in MWWE
Table 2.6 contains the data regarding the occurrence data of fluoroquinolones in
MWWE in Canada. Studies have reported occurrences of 50 to 85% for ciprofloxacin and

norfloxacin. The reported concentration of ciprofloxacin in effluent is between 132 and
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888 ng/L, while that of norfloxacin is in the range of 78 to 821 ng/L. Miao et al. (2004)
and Sosiak et al. (2005) did not detect enrofloxacin in any of their sampling events.

Table 2.7 compiles the occurrence data of fluoroquinolones in MWWE in
countries other than Canada. The data indicates a high occurrence of ciprofloxacin in
MMWE of most of the countries. Occurrence of enrofloxacin and norfloxacin is close to

zero in USA and Australia. However, it is close to 100% in China and Japan.

Table 2.6 Occurrence of fluoroquinolones in secondary treated MWWE in Canada
RL Concentration, ng/L Reference
Compound Region Det. Freq.
ng/L Min Max Median Mean + SD
Ciprofloxacin Ontario 7/8 22.7 132 344 Tabe et al. (2009)
Alberta 71 <15 207 888 Sosiak et al. (2005)
Canada 7/8 1 400 118 Miao et al. (2004)
Enrofloxacin Alberta 0/7 <15 Sosiak et al. (2005)
Canada 0/8 8 Miao et al. (2004)
Norfloxacin Alberta 6/7 <15 78 821 Sosiak et al. (2005)
Canada 4/8 5 112 50 Miao et al. (2004)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends: Det. Freq. Detection Frequency

Min Minimum Max Maximum
SD Standard Deviation VS Various Sources
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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Table 2.7 Occurrence of fluoroquinolones in secondary treated MWWE in other countries

Compound Country Det. RL Concentration, ng/L Reference
Freq. ng/L  Min Max Median Mean + SD

Ciprofloxacin USA 4/10 50 140 60 Karthikeyan et al. (2006)
USA 8/8 43 440+ 118 Batt et al. (2007)
USA 3/4 5/50 28 522 91 Barber et al. (2011)
USA NA/12 50 70 240 130 Yang et al. (2011)
Finland 20/21 29 30 130 70 60 Vieno et al. (2007)
Spain NA/17 710 Muiioz et al (2010)
Spain NA/17 850 Mutioz et al (2010)
Spain >4/12 10 <10 5692 2378 Rosal et al. (2010)
Sweden 9/10 6 7 60 14 20+ 17 Lindberg et al. (2005)
Sweden NA/3 4.9 94+ 12 Zorita et al. (2009)
Australia NA/4 10 <10 30 20 Reungoat et al. (2010)
Australia 0/8 10 Reungoat et al. (2011)
Japan 4/4 1-10 9 65 98 41+22 Ghosh et al. (2009)
Various <6 90 VS, Lee-Minh et al. (2010)
Various <20 251 VS, Monteiro et al. (2010)
Various 7 970 VS, Zhang et al. (2011)

Enrofloxacin USA 0/10 50 Karthikeyan et al. (2006)
Australia NA/4 10 <10 10 Reungoat et al. (2010)
Australia 0/8 10 Reungoat et al. (2011)
Japan 4/4 1103 26 14 1549 Ghosh et al. (2009)
Various 10 VS, Zhang et al. (2011)

Norfloxacin USA 0/10 50 Karthikeyan et al. (2006)
USA 0/4 5/50 Barber et al. (2011)
Finland 1/21 24 <24 30 <24 <24 Vieno et al. (2007)
Sweden 9/10 7 7 37 Lindberg et al. (2005)
Sweden NA/3 5.5 19+1.5 Zorita et al. (2009)
Australia NA/4 10 <10 40 30 Reungoat et al. (2010)
Australia 0/8 10 Reungoat et al. (2011)
China 4/4 10 27 85 Xu et al. (2007)
China 4/4 16 85 320 Gulkowska et al. (2008)
Japan 4/4 1-10 8 56 37 33+17 Ghosh et al. (2009)
Various <7 320 VS, Lee-Minh et al.,2010
Various 30 112 VS, Monteiro et al. (2010)
Various <6 120 VS, Zhang et al. (2011)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:

USA United States of America

Min Minimum Max Maximum

SD Standard Deviation A\ Various Sources

Det. Freq. Detection Frequency
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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Antibiotics - Macrolides

Use and consumption

Macrolides do not kill the bacteria but prevent them from multiplying (Monteiro
and Boxall, 2010). As per Ebadi (2008) and Monteiro and Boxall (2010), macrolides can
treat streptococcal infections, syphilis, respiratory and mycoplasmal infection, Lyme
disease, and tetanus.

The most prescribed macrolides in Canada are azithromycin, clarithromycin, and
erythromycin (Karlowsky et al., 2009). Table 2.8 shows the prescription rate for the
macrolides in Canada. The data shows a decrease in consumption of erythromycin in
Canada. In addition, the absence of roxithromycin in the list of most prescribed

macrolides indicates that its consumption is less than that of erythromycin.

Table 2.8 Annual macrolide prescription rate in Canada in 1995 and 2005
Compound Prescriptions/1000 persons per year
1995 2005
Azithromycin 4.8 52.5
Clarithromycin 24.7 58.5
Erythromycin 77.2 12.3
Total Macrolides 106.7 123.2

Reference: Karlowsky et al. (2009)

The average consumption of erythromycin in five European countries is in the
range of 0.166 to 0.536 g per capita per annum, which is the highest in the macrolides
group (Sadezky et al.,, 2008). Data in Table 2.5 indicates that consumption of
roxithromycin is less than that of erythromycin in many of the European countries as well

as in Australia.
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Abatement in conventional MWWTP

Literature indicates that conventional MWWTPs do not remove effectively some
of the macrolides. Joss et al. (2005) have also found roxithromycin to be resistant to
biodegradation during wastewater treatment. Gulkowska et al. (2008) have observed less
than 20% reduction in concentration of erythromycin in MWWTP. Xu et al. (2007) have
reported reduction of 26% and 48% in the concentration of erythromycin and
roxithromycin during the sewage treatment process. Castiglioni et al. (2006) have
reported close to zero percent removal of erythromycin and lincomycin by conventional
wastewater treatment. Ghosh et al. (2009) have reported almost similar reduction of -32
to 59% and -39 to 57% in the concentration of roxithromycin and lincomycin in

MWWTP.

Occurrence in MWWE

Majority of the studies in Canada have reported 75% or higher occurrence of
macrolides in MWWE in Canada (Table 2.9). Miao et al. (2004) have detected
erythromycin in effluent in concentrations up to 536 ng/L. The maximum reported
concentration of lincomycin and roxithromycin in MWWE in Canada is 21 and 18 ng/L.

Table 2.10 compiles the data related to the occurrence and concentration of
macrolides in MWWE in other countries. Erythromycin is one of the most frequently
detected antibiotics in the environment (Monteiro and Boxall, 2010). Most of the studies
have reported high occurrence of erythromycin. Studies have reported maximum
concentration of 561 ng/L and 760 ng/L of this drug in effluents in USA and Europe.

From China, Xu et al. (2007) have reported concentrations up to 2,054 ng/L. However,
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Monteiro and Boxall (2010) show that a study has reported concentration of 6,000 ng/L
of erythromycin in MWWE.

Studies have reported low occurrence and low concentration of lincomycin in
MWWE in USA. Studies from other countries have reported low to high occurrence and
low concentration of lincomycin. However, Behera et al. (2011) have detected
lincomycin in MWWE in Korea in concentrations up to 21,278 ng/L.

Hope et al. (2012) have reported zero occurrence of roxithromycin in MWWE in
over 100 sampling events. However, most of the other studies from Europe and Asia have
reported 50 to 100% occurrence. The data compiled by Monteiro and Boxall (2010)

shows that a study has reported maximum concentration of 1,000 ng/L of this compound

in effluent.
Table 2.9 Occurrence of macrolides in secondary treated MWWE in Canada
RL Concentration, ng/L Reference
Compound Region Det. Freq.
ng/L Min Max Median Mean + SD
Erythromycin Ontario 6/8 39.2 91 281 Tabe et al. (2009)
Canada 6/8 1 536 87 Miao et al. (2004)
Lincomycin Ontario 8/8 2.7 4 21 Tabe et al. (2009)
Roxithromycin Ontario 0/8 20.3 Tabe et al. (2009)
Canada 6/8 1 18 8 Miao et al. (2004)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends: Det. Freq. Detection Frequency
Min Minimum Max Maximum
SD Standard Deviation VS Various Sources
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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Table 2.10 Occurrence of macrolides in secondary treated MWWE in other countries
RL Concentration, ng/L Reference
Compound Country Det. Freq.
ng/L Min Max Median ~ Mean + SD

Erythromycin USA 3/3 1 133 162 Snyder et al. (20006)
USA 3/10 50 300 270 Karthikeyan et al. (2006)
USA 4/8 10-100 180 561 Barber et al. (2011)
USA NA/12 100 140 410 270 Yang et al. (2011)
Austria 3/3 20 170 210 170 Schaar et al. (2010)
Germany NA/6 50 620 + 240 Ternes et al. (2003)
Spain NA/8 2 43 205 104 Radjenovic et al. (2007)
Spain NA/17 570 Muiioz et al (2010)
Spain NA/17 750 Muiioz et al (2010)
Spain >4/12 99 <99 760 331 Rosal et al. (2010)
Sweden 0/10 160 Lindberg et al. (2005)
Switzerland ~ 7/11 75 15 73 32 36+22 Hollender et al. (2009)
Australia NA/4 10 180 460 260 Reungoat et al. (2010)
Australia NA/8 50 390 Reungoat et al. (2011)
Australia 8/8 20 324 Reungoat et al. (2012)
China 4/4 5 216 2054 Xu etal. (2007)
China 4/4 12 510 850 Gulkowska et al. (2008)
Japan 1/1 0.0012 92 Nakada et al. (2007)
Korea 5/7 1 8.9 294 130 Kim et al. (2007)
Various 10 6000 VS, Monteiro et al. (2010)
Various 145 620 VS, Zhang et al. (2011)

Lincomycin USA 0/10 50 Karthikeyan et al. (2006)
USA 1/4 5/50 8 Barber et al. (2011)
USA NA/12 10 10 20 14 Yang et al. (2011)
Australia NA/4 10 <10 60 30 Reungoat et al. (2010)
Australia 9/9 <02 3.1 Reungoat et al. (2012)
Japan 4/4 1-10 8 28 17 18+6 Ghosh et al. (2009)
Korea 5/5 2.5 1437 21278 9089 Behera et al. (2011)
Various 31 VS, Monteiro et al. (2010)
Various 13 60 VS, Zhang et al. (2011)

Roxithromycin ~ USA 0/10 50 Karthikeyan et al. (2006)
USA 0/4 10/100 Barber et al. (2011)
USA 0/102 8.9 Hope et al. (2012)
Austria 5/5 20 36 69 Clara et al. (2005b)
Austria 3/3 10 <20 160 27 Schaar et al. (2010)
France NA/6 1-2 10+ 10 Ruel et al. (2011)
Germany NA/6 50 540 + 40 Ternes et al. (2003)
Switzerland ~ NA/15 7 33 Joss et al. (2005)
Switzerland ~ 6/11 3 4 26 7 9+8 Hollender et al. (2009)
Australia NA/4 10 230 370 290 Reungoat et al. (2010)
Australia NA/16 40 220 Reungoat et al. (2011)
Australia 9/9 60 703 Reungoat et al. (2012)
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Table 2.10 continued (Occurrence of macrolides in secondary treated MWWE in other

countries)
RL Concentration, ng/L Reference
Compound Country Det. Freq.
ng/L Min Max Median  Mean + SD
Roxithromycin ~ China 4/4 5 36 278 Xu et al. (2007)
(cont’d) Japan 1/1 0.00018 22 Nakada et al. (2007)
Japan 4/4 1-10 14 276 71 90 + 87 Ghosh et al. (2009)
Various 10 870 VS, Lee-Minh et al. (2010)
Various 1000 VS, Monteiro et al. (2010)
Various 540 VS, Zhang et al. (2011)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:
USA

Min

SD

Det. Freq.
RL

United States of America

Minimum Max Maximum
Standard Deviation VS Various Sources
Detection Frequency NA Not available

Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of
quantification — LOQ)
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Antibiotics - Sulfonamides

Use and consumption

Sulfonamides have anti-bacterial property due to the sulphur that is directly linked
to the benzene ring, and they inhibit the growth of bacteria by inhibiting their DNA
synthesis (Monteiro and Boxall, 2010). This category of drugs can treat urinary tract
infections and burns (Ebadi, 2008). They also have veterinary use (Sweetman, 2009).

The use of sulfathiazole has been reduced significantly due to its toxicity
(Sweetman, 2009). Sulfamethoxazole is one of the most common sulfonamide used in
human medicine (Garcia-Galan et al., 2008). The data in Table 2.5 confirms that

consumption of sulfamethoxazole for human medicine is higher than other sulfonamides.

Abatement in conventional MWWTP

Joss et al. (2005) have found a huge variation in transformation efficiency of
sulfamethoxazole. They have reported transformation in the range of 0 to 90%. Xu et al.
(2007) have reported 0 to 64% reduction of sulfamethoxazole during sewage treatment.
Pedrouzo et al. (2011) have found the reduction of sulfamethoxazole and sulfathiazole in
the range of 70 to 85%. Ghosh et al. (2009) have observed 9 to 62% removal of
sulfamethoxazole. In their study, the removal of sulfadimethoxine was in the range of 38

to 100% while that of sulfamerazine was between 41 and 44%.

Occurrence in MWWE

Table 2.11 compiles the occurrence data of sulfonamides in MWWE in Canada

from various studies. The occurrence of six of the eight drugs in this table is zero or close
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to zero. The occurrence of sulfamethazine is between 0 and 30%. Miao et al. (2004) have
detected it in one sample in concentration of 363 ng/L. Three studies have reported 100%
occurrence of sulfamethoxazole. Sosiak et al. (2005) have detected this drug in MWWE
in concentrations up to 3,278 ng/L.

The Table 2.12 summarizes the occurrence data of sulfonamides in MWWE in
countries other than Canada. In the USA and other European countries, the occurrence
and concentration of most of these drugs except sulfamethoxazole is low. Studies from
different parts of the world have reported nearly 100% occurrence of sulfamethoxazole in
MWWE. Hope et al. (2012) have detected this drug in concentrations up to 5,280 ng/L.
The data compiled by Zhang and Li (2011) shows that studies have reported up to

6,000 ng/L concentration of sulfamethoxazole in MWWE.
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Table 2.11

Occurrence of sulfonamides in secondary treated MWWE in Canada

Det. RL Concentration, ng/L Reference
Compound Region
Freq. ng/L Min Max Median
Sulfachloro- Ontario 0/8 17.7 Tabe et al. (2009)
pyridazine Canada 0/8 1 Miao et al. (2004)
Sulfadiazine Ontario 0/8 28.3 Tabe et al. (2009)
Canada 1/8 3 19 19 Miao et al. (2004)
Sulfadimethoxine Ontario 0/8 5.7 Tabe et al. (2009)
Canada 0/8 1 Miao et al. (2004)
Sulfamerazine Ontario 0/8 49 Tabe et al. (2009)
Canada 0/8 3 Miao et al. (2004)
Sulfamethazine Ontario 0/8 34 Tabe et al. (2009)
Alberta 2/7 <15 23 72 Sosiak et al. (2005)
Canada 1/8 1 363 363 Miao et al. (2004)
Sulfamethizole Ontario 0/8 7.1 Tabe et al. (2009)
Canada 0/8 2 Miao et al. (2004)
Sulfamethoxazole Ontario 8/8 6.2 229 516 Tabe et al. (2009)
Alberta 717 <15 193 3278 Sosiak et al. (2005)
Canada 8/8 1 871 243 Miao et al. (2004)
Sulfathiazole Ontario 0/8 9.7 Tabe et al. (2009)
Canada 0/8 4 Miao et al. (2004)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:
Min Minimum Max Maximum
SD Standard Deviation VS Various Sources

Det. Freq. Detection Frequency
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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Table 2.12

Occurrence of sulfonamides in secondary treated MWWE in other countries

Compound Country Det. Freq. RL Concentration, ng/L Reference
ng/L Min Max Median  Mean + SD
Sulfachloropyridazine USA 0/10 100 Karthikeyan et al. (2006)
USA 0/4 5/50 Barber et al. (2011)
Korea 4/12 30 50 149 Choi et al. (2008)
Sulfadiazine USA 3/4 5/50 90 260 110 Barber et al. (2011)
Switzerland 3/11 100 17 127 127 90 + 64 Hollender et al. (2009)
Australia 0/4 10 Reungoat et al. (2010)
Australia NA/8 20 Reungoat et al. (2011)
China 1/4 1 36 Xu et al. (2007)
Various <1 <150 VS, Lee-Minh et al. (2010)
Various 19 VS, Monteiro et al. (2010)
Sulfadimethoxine USA 0/10 50 Karthikeyan et al. (2006)
USA 0/12 10 <10 Yang et al. (2011)
USA 1/4 5/50 5 Barber et al. (2011)
Switzerland ~ 0/11 60 Hollender et al. (2009)
Japan /1 0.012 0.15 Nakada et al. (2007)
Japan 4/4 1-10 4 44 14 19+17 Ghosh et al. (2009)
Korea 4/12 10 13 70 Choi et al. (2008)
Various <30 VS, Lee-Minh et al. (2010)
Sulfamerazine USA 0/10 50 Karthikeyan et al. (2006)
USA 0/4 5/50 Barber et al. (2011)
Japan 1/1 0.018 0.48 Nakada et al. (2007)
Japan 1/4 1-10 9 Ghosh et al. (2009)
Various <30 VS, Lee-Minh et al. (2010)
Sulfamethazine USA 0/10 50 Karthikeyan et al. (2006)
USA 0/4 5/50 Barber et al. (2011)
Spain 0/13 10 Pedrouza et al. (2011)
Switzerland ~ 4/11 5 7 20 8 11+6 Hollender et al. (2009)
Japan 1/1 0.3 0.35 Nakada et al. (2007)
Korea NA/5 0.5 0 408 114 Behera et al. (2011)
Various <30 VS, Lee-Minh et al. (2010)
Various 363 VS, Monteiro et al. (2010)
Various 19 VS, Zhang et al. (2011)
Sulfamethizole USA 0/10 100 Karthikeyan et al. (2006)
Japan 1/1 0.06 1.11 Nakada et al. (2007)
Various 180 VS, Lee-Minh et al. (2010)
Sulfamethoxazole USA 3/3 1 669 841 Snyder et al. (2006)
USA 6/10 50 370 200 Karthikeyan et al. (2006)
USA 8/8 27 460 + 180 Batt et al. (2007)
USA 3/3 330 1200 970 Wert et al. (2009)
USA 3/3 0.25 260 600 443 £ 172 Gerrity et al. (2011)
USA 4/4 5/50 137 813 406 232 +297 Barber et al. (2011)
USA 1/4 64 178 Barber et al. (2011)
USA 8/10 10 907 Oppenheimer et al. (2011)
USA NA/12 10 130 1600 420 Yang et al. (2011)
USA 94/102 11.2 136 5280 1040 1261 Hope et al. (2012)
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Table 2.12 continued (Occurrence of sulfonamides in secondary treated MWWE in other

countries)
Compound Country Det. Freq. RL Concentration, ng/L Reference
ng/L Min Max Median ~ Mean £+ SD

Sulfamethoxazole Austria 4/5 20 18 91 Clara et al. (2005b)

(cont’d) Austria 3/3 10 73 140 100 Schaar et al. (2010)
France NA/6 1-2 180 +270 Ruel et al. (2011)
Germany NA/6 50 620 + 50 Ternes et al. (2003)
Spain 11 250 Carballa et al. (2004)
Spain NA/8 3.1 65 264 139 Radjenovic et al. (2007)
Spain NA/17 550 Muiioz et al (2010)
Spain NA/17 270 Muioz et al (2010)
Spain >4/12 15 104 370 231 Rosal et al. (2010)
Spain 8/13 10 44 670 260 286 + 247 Pedrouza et al. (2011)
Sweden 4/10 80 135 304 248" 234 + 84 Lindberg et al. (2005)
Switzerland ~ NA/15 90 900 Joss et al. (2005)
Switzerland 11/11 25 84 434 155 197 + 122 Hollender et al. (2009)
Australia NA/4 10 110 240 220 Reungoat et al. (2010)
Australia NA/8 60 330 Reungoat et al. (2011)
Australia 9/9 39 1701 Reungoat et al. (2012)
China 4/4 1 9 78 Xu et sl. (2007)
Japan 1/1 0.018 40 Nakada et al. (2007)
Japan 4/4 1-10 67 162 97 112 +40 Ghosh et al. (2009)
Korea 4/7 1 3.8 407 136 Kim et al. (2007)
Korea 12/12 5 25 492 Choi et al. (2008)
Korea 11/11 1 92 330 160 193 Ryuetal. (2011)
Korea 5/5 0.9 20 162 57 Behera et al. (2011)
Various 0.3 964 VS, Lee-Minh et al. (2010)
Various 2140 VS, Monteiro et al. (2010)
Various <5 6000 VS, Zhang et al. (2011)

Sulfathiazole USA 0/10 100 Karthikeyan et al. (2006)
USA 0/4 5/50 Barber et al. (2011)
Spain 2/13 10 161 205 Pedrouza et al. (2011)
Australia 0/4 10 Reungoat et al. (2010)
Australia 0/16 10 Reungoat et al. (2011)
Australia 9/9 <06 <26 Reungoat et al. (2012)
Japan 1/1 0.015 0.50 Nakada et al. (2007)
Korea 0/12 30 Choi et al. (2008)
Various <30 VS, Zhang et al. (2011)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:

USA United States of America

Min Minimum Max Maximum

SD Standard Deviation VS Various Sources

Det. Freq. Detection Frequency
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of
quantification — LOQ)
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Tetracyclines

Use and Consumption

As per Ebadi (2008), tetracyclines are bacteriostatic and have the broadest
spectrum of activity. They are effective against the Gram-positive and Gram-negative
bacteria (Ebadi, 2008). Some of the important drugs in this category are chlortetracycline,
doxycycline, meclocycline, oxytetracycline, and tetracycline.

Data in Table 2.5 indicates that the consumption of the drug tetracycline is the
lowest in this group. Oxytetracycline is the most widely used tetracyclines in UK. If
normalized by capita, the average consumption of this drug in UK is 0.476 g per capita

per annum (Sadezky et al., 2008).

Abatement in conventional MWWTPs
Gulkowska et al. (2008) have reported -88 to 73% reduction in the concentration
of tetracycline in secondary wastewater treatment plants. Ghosh et al. (2009) have

reported 40 to 73% reduction of this drug.

Occurrence in MWWE

In Canada, studies have reported zero or close to zero occurrences of tetracyclines
such as chlortetracycline, doxycycline, meclocycline, and oxytetracycline; and 40 to
100% occurrence of tetracycline (Table 2.13). Miao et al. (2004) have reported
concentrations up to 977 ng/L of these drugs in MWWE in Canada.

From the data compiled in Table 2.14, the occurrence of chlortetracycline,

doxycycline, and oxytetracycline in MWWE in various countries is almost zero. The
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maximum reported concentration of chlortetracycline and oxytetracycline in MWWE is
60 ng/L and < 30 ng/L as per Le-Minh et al. (2010). Lindberg et al. (2005) have reported
concentration of 915 ng/L of doxycycline in effluent in Sweden. Most of the studies from
China, Japan, and USA have reported close to 100% occurrence of tetracycline in
MWWE. From Australia, two studies have reported zero occurrence of this compound.
The maximum reported concentration of tetracycline in MWWE is around 1000 ng/L as

per Monteiro and Boxall (2010) and Zhang and Li (2011).

Table 2.13 Occurrence of tetracyclines in secondary treated MWWE in Canada

Det. RL Concentration, ng/L Reference
Compound Region

Freq. ng/L Min Max Median Mean + SD

Tetracyclines

Chlortetracycline Ontario 0/8 55.8 Tabe et al. (2009)
Alberta 0/7 <15 Sosiak et al. (2005)
Canada 0/8 4 Miao et al. (2004)

Doxycycline Ontario 0/8 17.7 Tabe et al. (2009)
Alberta 1/7 <15 102 Sosiak et al. (2005)
Canada 2/8 2 46 38 Miao et al. (2004)

Meclocycline Ontario 0/8 21.3 Tabe et al. (2009)

Oxytetracycline Ontario 0/8 24 Tabe et al. (2009)
Alberta 0/7 <15 Sosiak et al. (2005)
Canada 0/8 6 Miao et al. (2004)

Tetracycline Ontario 8/8 32.9 48 103 Tabe et al. (2009)
Alberta 3/7 <15 81 320 Sosiak et al. (2005)
Canada 7/8 2 977 151 Miao et al. (2004)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:
Min Minimum Max Maximum
SD Standard Deviation VS Various Sources

Det. Freq. Detection Frequency
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of
quantification — LOQ)
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Table 2.14

Occurrence of tetracyclines in secondary treated MWWE in other countries

Det. RL Concentration, ng/L Reference
Compound Country
Freq.  ng/L Min  Max Median ~ Mean + SD
Tetracyclines
Chlortetracycline USA 0/10 50 Karthikeyan et al. (2006)
USA 0/4 10/100 Barber et al. (2011)
Australia 0/4 100 Reungoat et al. (2010)
Australia 0/8 Reungoat et al. (2011)
Various 40 60 VS, Lee-Minh et al. (2010)
Doxycycline USA 0/10 100 Karthikeyan et al. (2006)
USA 1/4 10/100 180 Barber et al. (2011)
USA 0/12 20 <20 Yang et al. (2011)
Sweden 7/10 64 64 915 227 380 +376 Lindberg et al. (2005)
Meclocycline No data available
Oxytetracycline USA 0/10 50 Karthikeyan et al. (2006)
USA 0/4 10/100 Barber et al. (2011)
Australia 0/4 100 Reungoat et al. (2010)
Australia 0/8 100 Reungoat et al. (2011)
Various <30 VS, Lee-Minh et al. (2010)
Various 20 VS, Zhang et al. (2011)
Tetracycline USA 8/10 50 850 170 Karthikeyan et al. (2006)
USA 8/8 52 181 +69 Batt et al. (2007)
USA 3/4 10/100 34 411 131 Barber et al. (2011)
USA 0/12 50 <50 Yang et al. (2011)
Australia 0/4 100 Reungoat et al. (2010)
Australia 0/8 10 Reungoat et al. (2011)
China 4/4 14 180 620 Gulkowska et al. (2008)
Japan 4/4 1-10 4 39 25 23+15 Ghosh et al. (2009)
Various 1,000 VS, Monteiro et al. (2010)
Various 977 VS, Zhang et al. (2011)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:

USA United States of America

Min Minimum Max Maximum

SD Standard Deviation VS Various Sources

Det. Freq. Detection Frequency

RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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Miscellaneous antibiotics

The antibiotics not covered under the fluoroquinolones, macrolides, tetracyclines,

and sulfonamides categories are included in this group.

Use and consumption

Carbadox is a veterinary medicine, antibiotic, added to swine feed to prevent
dysentery and promote growth (Aga, 2008). Some European countries have banned its
application because of its carcinogenic property (Sweetman, 2009). Chloramphenicol is a
bacteriostatic antibiotic, and is useful in the treatment of ampicillin resistant influenza,
rickettsial infections, typhoid fever and vancomycin-resistant enterococci (Anderson et
al., 2002). Lasalocid A is an antibiotic and an antiprotozoal. It can prevent and treat
parasitic disease that infects intestinal tracts of (Sweetman, 2009). As per Sweetman
(2009), trimethoprim is an antibacterial used in the treatment of stomach flu, respiratory
tract, and urinary tract infections. In combination with sulfamethoxazole, it is used to
manage pneumonia. It also has use as a veterinary antibiotic (Sarmabh et al., 2006).

Limited data are available related to the consumption of the drugs such as
carbadox, chloramphenicol, and Lasalocid-A. Table 2.15 shows the data related to
consumption of trimethoprim in some countries. The annual consumption in most of the
listed countries is less than 10 tonnes. However, China consumed nearly 2,352 tonnes of

this drug in 2005.
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Table 2.15 Consumption of antibiotic - trimethoprim in various countries

Compound Country Time period Sale Reference
(tonne/yr)

Trimethoprim France 2004 3.35 Besse et al (2008)
France 1999-2006 3.35 Sadezky et al (2008)
Germany 1999-2006 12.1 Sadezky et al (2008)
Norway 2006 0.68 Grung et al. (2008)
Spain 2003 3.7 Monteiro et al (2010)
Switzerland 1999 0.52 Gobel et al (2005)
UK 2004 11.2 Monteiro et al (2010)
UK 1999-2006 7.34 Sadezky et al (2008)
Australia 1998 2.7 Khan et al (2004)
China 2005 2352 Sui et al. (2010)

Abatement in conventional MWWTPs

Gulkowska et al. (2008) have reported -42 and 62% reduction in concentration of
trimethoprim. Xu et al. (2007) have observed 45% removal of chloramphenicol during
sewage treatment. Plosz et al. (2010) have reported increase in the concentration of
trimethoprim in the MWWE after biological treatment, most probably due to the

deconjugation process.

Occurrence in MWWE

Table 2.16 shows the data related to detection of the miscellaneous antibiotics in
MWWE in Canada. Table 2.17 represents similar data for MWWE other countries.

In Canada, studies have reported zero or close to zero occurrence of carbadox,
chloramphenicol, Lasalocid A, and penicillin G. In contrast, studies have reported 100%
occurrence of trimethoprim in the MWWE. Sosiak et al. (2005) have reported up to
3,528 ng/L concentration of this drug in the MWWE.

From studies outside Canada, Reungoat et al. (2012) have reported 100%

occurrence but low concentration of chloramphenicol in MWWE in Australia. The
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maximum concentration of this drug in their study is 3.1 ng/L. Most of the studies listed
in Table 2.17 have reported 100% occurrence of trimethoprim in the MWWE. Studies
from USA have reported 35 to 720 ng/L concentration of this drug in effluent. Lindberg
et al. (2005) have detected this drug in concentration up to 1,340 ng/L. Studies have

reported concentrations in the range of 10 to 780 ng/L of this drug in MWWE in Asia.

Table 2.16 Occurrence of miscellaneous antibiotics in secondary treated MWWE in Canada

Det. RL Concentration, ng/L Reference

Compound Region
Freq. ng/L Min Max Median Mean + SD

Miscellaneous

Carbadox Ontario 0/8 46.3 Tabe et al. (2009)
Canada 0/8 5 Miao et al. (2004)
Chloramphenicol Ontario 0/8 8.8 Tabe et al. (2009)
Lasalocid A Ontario 2/8 54.9 24 32 Tabe et al. (2009)
Penicillin-G Ontario 0/8 16.9 Tabe et al. (2009)
Trimethoprim Ontario 4/4 5-9 9 194 Metcalfe et al. (2003b)
Ontario 11/11 0.6 265+ 122 Hua et al. (2006)
Ontario 8/8 5 164 486 Tabe et al. (2009)
Alberta 717 <15 514 3,528 Sosiak et al. (2005)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:
Min Minimum Max Maximum
SD Standard Deviation VS Various Sources

Det. Freq. Detection Frequency
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of
quantification — LOQ)
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Table 2.17 Occurrence of miscellaneous antibiotics in secondary treated MWWE in other

countries
Compound Country Detection ~ RL Concentration, ng/L Reference
Frequency ng/L Min Max Median ~ Mean = SD
Miscellaneous
Carbadox USA 0/10 100 Karthikeyan et al. (2006)
USA 0/3 5/50 Barber et al. (2011)
Chloramphenicol  Australia 0/4 100 Reungoat et al. (2010)
Australia NA/16 0.3 <100 Reungoat et al. (2011)
Australia 9/9 <03 3.1 Reungoat et al. (2012)
China 1/4 5 17 Xu et al. (2007)
China 1/4 1 19 Sui et al. (2010)
Various 560 VS, Monteiro et al. (2010)
Lasalocid A No data available
Penicillin-G USA 0/4 10/100 Barber et al. (2004)
China 0/4 4 Gulkowska et al. (2008)
Various <2 VS, Lee-Minh et al. (2010)
Various ND VS, Monteiro et al. (2010)
Various ND 300 VS, Zhang et al. (2011)
Trimethoprim USA 3/3 1 35 229 Snyder et al. (2006)
USA 6/10 50 550 170 Karthikeyan et al. (2006)
USA 8/8 68 993 + 891 Batt et al. (2007)
USA 3/3 36 370 83 Wert et al. (2009)
USA 3/3 0.25 550 720 620 + 89 Gerrity et al. (2011)
USA 3/4 5/50 61 641 367 Barber et al. (2011)
USA 4/4 13 130 327 186 207 +92 Barber et al. (2011)
USA NA/12 100 69 530 280 Yang etal. (2011)
Austria 3/3 20 150 320 240 Schaar et al. (2010)
Germany NA/6 50 340 + 40 Ternes et al. (2003)
Spain >4/12 29 <29 148 99 Rosal et al. (2010)
Sweden 10/10 8 66 1340 396 499 + 386 Lindberg et al. (2005)
Switzerland ~ 11/11 30 71 234 108 119+47 Hollender et al. (2009)
Australia NA/4 10 150 210 200 Reungoat et al. (2010)
Australia NA/16 10 380 Reungoat et al. (2011)
Australia 9/9 27 141 Reungoat et al. (2012)
China 4/4 6 120 230 Gulkowska et al. (2008)
China 4/4 1 20 200 Sui et al. (2010)
Japan 171 0.027 16 Nakada et al. (2007)
Japan 4/4 1-10 24 72 41 43+ 16 Ghosh et al. (2009)
Korea 517 1 10 188 58 Kim et al. (2007)
Korea 7/12 10 13 174 Choi et al. (2008)
Korea 11/11 1 27 780 70 134 Ryu et al. (2011)
Korea 5/5 0.14 13 154 63 Behera et al. (2011)
Various 9 1760 VS, Monteiro et al. (2010)

Note: If the study has detected the analyte only once, it is reported as maximum detected concentration in the above table.
Legends: USA = United States of America VS = Various sources
RL = Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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2433 Antiepileptic/antidepressant

Use and consumption

Carbamazepine is an antiepileptic/antidepressant drug, and used to control and
prevent seizures as well as other medical conditions (Ebadi, 2008). Sadezky et al. (2008)
have reported the average consumption of this drug in five European countries in the
range of 0.61 to 0.98 g per capita per annum. Table 2.18 summarizes the annual
consumption of this drug in different countries. Metcalfe et al. (2004) and Miao et al.
(2005) have reported 19 to 28 tonnes of consumption of carbamazepine in Canada in the
year 2001. Zhang et al. (2008) have estimated the total worldwide consumption of this

drug to be approximately 1014 tonnes in 2008.

Table 2.18 Consumption of antiepileptic/antidepressant in various countries
Compound Country Year Sale Reference
(tonne/yr)

Carbamazepine Canada 2001 19 Metcalfe et al. (2004)
Canada 2001 28 Miao et al (2005)
USA 2000 43 Zhang et al (2008)
USA 2003 35 Zhang et al (2008)
Austria 1997 6 Zhang et al (2008)
Finland 2005 4.35 Vieno et al. (2007)
France 2004 33.5 Besse et al (2008)
France 1999-2006 36.4 Sadezky et al (2008)
Germany 1999 87 Zhang et al (2008)
Germany 1999-2006 80.9 Sadezky et al (2008)
Poland 1999-2006 32.2 Sadezky et al (2008)
Spain 2003 20 Monteiro et al (2010)
UK 2000 40 Zhang et al (2008)
UK 2004 52.2 Monteiro et al (2010)
UK 1999-2006 40.1 Sadezky et al (2008)
Australia 1998 10 Khan et al (2004)
China 2005 395 Sui et al. (2010)
Japan 2002 107-162 Nakada et al. (2002)
World 2008 1014 Zhang et al (2008)
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Abatement in conventional WWTP

Carbamazepine is resistant to biodegradation and its concentration remains
unchanged during conventional activated sludge treatment process (Clara et al., 2005b;
Joss et al., 2005). Study by Andreozzi et al. (2002) shows that carbamazepine is
persistent in the environment. In water, it degrades only when exposed to solar
irradiation. They found its half-life to be 907 sunlight hours. As per their study, nitrate

promotes the degradation of the compound while humic acid has the opposite effect.

Occurrence in the MWWE

Studies have reported 87 to 100% occurrence of carbamazepine in MWWE in
Canada. Table 2.19 compiles the pertinent data from some studies. Sosiak et al. (2005)
have reported the concentration of this drug in the range between 702 and 3,287 ng/L.
Table 2.20 compiles the data of occurrence and concentration of carbamazepine in
MWWE in other countries. Most of the studies referred to in this table have reported high
occurrence of the drug. In addition, the data shows higher concentration of this drug in
MWWE in Europe and Australia than in Asian countries. In Germany, Ternes (1998)
have detected this drug in concentration up to 6,300 ng/L. Joss et al. (2005) and Vieno

(2007) have reported maximum concentration of this drug to be more than 2,000 ng/L.
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Table 2.19 Occurrence of antiepileptic/antidepressant in secondary treated MWWE in Canada

Compound Region Det. DL Concentration, ng/L Reference

Freq. ng/lL  Min Max  Median  Mean+SD

Carbamazepine Ontario 4/4 5-7 7 126 Metcalfe et al. (2003b)
Ontario 10/11 0.1 29171 Hua et al. (2006)
Ontario 8/8 4.3 361 735 Tabe et al. (2009)
Alberta 71 702 3287 Sosiak et al. (2005)
Atl Canada 14/16 20 24 240 79 100 £ 61 Brun et al. (2006)
Canada 18/18 100 100 2300 Metcalfe et al. (2003a)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:

Atl Canada Atlantic Canada

Min Minimum Max Maximum

SD Standard Deviation A\ Various Sources

Det. Freq. Detection Frequency
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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Table 2.20 Occurrence of antiepileptic/antidepressant in MWWE in other countries

Compound Country Det. DL Concentration, ng/L Reference
Freq. ng/L Min Max Median  Mean + SD

Carbamazepine USA 3/3 1 139 210 Snyder et al. (2006)
USA 3/3 170 350 260 Wert et al. (2009)
USA 3/3 0.5 170 190 180+ 10 Gerrity et al. (2011)
USA 4/4 11 90 230 122 141 + 63 Barber et al. (2011)
USA 16/16 5 416 Oppenheimer et al. (2011)
USA NA/12 50 100 550 250 Yang et al. (2011)
USA 84/102 11.2 133 577 206 219 Hope et al. (2012)
Austria 5/5 20 465 1594 Clara et al. (2005)
Austria 3/3 1 500 900 900 Schaar et al. (2010)
Finland 21/21 1.4 290 2440 500 720 Vieno et al. (2007)
France NA/6 0.5-2 640 + 650 Ruel et al. (2011)
Germany 30/30 50 6300 2100 Ternes et al. (1998)
Germany NA/6 50 2100 + 40 Ternes et al. (2003)
Germany NA/10 1760 + 420 Bahr et al. (2007)
Spain NA/8 0.6 65 305 237 Radjenovic et al. (2007)
Spain NA/17 260 Muiioz et al. (2010)
Spain NA/17 290 Muiioz et al. (2010)
Spain >4/12 1 69 173 117 Rosal et al. (2010)
Spain 13/13 8 170 Pedrouza et al. (2011)
Switzerland  NA/15 210 2300 Joss et al. (2005)
Switzerland  11/11 15 186 714 570 512+ 187 Hollender et al. (2009)
Australia NA/4 390 950 700 Reungoat et al. (2011)
Australia NA/16 330 1650 Reungoat et al. (2011)
Australia 8/9 119 1192 Reungoat et al. (2012)
China 4/4 1 69 120 Sui et al. (2010)
Japan 16/16 6 11 163 49 60 £ 45 Nakada et al. (2006)
Japan 4/4 1.5-36 2.32 46 Nakada et al. (2007)
Korea 6/7 1 73 729 226 Kim et al. (2007)
Korea 10/12 5 6 195 Choi et al. (2008)
Korea 11/11 1 140 270 190 196 Ryu etal. (2011)
Korea 5/5 0.09 40 74 55 Behera et al. (2011)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:

USA United States of America

Min Minimum Max Maximum

SD Standard Deviation A\ Various Sources

Det. Freq. Detection Frequency
RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of
quantification — LOQ)
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2434 Lipid Regulators

Use and consumption

In human blood, the fibrates/lipid regulators decrease the synthesis of
triglycerides and very-low-density lipoprotein cholesterol that is harmful to human
health, and increase the production of high-density lipoprotein cholesterol that is good for
human health (Anderson et al., 2002). Clofibric acid is the active metabolite of several
fibrate drugs (Stumpf et al., 1999). It can act as a plant growth regulator by inhibiting
plant hormone auxin (Emblidge and DeLorenzo, 2006). Clofibric acid is recalcitrant in
nature (Winkler et al., 2001) and can persist in the environment for up to 21 years
(Zuccato et al., 2000). It can adversely affect the reproduction of the Fathead minnow
fish (Runnalls et al., 2007). Based on the bioassay test results, Ferrari et al. (2003) have
concluded that clofibric acid has a more adverse effect than carbamazepine and
diclofenac on the receiving water bodies.

Fenofibrate is the most commonly prescribed fibrate drug in Canada, accounting
for 90.2 % of the total fibrate drug prescriptions in year 2009 (Jackevicius et al., 2011).
Gemfibrozil and bezafibrate account for 4.6% and 5.2% of the remaining prescriptions.
Fenofibrate is also the most prescribed fibrate drug in USA. Table 2.21 presents the data
related to distribution of total fibrate prescriptions in North America. The fibrate
prescriptions dispensed in Canada and United States in December 2009 was 474
prescriptions/100,000 population per month and 730 prescriptions/100,000 population per

month, respectively (Jackevicius et al., 2011).
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Table 2.21 Distribution of total fibrate prescriptions in North America (2005 — 2009)

Portion of Total Prescription, %

2005 2006 2007 2008 2009

Canada

Bezafibrate 6.8 6.2 5.5 4.9 4.6

Fenofibrate 85.4 86.7 88.3 89.5 90.2

Gemfibrozil 7.8 7.1 6.2 5.6 5.2
United States

Fenofibrate 62.0 66.2 69.4 71.4 65.2

Gemlfibrozil 38.0 33.8 30.6 28.6 26.1

Fenofibric acid 0 0 0 0 8.7

Note: Bezafibrate is only available in Canada, and fenofibric acid is only available in the United States.

Reference: Jackevicius et al. (2011)

Table 2.22 shows the consumption of a few lipid regulators in various countries.
In general, the consumption of bezafibrate is higher than gemfibrozil. The annual
consumption of bezafibrate in France and Germany is in the range of 27 to 32 tonne/yr,
which translates to approximately 0.38 to 0.46 g/capita/annum (Sadezky et al., 2008).
However, the consumption of bezafibrate and gemfibrozil is almost equal in Poland, and

the annual consumption rate is around 0.007 g/capita/annum (Sadezky et al., 2008).
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Table 2.22 Consumption of fibrates/lipid regulators in various countries

Compound Country Year Sale Reference
(tonne/yr)

Bezafibrate Finland 2005 0.357 Vieno et al. (2007)
France 2004 20.9 Besse et al (2008)
France 1999-2006 27.4 Sadezky et al (2008)
Germany 1999-2006 315 Sadezky et al (2008)
Poland 1999-2006 0.273 Sadezky et al (2008)
UK 1999-2006 7.66 Sadezky et al (2008)

Clofibric acid Switzerland 2004 0.143 Tauxe-Wuersch et al (2005)

Gemfibrozil Canada 2001 1 Metcalfe (2004)
Germany 1999-2006 5.96 Sadezky et al (2008)
Poland 1999-2006 0.274 Sadezky et al (2008)
UK 2004 1.42 Monteiro et al (2010)
UK 1999-2006 0.902 Sadezky et al (2008)
Australia 1998 20 Khan et al (2004)
China 2005 17 Sui et al. (2010)

Abatement in conventional WWTP

As per Cermola et al. (2005), fenofibrate rapidly metabolizes to fenofibric acid.
They also report that fenofibric acid is highly susceptible to photo-degradation and
converts to phenol, ether, and alcohol. In comparison, bezafibrate and gemfibrozil
degrade by only about 10% when exposed to sunlight irradiation (Cermola et al., 2005).
As per Clara et al. (2005a), bezafibrate is susceptible to biodegradation and degrades up
to 90% in conventional WWTPs. However, they report its lower transformation in the
WWTPs that have low sludge retention time (SRT). Joss et al. (2005) did not find any
effect of SRT on transformation of antibiotics during wastewater treatment. Lee et al.
(2003) observed only 5% transformation of gemfibrozil. Studies have reported that
clofibric acid is also not readily biodegradable in municipal treatment plants (Zwiener

and Frimmel, 2003; Castiglioni et al., 2006).
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Occurrence in MWWE

Table 2.23 presents the data related to occurrence of lipid regulator/bezafibrate in
MWWE in Canada. As per the data, most of the studies have reported more than 75%
occurrence of bezafibrate and gemfibrozil. Studies have reported maximum concentration
of 810 ng/L of bezafibrate and 1493 ng/L of gemfibrozil in MWWE. Lee et al. (2003) did
not detect fenofibrate in the 44 municipal sewage plant influent and effluent samples
collected in Ontario, Canada. Similarly, Lishman et al. (2006) did not detect fenofibrate
in any of the 39 MWWE samples analyzed by them.

Table 2.24 compiles data from various studies concerning the occurrence of the
lipid regulators in MWWE in other countries. Majority of the studies have reported close
to 100% occurrence of bezafibrate and gemfibrozil. The occurrence of clofibric acid is
between 0 and 100%. From the data in the table, studies have reported 4,800 ng/L and
5,223 ng/L as the maximum concentration of bezafibrate and gemfibrozil in MWWE.
Studies have reported up to 1,600 ng/L concentration of clofibric acid. For fenofibrate,
Ternes (1998) have reported only 10% occurrence and maximum concentration of

30 ng/L in the MWWE in Germany.
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Table 2.23

Occurrence of lipid regulators in MWWE in Canada

Compound Region Det. DL Concentration, ng/L Reference
Freq. ng/L Min Max Median ~ Mean + SD
Bezafibrate Ontario 4/4 5-12 12 259 Metcalfe et al. (2003b)
Ontario 11/11 10 325+79 Hua et al. (2006)
Ontario 8/8 3 145 315 Tabe et al. (2009)
Alberta 4/7 <25 144 547 Sosiak et al. (2005)
Nova 3/4 12 29 260 120 Comeau et al. (2008)
Scotia
Atlantic 14/16 30 42 810 250 290 + 239 Brun et al. (2006)
Canada
Canada 3/18 50 200 600 Metcalfe et al. (2003a)
Clofibric Acid  Ontario 2/4 5 2 44 Metcalfe et al. (2003b)
Ontario 0/16 10 Lee et al. (2003)
Ontario 0/39 66 Lishman et al. (2006)
Ontario 7/11 45 260 + 132 Hua et al. (2006)
Ontario 8/8 5.8 10 43 Tabe et al. (2009)
Alberta 0/7 <25 Sosiak et al. (2005)
Atlantic 1/16 30 38 Brun et al. 2006
Canada
Canada 0/18 50 Metcalfe et al. (2003a)
Fenofibrate Ontario 0/16 10 Lee et al. (2003)
Ontario 0/39 26 Lishman et al. (2006)
Gemfibrozil Ontario 4/4 5 5 1493 Metcalfe et al. (2003b)
Ontario 16/16 10 20 540 Lee et al. (2003)
Ontario 17/39 77 436 255 246 Lishman et al. (2006)
Ontario 11/11 6 52 +31 Hua et al. (2006)
Ontario 8/8 3.1 19 206 Tabe et al. (2009)
Alberta 7/7 <25 410 813 Sosiak et al. (2005)
Atlantic 15/16 30 110 1400 550 591 +401 Brun et al. 2006
Canada
Canada 1/18 50 1300 Metcalfe et al. (2003a)

Note: If the study reported only one concentration of the analyte, it is reported as maximum detected concentration in the above table.

Legends:

Min Minimum Max Maximum

SD Standard Deviation VS Various Sources

Det. Freq. Detection Frequency

RL Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of

quantification — LOQ)
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Table 2.24 Occurrence of lipid regulators in MWWE in other countries

Compound Country Det. Freq. DL Concentration, ng/L Reference
ng/L Min Max Median Mean + SD

Bezafibrate Austria 3/5 20 692 4800 Clara et al. (2005b)
Austria 3/3 20 1500 1600 1500 Schaar et al. (2010)
Finland 12/13 5 <5 840 150 240 Vieno et al. (2007)
Germany 48/49 250 4600 2200 Ternes et al. (1998)
Germany NA/10 340+ 170 Bahr et al. (2007)
Spain NA/8 4.35 495 2309 982 Radjenovic et al. (2007)
Spain >4/12 8 33 280 128 Rosal et al. (2010)
Spain 13/13 1 100 510 283 273 £ 105 Pedrouza et al. (2011)
Switzerland 11/11 65 37 133 67 77+28 Hollender et al. (2009)
Australia 9/9 <0.5 10 Reungoat et al. (2012)
China 4/4 0.3 2 7 Sui et al. (2010)
Japan 12/12 15 26 1100 Okuda et al. (2008)
Brazil NA/10 50 1190 1077 Stumpf et al. (1999)

Clofibric Acid USA 0/2 0.8 Boyd et al. (2003)
Germany 47/49 50 1600 360 Ternes et al. (1998)
Germany NA/6 50 120 £ 20 Ternes et al. (2003)
Germany NA/10 90 + 70 Bahr et al. (2007)
Greece 1/11 5 5 Koutsouba et al. (2003)
Spain NA/8 3.75 18 156 80 Radjenovic et al. (2007)
Spain >4/12 6 <6 91 12 Rosal et al. (2010)
Spain 0/13 2 Pedrouza et al. (2011)
Sweden NA/3 1.1 24 +1 Zorita et al. (2009)
Switzerland 6/11 5 11 44 15 20+13 Hollender et al. (2009)
China 4/4 5.4 8 20 Sui et al. (2010)
Korea NA/S 0.74 0 6 2 Behera et al. (2011)

Gemfibrozil USA 2/2 10 16 567 Snyder et al. (2006)
USA 3/3 35 1600 1400 Wert et al. (2009)
USA 3/3 0.25 850 960 890 + 61 Gerrity et al. (2011)
USA 1/4 13 318 Barber et al. (2011)
USA 10/12 5 360 Oppenheimer et al. (2011)
France NA/6 0.5-2 1500 + 1700 Ruel et al. (2011)
Germany 39/49 50 1500 400 Ternes et al. (1998)
Spain NA/8 2.2 1368 3359 2468 Radjenovic et al. (2007)
Spain NA/17 6800 Muiioz et al. (2010)
Spain NA/17 8200 Muiioz et al. (2010)
Spain >4/12 0.1 3 5233 845 Rosal et al. (2010)
Australia NA/4 10 140 200 170 Reungoat et al. (2010)
Australia NA/16 37 155 Reungoat et al. (2011)
Australia 9/9 36 191 Reungoat et al. (2012)
China 4/4 4.2 8 50 Sui et al. (2010)
Korea 3/7 1 3.9 17 11.2 Kim et al. (2007)
Korea 10/11 1 <0.25 8 2.7 33 Ryuetal. (2011)
Korea 5/5 1.5 6 26 17 Behera et al. (2011)
Brazil NA/10 50 1725 400 Stumpf et al. (1999)

Note: If only one value was detected, it is reported as maximum value in the above table.
Legends: RL = Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD,
or limit of quantification — LOQ)
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2.4.4 Occurrence of EDCs in MWWE

The USEPA definition of endocrine disruptive chemicals is “an exogenous agent
that interferes with the production, release, transport, metabolism, binding, action, or
elimination of natural hormones in the body responsible for the maintenance of
homeostasis and the regulation of development process.” (Kavlock et al., 1996).

Estrogen replacement agents, ovulation inhibitors, and reproductive hormones are
some of the groups of potential EDCs based on their application. Perfluorosurfactants and

bisphenol-A are also potential EDCs.

Use and consumption

The 17-a-ethinylestradiol (EE2) and 19-norethersterone drugs have a use as oral
contraceptive drugs. The 19-norethersterone drug can also treat abnormal uterine
bleeding and premenstrual pain when used in estrogen replacement therapy (Anderson et
al., 2002). 17-B-Estradiol (E2) is a female sex hormone, and is the most potent among all
the naturally occurring estrogens (Bennink, 2004). It is used to treat postmenopausal
symptoms, osteoporosis, uterine bleeding and in menopausal hormone therapy. Estrone
and estriol are used in menopausal hormone treatments (Ebadi, 2008). Bisphenol-A
(BPA) is the mainly used in the production of polycarbonates and epoxy resins. The
polycarbonates and the resins have a wide industrial use. They are also used to
manufacture food and beverage containers (Environment Canada and Health Canada,
2008).

Of the potential EDCs listed in Table 2.25, the maximum production is of BPA.

As per Environment Canada and Health Canada (2008), the worldwide production of this
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compound was 4 billion kg in 2006. In Canada, the annual consumption decreased to less
than 1,000 tonnes in 2006 from about 12,000 tonnes in 1986. The annual consumption of

EE2 in most of the countries is less than 100 kg.

Table 2.25 Sale of potential EDCs
Compound Country Year Sale Reference
(tonne/yr)
Estrogen Replacement Agents
Bisphenol-A (BPA) Canada 1986 12,000 Environment. Canada (2008)
Canada 2006 100 to 1,000 Environment. Canada (2008)
Worldwide 2006 4,000,000 Environment. Canada (2008)
Reproductive Hormones
17p-Estradiol Denmark 1996 0.045 Christensen (1998)
Progesterone UK 2004 0.75 Monteiro et al (2010)
France 2004 9.86 Besse and Garric (2009)
Ovulation Inhibitors
170-Ethinylestradiol (EE2) Canada 2001 0.057 Metcalfe et al. (2004)
United States 2007 0.088 Hannah et al. (2009)
Belgium 2007 0.008 Hannah et al. (2009)
Denmark 1996 0.0036 Christensen (1998)
France 2007 0.034 Hannah et al. (2009)
Germany 2007 0.051 Hannah et al. (2009)
Italy 2007 0.020 Hannah et al. (2009)
Netherland 2007 0.015 Hannah et al. (2009)
UK 2007 0.026 Hannah et al. (2009)
Norethisterone France 2004 0.101 Besse and Garric (2009)

Abatement in conventional MWWTP

The physicochemical properties of the EDCs affect their removal in the
MWWTP. Some of these properties are their solubility in water, volatilization rate,
biological and chemical degradation rate, and adsorption (Langford and Jason, 2002).
Most of the EDCs are nonpolar and hydrophobic in nature and are removed mainly by

sorption to the solids (Auriol et al., 2006). The octanol-water partition coefficient (Koy)
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value of the chemicals can give an indication of their sorption potential and
hydrophobicity. In general, log K,y <2.5 indicates low sorption potential,
2.5 <log Kow <4.0 indicates medium sorption potential while log K,y > 4.0 indicates
high sorption potential (Jones-Lepp and Stevens, 2007). Langford and Jason (2002)
indicate that chemicals with large log K,,, value have large hydrophobic molecules that
bind with solid organic matter, while chemicals with low log K, value have small
hydrophilic molecules. In addition, the main process of removal of chemicals with
log Koy greater than 4 during secondary treatment is by sorption to settled sludge.
However, as indicated earlier, the removal also depends on other factors besides Koy

value. Table 2.26 provides the log octanol-water partition coefficient of few potential

EDCs.

Table 2.26 Log octanol/water partition coefficient of few potential EDCs

Compound Log Koy Reference

17-a-Ethinylestradiol (EE2) 3.67-4.15 Various, ref. Auriol et al. (2006)
17- a-Estradiol 3.94 Almeida and Nogueira (2006)
17-B-Estradiol (E2) 3.94-4.01 Various, ref. Auriol et al. (2006)
19-Norethisterone 2.99 Almeida and Nogueira (2006)
BPA 3.32,3.43 Auriol et al. (2006)

Estrone (E1) 245-343 Various, ref. Auriol et al. (2006)
Estriol (E3) 2.55-2.81 Various, ref. Auriol et al. (2006)
Progesterone 3.67 Almeida and Nogueira (2006)

Johnson and Sumpter (2001) indicate that the main mechanism of removal of the

EDCs in the MWWTPs can be sorption and biodegradation. As per them, the removal of
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weak hydrophobic estrogens such as E1, E2, and E3 may be due to the sorption and
biodegradation. In addition, sorption to the sludge may be the most likely mechanism of
removal of synthetic estrogen 17-a-ethinylestradiol (EE2), which is recalcitrant and up to
10 times more hydrophobic than E2. However, in batch experiments conducted by
Ternes et al. (1999a), the concentration of EE2 did not reduce substantially in conditions
similar to an activated sludge process even though it has high log K, value of 4.2. The
sorption effect did not seem to affect the removal of EE2.

Many studies have noted negative removal of estrogens in MWWTPs, i.e. the
concentration of estrogens in treated water is higher than that in the raw sewage. The
microorganisms present in the activated sludge can cleave the inactive polar conjugates
of the estrogens, which results in release of active estrogens and increase in their
concentration (Ternes et al., 1999a). In the aerobic batch experiments with activated
sludge effluent, Ternes et al. (1999a) have shown that 17-B-estradiol-17
(B-D-glucuronide) and 17-B-estradiol-3 (B-D-glucuronide) converts to 17-B-estradiol in
approximately 15 minutes. More than 95% of 17-B-estradiol oxidizes to estrone in a
period of 1 to 3 hours (Figure 2.4). Hence, the concentration of some estrogens in the
sewage effluent may increase after biological treatment due to the deconjugation process.
D'Ascenzo et al. (2003) have shown that the production of estrone in the sewage
treatment plants is most probably due to the oxidation of estradiol and deconjugation of

the glucuronated and sulfated estrogens.
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oxidation

17—p—Estradiol estrone

Figure 2.4 Conversion of 17-p-estradiol to estrone during biological sewage treatment
(Adapted from Ternes et al. 1999 a)

Ternes et al. (1999b) have reported 64 to 78% reduction in concentration of EE2,
above 99.9% reduction in 17-B-estradiol (E2), and 83% reduction of estrone in MWWE
in Brazil. However, in their sampling at German MW WTPs, the reduction in E1 and EE2
in MWWE was not substantial while reduction in E2 was close to 64%. They inform that
low temperatures (-2 °C) during the German sampling event may be a reason for the low
removal efficiency. Behera et al. (2011) have reported 87 to 100% reduction of estrone,
estriol, and estradiol in MWWTPs. D'Ascenzo et al. (2003) have observed high removal
of estradiol (85%) and estriol (97%) but low removal of estrone (61%) in the sewage
treatment plant. They have concluded estrone to be the most important EDC in the
aquatic environment due to its high concentration (nearly 10 times of estradiol) and its
estrogenic potency (which is approximately half of estradiol). Clara et al. (2005b) and
Nakada et al. (2006) have observed >90% reduction in the concentration of BPA in
MWWTPs having an activated sludge process.

While the activated sludge process can achieve high removal of EDCs, the
concentration of the EDCs present in the effluent is still high enough to produce

estrogenic activity in fish and aquatic organisms (Auriol et al., 2006). BPA, E2, EE2, and
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estrone contribute significantly to the estrogenicity of the effluent (Johnson and Sumpter,

2001; D'Ascenzo et al., 2003).

Occurrence in the MWWE

Table 2.27 summarizes the occurrence and concentration data of potential EDCs
in Canadian MWWE from some of the studies. The data show that studies frequently
detect most of these EDCs. Fernandez et al. (2007) have reported the highest maximum
concentration for all the EDCs. They have reported the highest maximum concentration
of 19-norethisterone, E1, E2 and EE2 in the range of 147 ng/L to 178 ng/L. Viglino et al.
(2008) and Tabe et al. (2009) did not detect progesterone in any of their sampling events.

Table 2.28 compiles the data related to the occurrence and concentration of EDCs
in MWWE in other countries. The data indicate frequent detection of the EDCs in
MWWE in various countries. Ternes et al. (1999b) have reported the highest maximum
concentration of 15 ng/L of EE2. Conversely, studies have reported concentrations up to
3,480 ng/L of BPA, and 282 ng/L of E1 and 275 ng/L of E3. Comparison of data in Table
2.27 and Table 2.28 indicates higher occurrence and concentration of EE2 in MWWE in

Canada than in other countries.
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Table 2.27

Occurrence of potential EDCs in MWWE in Canada

Compound Region Det. DL Concentration, ng/L Reference
Freq. ng/L Min  Max  Median = Mean + SD

Estrogen Replacement Agents

Bisphenol-A (BPA) Ontario 4/8 1149 7 42 Tabe et al. (2009)
Alberta 7/8 1.3 195 Sosiak et al. (2005)
BC 5/5 32 2.9 76 45 41 +30 Nelson et al. (2007)
Canada 28/29 2.1 33 1054 305 386 +£296 Fernandez et al. (2007)

Diethylstilbestrol Ontario 0/8 159 Tabe et al. (2009)

Equilin BC 0/5 8.9 Nelson et al. (2007)
Canada 2/29 18 83 207 Fernandez et al. (2007)

Ovulation Inhibitors

17-a-Ethinylestradiol Ontario 0/8 118.8 Tabe et al. (2009)

(EE2) Alberta 1/8 8.5 Sosiak et al. (2005)
BC 0/5 6.9 Nelson et al. (2007)
Manitoba NA/6 14.5 Lee et al. (2004)
Quebec 0/1 7 Viglino et al. (2008)
Canada 9/10 1 42 9 Ternes et al. (1999)
Canada 6/29 7.1 131 178 177 169+ 19 Fernandez et al. (2007)

19-Norethisterone Ontario 0/8 159.1 Tabe et al. (2009)
BC 5/5 11.1 104 23 14 14+5 Nelson et al. (2007)
Quebec 1/1 7 53 Viglino et al. (2008)
Canada 1/29 38 159 Fernandez et al. (2007)

Reproductive Hormones

17- a-Estradiol Ontario 0/8 101.3 Tabe et al. (2009)
Alberta 1/8 1.8 Sosiak et al. (2005)
BC 0/5 53 Nelson et al. (2007)
Canada 4/29 6.9 37 38 37 37+1 Fernandez et al. (2007)

17-B-Estradiol (E2) Ontario 0/34 5 Lishman et al. (2006)
Ontario 0/8 158.3 Tabe et al. (2009)
Alberta 4/8 3 0.2 2.7 Sosiak et al. (2005)
BC 5/5 49 0.1 11 2 3+5 Nelson et al. (2007)
Manitoba NA/6 0.39 Lee et al. (2004)
Quebec 1/1 90 Viglino et al. (2008)
Canada 8/10 1 64 6 Ternes et al. (1999)
Canada >27/35 0.8 0.2 14.7 1.8 Servos et al. (2005)
Canada 14/29 7.1 10 158 25 37439 Fernandez et al. (2007)

Estrone (E1) Ontario 17/34 5 38 13 7.6 Lishman et al. (2006)
Ontario 7/8 140.6 04 12 Tabe et al. (2009)
Alberta 6/8 0.3 10.3 Sosiak et al. (2005)
BC 5/5 5.4 1.3 27 9 13+12 Nelson et al. (2007)
Manitoba NA/6 53 Lee et al. (2004)
Quebec 0/1 10 Viglino et al. (2008)
Canada 8/10 1 48 3 Terrnes et al. (1999)
Canada >27/36 0.7 1 96 17 Servos et al. (2005)
Canada 18/29 7.6 10 147 43 48 +31 Fernandez et al. (2007)
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Table 2.27 continued (Occurrence of potential EDCs in MWWE in Canada)

Compound Region Det. DL Concentration, ng/L Reference
Freq. ng/L Min  Max  Median = Mean+ SD
Estriol (E3) Ontario 0/8 137.4 Tabe et al. (2009)
Alberta 4/8 2.2 4 Sosiak et al. (2005)
BC 5/5 5.9 49 9 5 6+2 Nelson et al. (2007)
Quebec 0/1 50 Viglino et al. (2008)
Canada 12/29 1 4 29 29 23+9 Fernandez et al. (2007)
Progesterone Ontario 0/8 135.7 Tabe et al. (2009)
Quebec 0/1 3 Viglino et al. (2008)
Legends: BC = British Columbia Atl Canada = Atlantic Canada

RL = Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of
quantification — LOQ)

Note:

1) If only one value was detected, it is reported as maximum value in the above table.

2) Only municipal plant data is considered from Fernandez et al. (2007). In addition, while calculating mean and median from

this study, the values below MDL were not considered.
Table 2.28 Occurrence of potential EDCs in MWWE in other countries
Compound Country Det. RL Concentration, ng/L Reference
Freq. ng/L Min Max Median ~ Mean + SD

Estrogen Replacement Agents

Bisphenol-A USA 0/2 0.1 Boyd et al. (2003)
USA 2/3 5 50 91 Wert et al. (2009)
USA 3/6 270 117+32 Sowers et al. (2009)
USA 2/2 5 13 72 Geritty et al. (2011)
Austria 6/6 20 26 1530 101 419 + 605 Clara et al. (2005a)
Austria 3/3 15 36 400 73 Schaar et al. (2010)
Australia 1/3 1 1.1 Reungoat et al. (2010)
China 23/23 1-7.5 28.9 56.8 39.8 Jin et al. (2008)
China 212 0.9 86 Zhou et al. (2010)
Japan 11/11 5 11 143 16 44 + 50 Nakada et al. (2006)
Japan 4/4 1.2-30 50 3480 Nakada et al. (2007)
Korea 2/11 5 <5 26 <5 7.1 Ryu et al. (2011)

Diethylstilbestrol USA 0/1 1 Barber et al. (2011)
Spain 0/13 25 Pedrouza et al. (2011)
China 21/23 1-7.5 6.2 3.8 Jin et al. (2008)

Equilin USA 0/1 1 Barber et al. (2011)
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Table 2.28 continued (Occurrence of potential EDCs in MWWE in other countries)

Compound Country Det. RL Concentration, ng/L Reference
Freq. ng/L Min Max Median ~ Mean + SD

Ovulation Inhibitors

17-0-Ethinylestradiol =~ USA 4/5 0.053 0.242  0.759 Synder et al. (1999)

(EE2) USA 6/6 0.1 0.2 2.4 0.6 Huang et al. (2001)
USA 0/3 1 Wert et al. (2009)
USA 9/9 0.1 0.5 0.21+0.13 Sowers et al. (2009)
USA 0/3 1 Geritty et al. (2011)
USA 1/3 1 2 Barber et al. (2011)
USA 0/102 97 Hope et al. (2012)
USA 0/12 20 <20 Yang etal. (2011)
Austria 3/6 1 3 5 4 4+1 Clara et al. (2005a)
Austria 2/3 0.7 <43 7.4 Schaar et al. (2010)
France NA/6 0.5-2 4+1 Ruel et al. (2011)
Germany 9/16 1 15 1 Ternes et al. (1999)
Germany NA/10 1£0.2 Bahr et al. (2007)
Spain 0/13 70 Pedrouza et al. (2011)
Sweden 0/3 10 Zorita et al. (2009)
Switzerland NA/15 0.1 0.6 Joss et al. (2005)
UK NA/56 0.5+03 Ifelebuegu et al. (2011) @
Australia 0/15 0.1 Braga et al. (2005)
Australia 0/3 1 Reungoat et al. (2011)
China 2/2 1.5 62 Zhou et al. (2010)
Japan 0/20 1.2 Komori et al. (2004)
Korea 1/7 1 1.3 Kim et al. (2007)
Korea 0/11 1 Ryu et al. (2011)

19-Norethisterone USA 0/1 1 Barber et al. (2011)

Reproductive Hormones

17- o-Estradiol USA 0/3 1 Barber et al. (2011)
USA 0/102 20 Hope et al. (2012)
France NA/6 0.5-2 <2 Ruel et al. (2011)
Spain 0/13 70 Pedrouza et al. (2011)
China 2/2 1.3 50 Zhou et al. (2010)
Korea 0/5 1.6 Behera et al. (2011)
Various 38 VS, ref. Liu et al. (2009)

17-B-Estradiol (E2) USA 5/5 0.107 0.477  3.66 Snyder et al. (1999)
USA 8/8 0.1 0.2 4.1 1.9 Huang et al. (2001)
USA 1/3 0.5 1.8 Wert et al. (2009)
USA 4/9 2.6 0.42+85 Sowers et al. (2009)
USA 1/3 0.5 3 Gerrity et al. (2011)
USA 2/3 1 2 3 Barber et al. (2011)
USA 4/102 50 8 90 35 42 Hope et al. (2012)
Austria 3/6 5 4 30 8 14+ 14 Clara et al. (2005a)
France NA/6 0.5-2 4 Ruel et al. (2011)
Germany NA/10 09+0.2 Bahr et al. (2007)
Spain 0/13 70 Pedrouza et al. (2011)
Sweden NA/3 1.6 25+2.7 Zorita et al. (2009)
Switzerland NA/15 2 8 Joss et al. (2005)
UK NA/70 69+64 Ifelebuegu et al. (2011) @
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Table 2.28 continued (Occurrence of potential EDCs in MWWE in other countries)

Compound Country Det. RL Concentration, ng/L Reference
Freq. ng/L Min Max Median ~ Mean + SD

17-B-Estradiol (E2) Australia NA/15 0.1 0.95 +0.55 Braga et al. (2005)

(cont’d) Australia 0/3 1 Reungoat et al. (2010)
China 19/23 1-7.5 8.6 4.4 Jin et al. (2008)
China 2/2 2.1 30 Zhou et al. (2010)
Japan NA/20 0.5 <0.5 11 <0.5 Komori et al. (2004)
Japan 11/11 0.1 0.49 17 4 6+5 Nakada et al. (2006)
Japan 4/4 0.015- 1.34 23 Nakada et al. (2007)

1.5
Korea 0/7 1 Kim et al. (2007)
Korea 2/11 0.5 <0.5 9.4 <0.5 1.6 Ryu et al. (2011)
Korea 0/5 2.7 Behera et al. (2011)
Various 64 VS, ref. Monteiro et al.
(2010)

Estrone (E1) USA 0/2 0.3 Boyd et al. (2003)
USA 2/2 5.4 20 Synder et al. (2006)
USA 3/3 0.44 12 5.4 Wert et al. (2009)
USA 9/9 0.4 15.9 2.74 +£4.98 Sowers et al. (2009)
USA 3/3 0.2 15 140 69 + 64 Gerrity et al. (2011)
USA /1 1 130 Barber et al. (2011)
USA 48/102 20 2 282 45 72 Hope et al. (2012)
Austria 4/6 1 2 72 6 22 +34 Clara et al. (2005a)
Austria 3/3 1.5 <1.1 2 1.6 Schaar et al. (2010)
France NA/6 0.5-2 20+ 30 Ruel et al. (2011)
Germany NA/6 3 15+2 Ternes et al. (2003)
Germany NA/10 8.7+73 Bahr et al. (2007)
Spain 1/1 1 4.4 Carballa et al. (2004)
Spain 0/13 25 Pedrouza et al. (2011)
Sweden NA/3 3 70+ 10 Zorita et al. (2009)
UK NA/70 39+20 Ifelebuegu et al. (2011) @
Australia NA/15 0.1 8.1+42 Braga et al. (2005)
Australia 0/3 1 Reungoat et al. (2010)
China 23/23 1-7.5 7.2 31.5 12.6 Jin et al. (2008)
China 2/2 4.9 123 Zhou et al. (2010)
Japan NA/20 0.8 <0.8 180 12 Komori et al. (2004)
Japan 11/11 0.6 3 110 42 47 £32 Nakada et al. (2006)
Japan 4/4 0.027- 20 41 Nakada et al. (2007)

2.1
Korea 5/7 1 22 36 14 Kim et al. (2007)
Korea 7/11 5 <5 120 21 34 Ryu etal. (2011)
Korea NA/5 0.84 0 24 6 Behera et al. (2011)
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Table 2.28 continued (Occurrence of potential EDCs in MWWE in other countries)

Compound Country Det. RL Concentration, ng/L Reference
Freq. ng/L Min Max Median ~ Mean + SD

Estriol (E3) USA 2/2 <5 5.7 Synder et al. (2006)
USA 0/9 Sowers et al. (2009)
USA 0/3 1 Barber et al. (2011)
USA 0/102 240 Hope et al. (2012)
Austria 3/6 1 1 275 17 98 + 154 Clara et al. (2005a)
France NA/6 0.5-2 <2 Ruel et al. (2011)
Spain 0/13 25 Pedrouza et al. (2011)
Australia 0/3 1 Reungoat et al. (2010)
China 1/23 8.4 Jin et al. (2008)
China 2/2 0.9 18 Zhou et al. (2010)
Japan NA/20 1.4 <l4 5.8 1.5 Komori et al. (2004)
Japan 7/8 0.2 0.31 0.84 0.46 0.51+0.18 Nakada et al. (2006)
Japan 4/4 0.024- 0.11 0.72 Nakada et al. (2007)

0.6

Korea 3/7 5 8.9 25 16 Kim et al. (2007)
Korea 0/5 6 Behera et al. (2011)

Progesterone USA 0/3 0.5 Wert et al. (2009)
USA 1/9 2.6 0.29 +0.87 Sowers et al. (2009)
USA 0/3 0.5 Gerrity et al. (2011)
USA 0/1 1 Barber et al. (2011)
Korea 0/11 0.5 Ryu et al. (2011)

Notes:

a) The data taken from Ifelebuegu et al. (2011) is for secondary treated effluent only.

b) If only one value was detected, it is reported as maximum value in the above table.

Legends: USA: United States of America UK: United Kingdom

RL = Reported limit (i.e. detection limit — DL, or method detection limit — MDL, or limit of detection — LOD, or limit of
quantification — LOQ)

2.4.5 Removal of PhACs and EDCs from MWWE

As per the discussion in the earlier sections, the municipal effluent contains a
complex cocktail of various chemicals, PhACs and EDCs. The anthropogenic activities
have resulted in the omnipresence of these compounds in municipal sewage. The
conventional MWWTPs cannot effectively remove these micropollutants and hence are a

major contributor for many of the PhACs and EDCs. The concentrations of the
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micropollutants are in the range of ng/L to ug/L, and are high enough to produce
estrogenic activity in fish and aquatic organisms (Auriol et al., 2006). Studies have linked
them to feminization or masculinization of vertebrates such as fish (Ternes et al., 2004).
The micropollutants affect the reproduction and growth of fish, amphibians, reptiles,
birds, and mammals (Bloetscher and Plummer, 2011). The long-term effect of the
micropollutants on human health is still not clear. However, their negative impacts on
various aquatic species and mammals are a cause of concern. This concern prompts
preventive and precautionary measures to reduce the amount of the micropollutants
released into the environment. To protect public health, it is easier to treat the MWWE to
remove the micropollutants and address the pollution at source, rather than treating the
potable water in which these pollutants have been diluted several orders of magnitude. In
addition, removing of the micropollutants from MWWE will have positive effects on the
aquatic species in the receiving water bodies.

The molecular size of most of the PhACs and EDCs is in the range of 150 to 500
Daltons (Snyder et al., 2003). Shon et al. (2006) have provided the size range of effluent
organic matter (EfOM) removed by various MWWE treatment processes. Figure 2.5
reproduces this data. This figure shows that membrane filtration (reverse osmosis and
nanofiltration), activated carbon adsorption, ion exchange, and advanced oxidation are

the treatment processes that can remove 150 to 500 Daltons size EfOM.
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Figure 2.5 Size range of effluent organic matter removed by various treatment processes

(Adapted from Shon et al. 2006)

Reverse osmosis and nanofiltration membrane processes are effective in the
removal of the micropollutants from MWWE (Sedlak and Pinkston, 2001; Yoon et al.,
2007; Liu et al., 2009; Lee et al., 2012). Membrane filtration is a physical method of
micropollutant removal, and does not produce by-products or metabolites (Liu et al.,
2009). However, operation cost and membrane fouling can limit their potential use
(Petala et al., 2006). These processes are very energy intensive. In addition, the waste
stream can be 15 to 25% of the feed and can have high concentrations of regulated
contaminants as well as micropollutants that can make their disposal difficult and
expensive (Lee et al., 2012).

Adsorption of micropollutants by activated carbon can be by granular activated
carbon (GAC) bed or by adding powdered activated carbon (PAC) to the (Snyder et al.,
2003). Ternes et al. (2002) have shown that activated carbon can effectively remove the

majority of the micropollutants. However, competition for adsorption by the organic
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matter present in MWWE and blockage of the pores of carbon can decrease the
adsorption capacity of the target compounds (Koh et al., 2008). In addition, the GAC can
release the adsorbed compounds and replace it by more strongly adsorbable compounds
(Snyder et al., 2003).When the adsorption capacity is exhausted, the activated carbon in
GAC bed needs replacement or regeneration, which is a costly process (Koh et al., 2008).

The ion exchange process is effective in removing the majority of the
micropollutants and dissolved organic carbon, and can be less expensive than activated
carbon in removing of EfOM (Shon et al., 2006). While this process can produce high
quality effluent, it is a costly process when compared to other treatment processes. The
waste stream generated during backwash and regeneration can contain high concentration
of the micropollutants that can make it difficult and costly to dispose.

Some of the oxidation processes for the transformation of the micropollutants are
chlorination, chlorine dioxide oxidation, UV irradiation, and ozonation (Snyder et al.,
2003; Koh et al.,, 2008). The concerns related to the formation of carcinogenic
by-products on treatment of MWWE with chlorine-based oxidants makes chlorination
and chlorine dioxide oxidation the less sought treatment methods for oxidation of
micropollutants. In addition, the ammonia present in the MWWE can react and reduce
the reactivity of chlorine (Snyder et al., 2003).

UV radiation disinfects MWWE at reasonable cost (Rice, 1999) and is widely
used (Snyder et al., 2003). The typical UV dose for disinfection is from <5 up to
140 mJ/cm? (Snyder et al., 2003; Kim et al., 2009). Studies have attempted to use the UV
radiation technology to remove pharmaceuticals from MWWE. Kim et al. (2009) found

over 90% reductions of some pharmaceuticals at a UV dose of 923 mJ/cm?” and 5 minutes
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of contact time. Out of the 41 pharmaceuticals monitored by them, 29 showed low
removal even at high UV dose of 2768 mJ/cm” and 15 minutes of contact time. The
experimental results show that the removal of the pharmaceuticals will be low at a UV
disinfection dose.

As discussed earlier, ozone is a powerful oxidant. It decomposes to form oxidants
such as the hydroxyl radical, which is more powerful oxidant than ozone (Hoigné and
Bader, 1976). Oxidation reactions directly with ozone are highly selective and slow while
those with hydroxyl radicals are nonselective and fast (Hoigné and Bader, 1976; Huber et
al., 2003). The second-order reaction rate constant of the pharmaceuticals with ozone is
in the range of <1 to 10° M™' s and with hydroxyl radical is around 10° M s™ (Huber et
al., 2003; Huber et al., 2005; Dodd et al., 2006). Studies have shown that ozonation can
effectively mineralize or transform the pharmaceuticals and other chemicals present in
water and wastewater matrices (Ternes et al., 2003; Huber et al., 2005; Nakada et al.,

2007).

2.4.6 Oxidation of CECs in MWWE by ozonation

The number of studies that have investigated the transformation of CECs present
in MWWE by ozonation is limited. The results from these studies indicate that ozonation
is effective in transforming antiphlogistics, antibiotics, lipid regulators, antidepressants,
estrogen replacement agents, ovulation inhibitors, and natural and synthetic hormones
found in the MWWE. Table 2.29 represents the data from some studies that have

examined the transformation of antiphlogistics on ozonation of MWWE.
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Table 2.29 Transformation of antiphlogistics present in MWWE by ozonation

Compound No. of TOC or DOC 05 dose O3 dose RL Os Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg O3/ mg C ng/L ng/L ng/L
Acetaminophen 4 109-11.4 5 ~0.5 10 >100 <RL >96 RG1
1 3.2 2 (2-402) >99 KM
1 45-47 2 ~0.5 5 18 <RL 86 LE1, LE2
1 41-44 4 ~1 5 62.5 <RL 96 LE1, LE2
Diclofenac 2 23 5 ~0.2 50 1300 + 100 <RL > 96 ™
1 12 0.2 4380 4380 0 BH
1 12 0.4 4380 2 100 BH
7.7+40.5 1 93 HU
7.7+40.5 2 99 HU
2 7.2 2.1 1 71-173 >99 SN
1 6.84 7 1 73 <1 >98 DS
4 4.7-6.0 0.36 -0.55 10 501 - 1731 <RL-15 97 —-100 (99) HO
4 5.4 0.6 —0.67 10 855 —1236 <RL 98 —100 (99) HO
3 6.6—10.3 0.2 47-150 25to > 95 WT
3 6.6—10.3 0.6 47-150 >95 WT
6.9 <24 <04 1 433 <RL >99 RS
4 109-11.4 5 ~0.5 10 >100 <RL >94 RGl1
3 6.5-8.1 0.6-0.8 194 — 240 >98 RG2
3 58-6.6 04-0.5 140 - 206 >98 RG2
3 42-538 02-03 162 -316 97+4 RG2
3 27-34 2 (2-402) 97 to > 99 KM
2 58&7.4 46&5 20 970 & 200 <RL >99 SC
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Table 2.29 continued (Transformation of antiphlogistics present in MWWE by ozonation)

Compound No. of TOC or DOC 05 dose O3 dose RL O3 Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg O3/ mg C ng/L ng/L ng/L
Ibuprofen 2 23 5 ~0.2 50 130 +30 67 48 N
2 23 10/15 50 130+ 30 <RL >62 N
1 12 0.2 30 26 13 BH
1 12 0.4 30 16 47 BH
1 12 0.8 30 3 90 BH
1 12 1.0 30 4 87 BH
2 7.2 2.1 1 5.6-15 <1 SN
2 7.2 3.6 1 5.6-15 > 82 SN
3 34-44 3 0.03-1.2 0.4-2.98 0.26-1.07 -156 to > 76 (36) NK
1 6.84 7 1 5.6 <1 > 82 DS
2 47-6.0 0.36 - 0.55 20 56 - 86 <RL-80 -43 & 88 HO
1 5.4 0.67 20 80 <RL 50 HO
3 6.6-10.3 0.2 5-85 10 to 30 WT
3 6.6-10.3 0.6 5-85 60 to > 95 WT
3 6.6-10.3 1.0 5-85 95t0>95 WT
1 7.4 5 20 31 <RL >35 SC
Indomethacin 2 23 5 ~0.2 50 100 + 40 <RL >50 TN
1 12 0.2 124 29 77 BH
1 12 0.4 124 20 84 BH
1 12 0.8 124 7 94 BH
6.9 <24 <04 2 37 <RL >97 RS
Ketoprofen 4 34-44 3 0.03-15 76 —333 20-139 52-93(73) NK
1 12 0.2 122 114 7 BH
1 12 0.4 122 84 31 BH
1 12 0.8 122 22 82 BH
1 12 1.0 122 15 88 BH
1 12 1.2 122 2 98 BH
6.9 16.3 ~2.4 2 162 3 98 RS
3 2.7-34 2 (2-402) 31-171 KM
1 2.7-34 4 (2-402) 91 KM
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Table 2.29 continued (Transformation of antiphlogistics present in MWWE by ozonation)

Compound No. of TOC or DOC 05 dose O3 dose RL O3 Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg O3/ mg C ng/L ng/L ng/L
Ketoprofen (cont’d) 1 45-47 2 ~0.5 5 62 55 11 LE1, LE2
1 4.1-44 4 ~1 5 6 <RL 58 LE1, LE2
Naproxen 2 23 5 ~0.2 50 100 + 10 <RL > 50 TN
1 12 0.2 157 78 50 BH
1 12 0.4 157 3 98 BH
1 12 0.6 157 4 97 BH
2 7.2 2.1 1 25-71 > 96 SN
4 34-44 3 0.24-27 28 -99 <RL-0.79 > 68 to>99.5 NK
1 6.84 7 1 25 <1 > 96 DS
4 47-6.0 0.36 - 0.55 10 194 -292 <RL 70-98 (98) HO
4 5.4 0.6 -0.67 10 215-329 <RL-5 59-98 (98) HO
3 42-4.6 0.77-1.16 10 181 -291 <RL 70-97 (97) HO
3 6.6-10.3 0.2 23 -51 20to>95 WT
3 6.6-10.3 0.6 23-51 >95 WT
6.9 <24 <04 12 109 <RL >92 RS
3 6.5-8.1 0.6-0.8 188 — 587 >90 RG2
3 5.8-6.6 04-05 189 — 346 >98 RG2
3 42-58 0.2-0.3 83 -142 93+9 RG2
3 2.7-34 2 (2-402) 43 t0>99 KM
1 2.7-34 4 (2-402) 83 KM
1 45-47 2 ~0.5 10 68 <RL 93 LE1, LE2
1 4.1-44 4 ~1 10 160 <RL 97 LEL, LE2
1 4.1-43 8 ~2 10 260 <RL 98 LEL, LE2
Legends: TOC: Total Organic Carbon DOC: Dissolved Organic Carbon 0Os: Ozone RL: Reported Limit

Note: For Reference Legends, refer to page 112.
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The data in Table 2.29 indicates that some of the CECs such as acetaminophen,
diclofenac, indomethacin, and naproxen are transformed by over 80% at an ozone dose of
around 0.5 mg Os/mg DOC. CECs such as ibuprofen and ketoprofen require an ozone
dose of around 0.8 mg Os/mg DOC or higher for similar transformation.

Table 2.30 shows the data from the literature on the transformation of antibiotics
on ozone treatment of MWWE. Studies have reported more than 80% reduction in
concentration  of  erythromycin, lincomycin,  roxithromycin, sulfadiazine,
sulfamethoxazole, and sulfathiazole. There is limited data regarding transformation of

some CECs such as ciprofloxacin and norfloxacin that are consumed in notable quantity.
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Table 2.30 Transformation of antibiotics present in MWWE by ozonation

Compound No. of TOC or DOC 05 dose O3 dose RL Os Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg Os/mg C ng/L ng/L ng/L
Carbadox 1 45-47 2 ~0.5 5 27 <RL 91 LEl, LE2
1 4.1-44 4 ~1 5 6.1 <RL 59 LEl, LE2
Chloramphenicol 2 2.7-3.4 2 (2-402) 63 — 68 KM
Ciprofloxacin 6.9 <6.2 <1 5 522 <RL >99 RS
3 2.7-34 2 (2-402) 67 to > 99 KM
12 4.5 1 10 19-30(23) <10-16 YG
Norfloxacin 6.9 <43 ~0.6 8 38 <RL >89 RS
Erythromycin 2 23 5 ~0.2 50 620 + 240 <RL >92 TN
7.7+40.5 1 75 HU
7.7+0.5 2 98 HU
2 7.2 2.1 1 149 - 162 98 SN
1 34-44 3 0.0012 103 11.7 89 NK
1 6.84 7 1 162 <1 >99 DS
2 4.7-6.0 0.36-0.55 20 15-17 <RL-73 -387 & 41 HO
3 5.4 0.6 -0.67 20 19-49 <RL 47-80 (69) HO
2 42-46 0.77-1.16 20 48 -73 <RL 22 & 86 HO
6.9 <43 ~0.6 10 72 <RL >99 RS
4 109-11.4 5 ~0.5 10 >100 <RL 95 RGI
2 6.5-8.1 0.6-0.8 153 -167 97+0.5 RG2
3 5.8-6.6 04-0.5 250 -324 86+ 11 RG2
3 42-58 02-03 20-32 83+13 RG2
2 2.7-34 2 (2-402) 95 to>99 KM
2 58&74 46&5 20 170 & 210 <RL > 88 SC
1 7 7.5 20 170 76 SC
12 4.5 1 10 13 -50(28) <10-15 YG
1 41-44 4 ~1 10 18.5 <RL 73 LE1, LE2
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Table 2.30 continued (Transformation of antibiotics present in MWWE by ozonation)

Compound No. of TOC or DOC 05 dose O3 dose RL O3 Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg Os/mg C ng/L ng/L ng/L
Lincomycin 6.9 <24 <04 3 12 <RL > 88 RS
3 27-34 2 (2-402) 88 to > 99 KM
Roxithromycin 2 23 5 ~0.2 50 540 + 40 <RL >91 TN
7.7+0.5 1 56 HU
7.7+0.5 2 97 HU
7.7+0.5 3.5 99 HU
1 34-44 3 <0.001 20.9 1.9 91 NK
3 4.7-6.0 0.36 -0.55 3 6-26 <LOQ 76 -94 (79) HO
3 5.4 0.6 -0.67 3 4-7 <LOQ-1 70-80 (75) HO
4 109-11.4 5 ~0.5 10 >100 79-91 (84) RGI
3 6.5-8.1 0.6-0.8 77— 154 92+5 RG2
3 58-6.6 04-0.5 456 —703 86+ 10 RG2
3 42-58 02-03 60 — 187 85+ 15 RG2
3 2.7-34 2 (2-402) 76 to > 99 KM
1 7.4 5 10 27 <RL >63 SC
1 7 7.5 10 160 <RL >94 SC
Sulfadiazine 7.7+£0.5 1 84 HU
7.7+0.5 2 >99 HU
1 6.0 0.47 35 127 50 61 HO
2 42-46 0.77-1.16 35 17-127 <RL -5 & 86 HO
1 45-47 2 ~0.5 5 19 <RL 87 LE1, LE2
1 4.1-44 4 ~1 5 9.2 <RL 73 LE1, LE2
1 41-43 8 ~2 5 16 <RL 84 LE1, LE2
Sulfadimethoxine 3 2.7-34 2 (2-402) 98 to > 99 KM
Sulfamerazine 1 32 2 (2-402) >99 KM
Sulfamethazine 2 5.4 0.6 -0.67 5 7-20 <RL 64 — 88 HO
2 42-46 0.77-1.16 5 7-9 <RL 72 -100 HO
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Table 2.30 continued (Transformation of antibiotics present in MWWE by ozonation)

Compound No. of TOC or DOC 05 dose O3 dose RL O3 Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg Os/mg C ng/L ng/L ng/L
Sulfamethoxazole 2 23 5 ~0.2 50 620 + 50 <RL >92 TN
7.7+0.5 1 67 HU
7.7+0.5 2 97 HU
7.7+0.5 35 >99 HU
2 7.2 2.1 1 669 — 695 93 SN
2 72 3.6 1 669 — 695 >99 SN
1 5.6 1 0.2 251 32 >99 DS
1 6.84 7 1 669 <1 >99 DS
4 47-6.0 0.36 - 0.55 7 84 —434 <RL-29 80-99 (86) HO
4 5.4 0.6 -0.67 7 99-274 <RL 95-98 (97) HO
3 42-46 0.77-1.16 7 96 —282 <RL 88-98 (97) HO
3 6.6-10.3 0.2 3301200 30to~95 WT
3 6.6-10.3 0.6 3301200 95to>95 WT
3 6.6-10.3 1.0 3301200 >95 WT
6.9 <10.6 ~1.5 8 95 <RL >96 RS
4 109-11.4 5 ~0.5 10 >100 <RL >93 RGl
3 6.5-8.1 0.6-0.8 160 —272 94 +3 RG2
3 5.8-6.6 04-05 39-229 96 +£2 RG2
3 42-538 02-03 278 — 1701 97+3 RG2
3 27-34 2 (2-402) 94 t0 97 KM
2 58&74 46&5 10 73 & 100 <RL > 86 SC
1 7 7.5 10 140 <RL >93 SC
12 4.5 1 10 210-1200 (670) 35-140 (80) 88 YG
1 45-47 2 ~0.5 10 470 250 47 LE1, LE2
1 4.1-44 4 ~1 10 1040 12.5 99 LE1, LE2
1 4.1-43 8 ~2 10 1600 <RL 100 LE1, LE2

105



Table 2.30 continued (Transformation of antibiotics present in MWWE by ozonation)

Compound No. of TOC or DOC 05 dose O3 dose RL O3 Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg Os/mg C ng/L ng/L ng/L
Sulfathiazole 7.7+£0.5 1 94 HU
7.7+0.5 2 >99 HU
1 45-47 2 ~0.5 5 9.2 <RL 73 LEIl, LE2
1 41-44 4 ~1 5 5.4 <RL 54 LEl, LE2
Trimethoprim 2 23 5 ~0.2 50 340+ 40 <RL > 85 TN
2 7.2 2.1 1 191 -229 >99 SN
1 34-44 3 0.027 5.5 0.22 96 NK
1 5.6 1 0.2 44 <0.25 > 94 DS
1 6.84 7 1 191 <1 >99 DS
4 47-6.0 0.36 - 0.55 5 71-234 <RL 93-98 (97) HO
4 5.4 0.6 —0.67 5 76 —165 <RL 91-98 (97) HO
3 42-46 0.77-1.16 5 85-125 <RL 88-98 (97) HO
3 6.6—10.3 0.2 36-370 55t0~95 WT
3 6.6—10.3 0.6 36-370 >95 WT
6.9 <43 ~0.6 2 73 <RL >99 RS
4 109-11.4 5 ~0.5 10 >100 <RL >93 RGl1
3 6.5-8.1 0.6-0.8 27-49 >97 RG2
3 58-6.6 04-0.5 48 — 141 97 +2 RG2
3 42-538 02-03 49 -94 95+6 RG2
3 27-34 2 (2-402) 94 to > 99 KM
2 58&7.4 46&5 20 150 & 240 <RL >93 SC
1 7 7.5 20 320 <RL >97 SC
12 4.5 1 10 11-32 <10 YG
1 41-44 4 ~1 10 79.5 <RL 94 LEL, LE2
1 4.1-43 8 ~2 10 60 <RL 92 LEL, LE2
Legends: TOC: Total Organic Carbon DOC: Dissolved Organic Carbon 0;: Ozone RL: Reported Limit

Note: For Reference Legends, refer to page 112.
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The data from some studies related to transformation of antidepressants and lipid
regulators is summarized in Table 2.31 and Table 2.32. The data indicates that
carbamazepine and gemfibrozil are transformed by more than 90% even at a low ozone
dose of around 0.2 mg O3;/mg DOC. At similar ozone dose, transformation of bezafibrate
is close to zero while that of clofibric acid is in the range of -6 to 50%. These two drugs
are transformed by over 80% at an ozone dose of around 0.8 mg Os/mg DOC.

Table 2.33 shows the effect of ozonation of MWWE on the transformation of the
EDCs. Majority of the listed EDCs are transformed by more than 80% at an ozone dose
of around 0.5 mg Os/mg DOC.

Since it is difficult to measure the actual transformation of the CECs present in
MWWE in concentrations close to or below the detection limits, some studies have
spiked the MWWE with CECs to study their transformation on ozonation. Appendix-A
summarizes the result from some of these studies. Data from Table 2.29 to Table 2.33
and Appendix-A indicates that an increase in the ozone dose generally results in an
increase in transformation of the CECs. However, it also increases the cost of ozonation
as well as the concentration of harmful disinfection by-products formed (Liberti et al.,
2000; Kim et al., 2007a). Ozonation of water or wastewater containing bromide can form
potentially toxic bromate (Haag and Hoigné, 1983; von Gunten and Hoigné, 1994).
Studies by Bahr et al. (2007) and Kim et al. (2007a) have shown that even if the
secondary effluent contains bromide concentration of up to 500 pg/L, the formation of
bromate on its ozonation can be limited to around 10 pg/L if the ozone dose is
<1 mg Os/mg DOC. This ozone dose is sufficient to transform the majority of the CECs

by more than 80%.
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Table 2.31 Transformation of antiepileptic/antidepressant present in MWWE by ozonation

Compound No. of TOC or DOC 05 dose O3 dose RL Os Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg Os/mg C ng/L ng/L ng/L
Carbamazepine 2 23 5 ~0.2 50 2100 + 40 <RL >98 TN
1 12 0.2 2000 1000 50 BH
1 12 0.4 2000 <50 99 BH
2 7.2 2.1 1 139 >99 SN
3 34-44 3 1.5-21 29-36 <RL-33 8.3 to > 81 NK
1 5.6 1 0.2 48 <0.5 >99 DS
1 6.84 7 1 139 <1 >99 DS
4 47-6.0 0.36 - 0.55 3 186 - 687 <RL-6 97 -100 (99) HO
4 5.4 0.6 -0.67 3 76 — 165 <RL 91-98 (97) HO
3 42-4.6 0.77-1.16 3 384 -714 <RL 98 — 100 (100) HO
3 6.3-10.3 0.2 170 -350 50 to > 95 WT
3 6.3-10.3 0.6 170 -350 >95 WT
6.9 <6.2 <1 1 106 <RL >99 RS
4 109-11.4 5 ~0.5 10 >100 <RL >98 RG1
2 6.5-8.1 0.6-0.8 468 — 631 98 + 1 RG2
3 5.8-6.6 04-05 119-172 98 + 1 RG2
2 42-58 0.2-0.3 727 -1192 90 + 13 RG2
3 27-34 2 (2-402) 98 to > 99 KM
2 58&74 46&5 1 500 & 900 >99 SC
12 4.5 1 10 25140 (67) <10-12 YG
1 45-47 2 ~0.5 5 450 17 96 LEL, LE2
1 4.1-44 4 ~1 5 410 <RL 99 LEL, LE2
1 4.1-43 8 ~2 5 440 <RL 99 LEL, LE2
Legends: TOC: Total Organic Carbon DOC: Dissolved Organic Carbon 0Os: Ozone RL: Reported Limit

Note: For Reference Legends, refer to page 112.
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Table 2.32 Transformation of lipid regulators present in MWWE by ozonation
Compound No. of TOC or DOC 05 dose O3 dose RL Os Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg Os/mg C ng/L ng/L ng/L

Bezafibrate 1 12 0.2 470 470 0 BH

1 12 0.4 470 390 17 BH

1 12 0.8 470 10 98 BH

7.7+0.5 2 49 HU

7.7+0.5 3.5 95 HU

7.7+£0.5 5 >99 HU

4 47-6.0 0.36 —0.55 14 48 —133 9-176 8-82 (54) HO

5.4 0.6 -0.67 14 55-108 <LOQ -21 81-91 (88) HO

3 42-4.6 0.77-1.16 14 37-67 <RL 51-89 (81) HO

6.9 16.3 ~24 4 115 4 97 RS

3 2.7-34 2 (2-402) 47 -82 KM

1 2.7-34 4 (2-402) >99 KM

2 58&7.4 46&5 20 1500 & 1600 76 — 81 SC

1 7 7.5 20 1500 87 SC

Clofibric acid 2 23 5 ~0.2 50 120 £ 20 60 50 TN

2 23 10/15 50 120 £ 20 <RL >59 TN

1 12 0.2 70 74 -6 BH

1 12 0.4 70 55 21 BH

1 12 0.8 70 18 74 BH

1 12 1 70 11 84 BH

1 12 1.2 70 2 97 BH

3 5.4 0.6 -0.67 3 12-44 <RL-15 50-79 (66) HO

3 42-46 0.77-1.16 3 11-18 <RL 86—86 (86) HO

2 2.7-34 2 (2-402) 57-74 KM

109



Table 2.32 continued (Transformation of lipid regulators present in MWWE by ozonation)

Compound No. of TOC or DOC 05 dose O3 dose RL O3 Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg Os/mg C ng/L ng/L ng/L
Gemfibrozil 2 7.2 2.1 0.3 10 16 - 567 >94 SN
1 5.6 1 0.2 35 <0.25 >93 DS
1 6.84 7 1 16 <1 > 94 DS
3 6.3-10.3 0.2 35-1600 30to>95 WT
3 6.3-10.3 0.6 35-1600 >95 WT
6.9 16.3 ~24 1 332 15 95 RS
4 109-11.4 5 ~0.5 10 >100 <RL 91 RG1
3 6.5-8.1 0.6-0.8 84— 155 97 +2 RG2
3 58-6.6 04-0.5 36 -60 81+0.5 RG2
3 42-58 02-03 83 -191 76 £ 15 RG2
1 45-47 2 ~0.5 5 9.3 <RL 72 LE1, LE2
1 4.1-44 4 ~1 5 43 <RL 94 LE1, LE2
1 4.1-43 8 ~2 5 85 <RL 97 LE1, LE2
Legends: TOC: Total Organic Carbon DOC: Dissolved Organic Carbon 0Os: Ozone RL: Reported Limit

Note: For Reference Legends, refer to page 112.
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Table 2.33 Transformation of EDCs present in MWWE by ozonation

Compound No. of TOC or DOC 05 dose O3 dose RL Os Pre ozonated Post ozonated % Reduction Reference
sample samples effluent effluent Range (Median)
mg/L mg/L mg Os/mg C ng/L ng/L ng/L
Bisphenol-A 4 34-44 3 1.2-30 94 - 205 12.2-108 47-87 NK
2 10.3 0.2 50-91 62 to 70 WT
2 10.3 0.6 50-91 >95 WT
2 58&7.4 46&5 15 73 & 400 <RL > 87 SC
17a-ethinylestradiol 7.7+£0.5 0.5 63 HU
7.7+0.5 1 83 HU
7.7+0.5 2 >97 HU
1 7 7.5 0.7 7.4 <RL >72 SC
17B-Estradiol 7.7+£0.5 0.5 60 HU
7.7+£0.5 1 82 HU
7.7+£0.5 2 >97 HU
3 34-44 3 0.015-1.5 1.58-2.63 0.15-7.8 >93t0 97 NK
Estrone (E1) 2 23 5 ~0.2 3 15+£2 <RL >80 TN
7.7+0.5 0.5 57 HU
7.7+0.5 1 84 HU
7.7+0.5 2 >97 HU
7.2 2.1 1 5.4-20 44 SN
4 34-44 3 0.027-0.9 16 -39 0.15-7.8 66 —87 (95) NK
1 6.84 7 1 43 <1 >77 DS
1 7.4 5 1.5 1.6 <RL >50 SC
1 7 7.5 1.5 2 <RL > 60 SC
Estriol 3 34-44 3 0.024-0.6 0.22-1.22 0.10-0.12 56 to>77 NK
Legends: TOC: Total Organic Carbon DOC: Dissolved Organic Carbon 0Os: Ozone RL: Reported Limit

Note: For Reference Legends, refer to page 112.
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Table 2.33 continued (Transformation of EDCs present in MWWE by ozonation)

Reference Legends:

BH
DS
HO
HU
KM
LE1
LE2
NK
RGl1
RG2
RS
SC
SN
TN
WT
YG

Babhr et al. (2005)
Dickenson et al. (2009)
Hollender et al. (2009)
Huber et al. (2005)
Kim and Tanaka (2011)
Lee et al. (2012)

Lee (2010)

Nakada et al. (2007)
Reungoat et al. (2010)
Reungoat et al. (2012)
Rosal et al. (2010)
Schaar et al. (2010)
Snyder et al. (2006)
Ternes et al. (2003)
Wert et al. (2009a)
Yang et al. (2011)

Individual concentration of chemicals not provided. All chemicals were in range of 2 — 402 ng/L.
(while calculating percentage reduction, values < RL is replaced by half of RL values)

(while calculating percentage reduction, values < RL is replaced by half of RL values)
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2.4.7 Oxidation Kinetics of CECs in MWWE with ozone

On ozonation of MWWE, molecular ozone and hydroxyl radicals can oxidize the
CECs. The oxidant that will dominate the oxidation process will depend on various

factors as discussed in earlier sections. The oxidation rate equation as per von Gunten

(2003b) is:
dC
¢ = KalCllO.] + kas[CllOR ] (2.13)
C concentration of compound
[03] concentration of ozone
[OH ‘] concentration of hydroxyl radicals
Kos second-order reaction rate constant of compound with ozone
Kon second-order reaction rate constant of compound with OH radical
t time

Integrating the Equation 2.13 and substituting the OH radical concentration with
Rep = [OH °]/[O3] i.e. ratio of hydroxyl and ozone exposure (details in Section 2.3.3),

the following equation is obtained:

C
h{c_J = —(kos + ko Rep) J.[O3] dt (2'14)
o
Co initial concentration of compound (at time t = 0)
C concentration of compound at time t
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This is analogous to the disinfection kinetics earlier (Equation 2.7 and 2.8). From

the Equation 2.13 and 2.14, the fraction of a compound that reacts with hydroxyl radical

(fOH,C) and molecular ozone (fo3) is:

k,, R
oHC = o (2.15)
(kos + ko Rep)
foy = 1- fOH,C (2.16)

In case of ozonation of low pH water or wastewater having high concentration of
OH radical scavengers, the oxidation by OH radicals will be ineffective (Hoigné and
Bader, 1983a). In this case, ignoring the terms related to OH radicals in Equation 2.14, it

can be rewritten as:

m[ij — %k, [[0.]at 2.17)

From this equation, the half-life of compound C, due to oxidation with ozone is:

0.69 0.69

[03]X Kos/M ) [03]X Ko @19

1n=

In the above equation, 1 is the short-circuiting factor, and is considered as unity
for a batch type reactor or a plug flow reactor. If the second-order reaction rate constant
of the compound is known, equation 2.18 gives an indication if the compounds will
oxidize by ozonation in typical water or wastewater treatment plant. Consider a typical

wastewater ozonation unit having a dissolution chamber with 2 minutes of detention
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time, typical transferred ozone dose of 4 mg/L and a residual ozone concentration at the
outlet of this chamber of 2 mg/L (approximately 4 x 10° M). Assuming uniform
concentration of the compound and ozone in the chamber, ozone concentration drops to

below detection limit in the first contact column, and the detention time in dissolution
chamber equal to the half-life of the compound, the reaction-rate constant (ko) of

140 M s is calculated. This indicates that only the compounds that have reaction-rate
constants greater than 140 M s™ will oxidize by more than 50% if hydroxyl radicals do
not contribute significantly in their oxidation. At typical ozone doses for disinfection of
MWWE, since the exposure of oxidant decreases significantly in the chambers following
the dissolution chamber, the majority of the oxidation of the compounds will occur in the

dissolution chamber itself.
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CHAPTER III

DESIGN AND METHODOLOGY

31 SOURCE AND QUALITY OF MWWE

A pilot plant was set-up at the Little River Pollution Control Plant (LRPCP),
Windsor, Ontario, Canada for ozone treatment of secondary treated MWWE. LRPCP has
a treatment capacity of 73,000 m’/day. Figure 3.1 shows the treatment process of LRPCP.
It consists of preliminary and primary treatment, followed by biological treatment
(activated sludge process). The treatment process includes the addition of alum after grit
removal to enhance coagulation and phosphorus removal. In general, the effluent BODs
and TSS values are less than 10 mg/L (personal communication with Chris Manzon,
Plant Manager, LRPCP). The plant discharges the effluent with or without disinfection
into Little River that leads into the Detroit River. The plant meets the specified
disinfection requirement of < 200 MPN E. col/i/100 mL during the months of April-
October with UV disinfection. In the current study, the municipal wastewater plant

effluent MWWE) before disinfection was the feed water (influent) to the pilot unit.
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=) Little

River

To Pilot Unit

Figure 3.1 Treatment process of LRPCP

3.2 PILOT UNIT

Figure 3.2 shows the schematics while Figure 3.3 shows the picture of the pilot
unit. Pilot unit consisted of an ozone contactor, ozone generator (Lab2B, Triogen,
Glasgow, UK), and ozone monitor (Model 454, Teledyne, San Diego, USA). Air was the
feed gas to generate ozone. The ozone contactor comprised of a dissolution chamber
(DC) and four reaction chambers (RC#1 to RC#4). The material of the columns was clear
PVC and that of fittings was ozone resistant stainless steel or Teflon. MWWE was
collected in a 300 L feed tank, from where it was transferred to the top of the DC by a
peristaltic pump. A coarse bubble glass diffuser dispersed the air enriched with ozone at
the bottom of the dissolution chamber. The water flowed counter-current to the rising gas
bubbles. Ozonated wastewater from the DC entered the first reaction chamber (RC#1)
from the bottom and flowed upwards. Similarly, the flow entered the column RC#2 from
the top and the columns RC#3 and RC#4 from the bottom. The column RC#4 provided
additional contact time to ensure that effluent from the pilot unit did not contain any

residual ozone. When operated in continuous flow mode at a flow rate of 4 L/min, the
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hydraulic retention time (HRT) in the DC and in RC#1 to RC#3 was 1.7 minutes in each
of them. The HRT in RC#4 was 10 minutes. Table 3.1 lists the design parameters of the
ozone contactor. Sampling ports were provided at the inlet of the dissolution chamber,

and at the outlet of all the five chambers.

Moisture Vent Gas Ozone
Tra —— Ozone Destruct ——» To Atmosphere
P Analyzer Unit
—» Effluent
o O
0] S6
(0]
S3
(@]
DC RC1 RC2 RC3 RC4 Legends
Peristaltic o
Pump DC: Dissolution Chamber
© o RC1 to RC4: Reaction Chamber
Feed o S1 to S6: Sampling Valves
Tank o
© PCV: Pressure Control Valve
— —
Diffuser FCV: Flow Control Valve
S2 sS4 S5 SC: Speed Controller
» To Drain
Secondary
treated plant
effluent
Rotameter
| | Ozone Air Ozone Moisture / Air
Analyzer Filter Trap \_ Cylinder

Generator

Figure 3.2 Schematic of the pilot unit
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Figure 3.3 Picture of the pilot unit installed at LRPCP

(inset picture shows the ozone generator and monitor)

Table 3.1 Design parameters of ozone contactor
Parameter Value
Column # DC, RC #1, #2, #3 RC#4

Column internal diameter
Column height (total)
Water height (average)
Volume

Hydraulic retention time @

design flow of 4 L/min

88.9 mm (3.57)

1.8 m
1.1 m
6.82 L
1.7 min

215.9 mm (8.5”)
1.8

1.1

40.2

10.0

=]

=

min

33 GRANULAR ACTIVATED CARBON FILTER

To investigate the mutagenicity of ozone treated MWWE filtered through

granular activated carbon (GAC), a GAC filter was designed and operated as an

adsorption column. The internal diameter of the filter was 89 mm (3.5 inch) and the
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carbon bed depth was 490 mm. Calgon make Filtrasorb® 300 activated carbon having
effective size of 0.8 to 1 mm was used. Ozone treated MWWE was pumped to the top of
the GAC filter by a peristaltic pump at a flow rate of 200 mL/min. The empty bed contact
time was around 15 minutes. The filtered MWWE was discharged from the bottom of the
filter, and samples were collected for mutagenicity test after minimum 45 minutes of

operation of the filter.

3.4 SELECTION OF VARIABLES

As discussed earlier, the disinfection efficiency and removal of CECs by
ozonation is dependent on characteristics of MWWE such as temperature, pH, alkalinity,
organic carbon content, etc. and transferred ozone dose. In this study conducted with
actual MWWE, the only parameter controlled was TOD. The remaining parameters were
monitored. The physicochemical characteristics of the sample that change after
ozonation, such as turbidity and dissolved oxygen level, were also monitored. Ozonation
transforms the characteristics of the CECs present in the MWWE and reduces the
aromaticity. The aromaticity of the MWWE was monitored by measuring its UVA. The
list of parameters monitored and analyzed in this study is as per Table 3.2. The
physicochemical parameters were monitored and analyzed either at the site or in the
Environmental Laboratory of University of Windsor. Ontario MOE laboratory carried out

the analyses of the CECs.

120



Table 3.2

List of parameters monitored and analyzed

Parameter

Sampling Point

Purpose

Water flow rate

pH

Temperature

Dissolved oxygen (DO)

Alkalinity

Turbidity

UV absorption at 456 nm

Ozone dose

Ozone residual

Total organic carbon,

Dissolved organic carbon

UV absorption at 254 nm

E. coli and total coliform

enumeration

CEC analysis

Outlet of column RC#4

Upstream of DC and
downstream of RC#4

- As above

- As above

- As above

- As above

- As above

Upstream of DC
Downstream of DC, RC#1,
2,3,4

Upstream of DC and
downstream of RC#4

- As above

Upstream of DC and
downstream of RC#2, 4

Upstream of DC and
downstream of RC#4

Check system performance

- As above

- As above

- As above

- As above

To measure color

To measure color

Calculate ozone exposure,

ozone consumed

Check system performance

To measure aromaticity

To monitor disinfection

To determine the

transformation of CECs
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3.5 SELECTION OF OZONE DOSE

Two different ozone doses were selected based on the literature review and
preliminary experiments. The criteria for selection were:
(a) Minimum ozone dose that meets Ontario MOE (2008) disinfection target
of <200 MPN E. coli /100 mL,
(b) Ozone dose that consistently meets the disinfection target as well as it

produces residual ozone at the outlet of the first reaction chamber (RC#1).

3.6 SAMPLING AND ANALYSIS PROCEDURE
3.6.1 Ozone concentration in the feed gas and vent gas

A microprocessor based ozone monitor (Teledyne, model: 454M) measured ozone
concentration in the feed gas and the vent gas. This monitor quantifies the ozone in the

air by measuring UV absorption at 254 nm.

3.6.2 Ozone concentration in wastewater

Reagent and material: Commercial grade indigo trisulfonate reagent (Sigma-
Aldrich make)

Instrument:  Spectronic 20D+ spectrophotometer

Procedure: =~ Wastewater samples were collected from the sampling ports for residual
ozone analysis. The sampling lines were flushed thoroughly by discarding the initial flow
for a couple of seconds. In addition, while adding the wastewater samples to the flask
containing reagent, care was taken to ensure that the samples do not run down the side of

the flask as it could cause ozone off-gassing. The ozone residual in wastewater was
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measured as per the Standard Methods: 4500-O; B, indigo colorimetric method. When
the applied ozone concentration was changed, samples for residual ozone analysis were

collected only after minimum three hydraulic turnovers in the ozone contactor.

3.6.3 Total organic carbon (TOC)

Reagent & Material: 100-micron nylon mesh, phosphoric acid

Instrument:  Shimadzu TOC-V sy Total Organic Analyzer

Procedure: =~ The TOC concentration in wastewater was measured as per the Standard
Methods (5310-B, Combustion-Infrared Method) by APHA (1998), and Method 415.3 by
USEPA (2009). The samples were collected in clean amber glass bottles, and
immediately stored at 4 deg. C. They were processed and analyzed within 48 hours of
collection. Just before analysis, the samples were filtered with 100-micron nylon mesh
and acidified to pH < 2 by adding concentrated phosphoric acid (H3;POs). As the
concentration of organic carbon was low (< 10 mg C/L), the NPOC (non purgeable
organic carbon) method of the TOC analyzer was selected for analysis. The total
hydraulic retention time of the treated MWWE from the wastewater treatment plant was
in the range of 10 to 24 hours. After the conventional treatment, it was assumed that there
would be a negligible amount of purgeable organic carbon left, hence NPOC method was

deemed appropriate to use. The samples were analyzed within 24 hours of collection.

3.6.4 Dissolved Organic Carbon (DOC)

Reagent & Material: 0.45 pm polyethersulfone (PES) filter, phosphoric acid

Instrument: ~ Shimadzu TOC-V sy Total Organic Analyzer
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Procedure: ~ The procedure for DOC analysis is same as that of TOC. The samples
were filtered with 0.45 pum PES filter, and acidified to pH < 2 by adding concentrated

phosphoric acid (H3PO4). The samples were analyzed within 24 hours of collection.

3.6.5 UV absorption at 254 nm (UVA)

Reagent & Material: 0.45 um polyethersulfone filter

Instrument:  Varian Cary 50 UV/Visible Spectrophotometer

Procedure: ~ The sample was filtered with 0.45 um polyethersulfone filter. The filtrate
was not acidified as it might have interfered with UV absorption at 254 nm (UVA). The
UVA was measured as per the Standard Methods, Part 5910 B, Ultraviolet Absorption

Method (APHA, 1998).

3.6.6 Colour

The colour of municipal wastewater is frequently monitored in the Pt-Co units by
visually comparing it with Pt-Co standards. To increase accuracy and reduce reliance on
the judgment of the lab analyst for colour measurement, the colour was measured as per
the method proposed by Bennett and Drikas (1993). The true colour was measured
within 12 hours of collection of the samples.

Reagent & Material: 0.45 pm polyethersulfone filter
Instrument: ~ Varian Cary 50 UV/Visible Spectrophotometer and Turbidity meter (Hach

make, Model: 2100 AN)
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Procedure: ~ The sample was filtered with 0.45 um polyethersulfone filter. The filtrate
was not acidified. The turbidity in NTU and UV absorption at 456 nm was measured.

Colour (Hazen units) was calculated as per the following formula:

e

(3.1)
(O = true colour (Hazen units)
A = total absorbance due to dissolved coloured species
L = cell path length (cm)
E = coefficient of scattering (NTU.cm™)

=0.00264 NTU".cm™ (at 456 nm)
t = turbidity (NTU)
€ = colour absorptivity (HU.cm™)

=0.00027 HU .cm™ (at 456 nm)

3.6.7 Alkalinity

The alkalinity was measured as per Standard Methods 2320 (APHA, 1998).

3.6.8 pH, Dissolved Oxygen and Temperature

The above parameters were measured with Hach portable multi-meter (Model

HQ40D), and Hach pH and dissolved oxygen probes.
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3.6.9 Disinfection of wastewater

E. coli and total coliform enumeration was carried out by USEPA approved
Colilert® method.
Reagent & Material: Colilert”- 18, Quanti-Tray® - 2000
Instrument:  Quanti-Tray" sealer, UV lamp (365 nm)
Procedure: =~ Samples were collected in sterile bottles containing sodium thiosulphate.
Samples expected of containing disinfection-indicator microorganism count of more than
2000 MPN/100mL were diluted with sterilized deionised water. Colilert®- 18 reagent by
Idexx Corp. was added to 100mL samples (or diluted sample). The samples were
transferred to sterile quantification trays (Quanti-Tray®-2000 by Idexx) and sealed
mechanically. The sealed trays were incubated at 37 °C for 18 to 22 hours. E. coli
enumeration was performed by counting fluorescent wells under 365-nm UV light. The
yellow coloured wells were counted to determine the total coliform count. The E. coli and

total coliform levels were then reported as most probable number (MPN) per 100 mL.

3.6.10 Mutagenicity of secondary and tertiary treated MWWE

The mutagenicity of the MWWE pre-ozonation, MWWE post-ozonation, and
MWWE post-ozonation + GAC filtration, was evaluated with the modified Ames
fluctuation test. Rao and Lifshitz (1995) describe the detail about this method and the
reagents. The Muta-Chromo Plate kit by Environmental Bio-Detection Products Inc.,
Canada, was used for this test. The TA 98 and TA 100 strain of Salmonella typhimurium
were initially tested. TA 100 strain was found to be more sensitive to the MWWE

samples and was selected for the mutagenicity test. The MWWE samples to be tested
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were filtered-sterilized with 0.22 pm membrane filter. Based on the required
concentration of the sample, it was diluted with sterile distilled water to a final volume of
17.5 mL. A 2.5 mL of reaction mixture and 20 pL of bacteria grown overnight in nutrient
broth was added to it. The mixture was stirred to mix thoroughly. Using a multi-channel
pipette, 200 pL of the mixture was dispensed into 96-well micro-titration plate. The plate
was then sealed to prevent evaporation and was incubated at 37°C for six days. The direct
acting mutagen, sodium azide, was used as positive control for TA 100 and sterile
distilled water as negative control. The background treatment plate consisted of distilled
water, reaction mixture, and bacteria.

The plates were scored visually. All yellow, partially yellow, or turbid wells were
counted as positive and purple wells were scored negative. The ratio of positive scores of
the sample plates with background plate was determined and statistical evaluation carried
out using Chi-square analysis (Gilbert, 1980). The samples were considered mutagenic if
the positive score of sample plates were significantly higher than the number of positive
scores of background plate. In the current study, the samples were analyzed in triplicate.
The results are expressed as mutagenicity ratio (MR) and are the average of the triplicates

(+ standard error).

3.7 CALCULATIONS
3.7.1 Ozone exposure

Ozone exposure, also referred to as CT value, was calculated as per the Extended
Integrated CT;o method (Rakness et al., 2005). Wert et al. (2009a) have calculated a

short-circuiting factor (SCF) of 0.6 for their ozonation pilot unit with pipe contactors.
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This SCF was selected in the current study. This value is also in line with the SCF (or

T1o/T) values given as guidance in the USEPA (1999).

C=  concentration of ozone in water (i.c. residual ozone)

Tip = time period in which 10% of the water that enters a contactor has passed through
= hydraulic detention time of the contactor (volume/flow rate) x short-circuiting

factor (SCF)

3.7.2 Applied Ozone Dose (AOD)

The applied ozone dose is the amount of ozone directed from the ozone generator

to unit volume of water treated. The following equation was used to calculate AOD (in

mg/L):
Q as
AOD = (03)feed X - (32)
water
(03)eq : ozone concentration in the feed gas, mg/L
Qgas : feed gas flow rate, L/min
Qwater : wastewater flow rate, L/min

3.7.3 Transfer Efficiency (TE)

Transfer efficiency is used to define the percentage of the applied ozone dose that
has been used and dissolved in the aqueous solution and is not lost in the vent gas. It is
affected by various parameters such as contactor design, operating conditions, wastewater

characteristics, etc. TE was calculated as under:
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TE — {(03)feed — (03)vent} x 100% (33)
(03)feed

(O3)yent : ozone concentration in the vent gas, mg/L

3.7.4 Transferred Ozone Dose (TOD)
This is the amount of ozone added from the gaseous air containing ozone to the

wastewater. The following formula was used to calculate TOD (in mg/L):

Qas
TOD = {0 ~Odaf x == (3.4)
or
TOD = AODxTE (3.5)

In the above formula, it is assumed that the feed gas flow rate and the vent gas
flow rate are equal. In addition, there is negligible destruction of ozone in the headspace

above the water level in dissolution chamber.

3.7.5 Ozone Consumption (Z)

It is the mass of ozone consumed by the wastewater, and is calculated as:

Q as
z = {(03 )feed B (03)vent} X —g:| B (03 )Iesi (36)
water
or
Z = TOD-(0,),. (3.7)
(03) g : residual ozone in the wastewater, mg/L
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3.7.6 Specific Ozone Consumption (Zgp..)

It is the ratio of the ozone consumption and initial dissolved organic carbon:

Z

Z, = 3.8
spec DOCO ( )

DOC, : initial dissolved organic carbon, mg/L

3.7.7 Specific UV Absorbance (SUVA)

Specific UV absorbance (SUVA) is the ratio of UV absorption at 254 nm to initial
dissolved organic carbon concentration. This parameter characterizes the effluent organic
matter (EfOM). SUVA varies with the type of DOC and is highest in the presence of
long-chain humic acids (Bratby, 2006). As per Edzwald and Tobiason (1999),

e SUVA > 4 (L/mg.m) indicates that the DOC in the water matrix is highly
hydrophobic and has high molecular weight (MW);

e SUVA in the range of 2 to 4 (L/mg.m) indicates the presence of a mixture of
hydrophobic and hydrophilic organic matter;

e SUVA <2 (L/mg.m) indicates that the organic matter is mostly non-humic, has
low hydrophobicity and has low MW.

The molecules with lower MW are generally more biodegradable than molecules
with larger MW (Cecen and Aktas, 2012). SUVA gives an indirect indication of the
biodegradability of the raw and ozonated water, and value of < 2 (L/mg.m) indicates that

the water contains biodegradable organics that can be removed by biofiltration (Cecen
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and Aktas, 2012). Hence, the lower the SUVA value, the higher is the biodegradability of
the organics in the water matrix.

The formula to calculate SUVA is:

L PV (Cinj 100 cm
SUVA( J = — 7 x (3.9)

mg.m poC, (n;jg] m

3.8 ANALYSIS OF CECs AT ONTARIO MOE LABORATORY

Samples packed in ice to maintain sample temperature to around 4 °C were
shipped to the Mass Spectroscopy Laboratory of Ontario Ministry of the Environment
(Toronto, Canada) for the analyses of the target CECs. Solid phase extraction (SPE) was
used to extract the samples and liquid chromatography/tandem mass spectrometry and
isotope dilution mass spectrometry were used to analyse the samples. Hao et al. (2008)
describe details of the methodology and quality control procedure. Table 3.3 shows the

list of the CECs targeted in the current study and their detection limits (DLs).
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Table 3.3

List of target CECs (PhACs and EDCs)

Antibiotics DL, ng/L | Antiphlogistics DL, ng/L

1 Carbadox 10 24 Acetaminophen 2

2 Chloramphenicol 2 25 Diclofenac 1

3 Chlortetracycline 10 26 Ibuprofen 0.5

4 Ciprofloxacin 0.5 27 Indomethacin 5

5 Doxycycline 5 28 Ketoprofen 2

6 Enrofloxacin 5 29 Naproxen 2

7 Erythromycin 10 Antidepressant

8 Lasalocid A 10 30 Carbamazepine 1

9 Lincomycin 0.5 Anticoagulant

10 Meclocycline 10 31 Warfarin 5

11 Norfloxacin 10 Lipid Regulators

12 Oxytetracline 5 32 Bezafibrate 0.5

13 Roxithromycin 2 33 Clofibric acid 1

14 Sulfachloropyridazine 5 34 Gemfibrozil 1

15 Sulfadiazine sodium 5 Estrogen Replacement Agents

16 Sulfadimethoxine 1 35 Bisphenol-A (BPA) 2

17 Sulfamerazine 1 36 Diethylstilbestrol 10

18 Sulfamethazine 1 37 Equilin 2

19 Sulfamethizole 2 Ovulation Inhibitors

20 Sulfamethoxazole 2 38 19-Norethersterone 5

21 Sulfathiazole 2 Reproductive Hormones

22 Tetracycline 10 39 17-a-Estradiol 5

23 Trimethoprim 10 40 17-B-Estradiol 2
41 Estrone 2
42 Estriol 5
43 Progesterone 20
Ionophore
44 Monensin sodium 10

Legend: DL: Detection limit
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3.9 SUMMARY OF THE PARAMETERS MONITORED

Table 3.4 summarizes the parameters monitored and the instruments used in this

study.
Table 3.4 Summary of the parameters monitored
Sr.  Parameter Instrument and Method
1 pH Hach pH probe
2 Temperature Hach pH/DO probe
3 Dissolved Oxygen Hach DO probe
4 Alkalinity Standard Methods , Titration, SM-2320
5 Flow Rate (liquid) Volumetric cylinder and stop-watch
6 Flow Rate (feed gas) Rotameter
7 Total Organic Carbon (TOC) Shimadzu TOC Analyzer, Standard
8 Dissolved Organic Carbon (DOC) Methods 5310
9 UV absorption at 254 nm (UVA) UV-Vis Spectrophotometer, SM-5910
10 Color
- UV absorption at 456 nm UV-Vis Spectrophotometer
- Turbidity Hach 2100 AN Turbidimeter
11 Transferred Ozone Dose (TOD)
- Ozone concentration in feed gas Ozone analyzer, UV 254 Absorption
- Ozone concentration in vent gas Ozone analyzer, UV 254 Absorption
12 SUVA (Ratio of UVA to DOC) US EPA Method 415.3
13 Disinfection
- Ozone residual in water UV Spectrophotometer (Spectronics), SM
4500-03 B, Indigo Colorimetric Method
- Exposure (CTlO) Extended Integrated CT10 Method
- E. coli enumeration Colilert® method by IDEXX, Standard
Methods 9223 B
14 Concentration of CECs Mass Spectrophotometer, Analysis by

Ontario MOE
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CHAPTER IV

ANALYSIS OF RESULTS

This study was conducted to evaluate the effectiveness of ozone treatment on
disinfection of municipal effluent and transformation of pharmaceuticals and EDCs. The
results from the study are presented in two parts. Part-1 of this chapter consists of results
from experiments conducted to determine the ozone dose required to achieve the
disinfection target and to correlate disinfection with probable process control parameters.
The MWWE was treated with different ozone doses. The disinfection indicator
microorganisms, total coliform and E. coli, and MWWE characteristics were monitored.
The Part-II of this chapter consists of results related to the occurrence and concentration

of the CECs in MWWE, and their transformation when MWWE is treated with ozone.

PART -1 DISINFECTION OF MWWE WITH OZONE

4.1 MWWE CHARACTERISTICS

Four sets of experiments were conducted to study the effect of different ozone
dose on disinfection. The characteristics of the MWWE prior to disinfection are

presented in Table 4.1.
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Table 4.1 Characteristics of secondary treated MWWE before ozone treatment

Experiment DOC DO pH Temp. Alkalinity UVA

mg/L mg/L °C mg/L as CaCO3 cm’!
Trial #1 5.04 1.59+0.04 7.13 £0.02 20.5+0.1 230 —240 0.1160
Trial #2 5.38+0.11 1.23+£0.29 7.11+0.09 20.1+0.2 210 0.1067 £ 0.0015
Trial #3 6.04 £ 0.09 2.08 +£0.36 7.13£0.14 21.5+03 160 0.1065 + 0.0020
Trial #4 5.33+0.14 2.30+0.21 7.12+0.16 18.8+0.2 170 - 180 0.1075 + 0.0009
Legends:
DOC: Dissolved organic carbon DO: Dissolved oxygen
Temp. : Temperature UVA: UV absorption at 254 nm

The total coliform in the MWWE was in the range of 10* to 10° MPN/100 mL,
which is the typical range for nitrified effluent in North America (USEPA, 1986b).

E. coli count was in the range of 2,500 to 21,000 MPN/100 mL.

4.2  DISINFECTION OF MWWE WITH OZONE

The secondary treated MWWE was treated with different ozone doses. The goal
was to determine the optimum ozone dose required to meet the Ontario MOE disinfection
target of <200 MPN E. coli/100 mL for the MWWE of LRPCP.

Table 4.2 represents the results from four experiments. The data indicates that the
disinfection criterion was fulfilled sometimes even at low ozone dose of 1.6 to 2.8 mg/L.
However, the disinfection target was always achieved at TODs between 3.7 to 4.2 mg/L,
and the E. coli count in the ozonated MWWE was between 5 and 11 MPN E. co/i/100

mL.
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Table 4.2 Effect of ozone on disinfection
Experiment DOC TOD Residual Ozone Ozone UVA Total Coliform E coli
Exposure (CTo) % MPN/ Log MPN/ Log
mg/L  mg/L DC RC #1 i cm’
mg-min/L Reduction 100 mL Reduction 100 mL Reduction
Trial #1
Influent 5.04 0.1160 109,100 21,380
1.6 0.10 <0.10 0.04 0.0954 18 365 2.48 48 2.65
23 0.29 <0.10 0.15 0.0835 28 145 2.88 20 3.03
3.9 0.89 0.14 0.53 0.0744 36 73* 3.17 10 3.35
Trial #2
Influent 5.38 0.1067 36,940 7,547
1.8 <0.10 <0.10 0.02 0.0916 14 > 2420 1613 0.67
2.8 0.11 <0.10 0.05 0.0768 28 422 1.95 50 2.19
42 0.63 0.05 0.37 0.0649 39 79 2.70 11 2.86
Trial #3
Influent 6.04 0.1065 46,177 11,403
1.4 <0.10 <0.10 0 0.1027 > 2420 <128 > 2420 <0.67
1.8 <0.10 <0.10 0.015 0.1019 > 2420 <1.28 > 2420 <0.67
2.7 <0.10 <0.10 0.06 0.0878 18 > 2420 <128 463 1.41
39 0.24 <0.10 0.07 0.0740 31 56 2.93 10 3.06
Trial #4
Influent 5.33 0.1075 10,893 2,513
1.4 0.10 <0.10 0.04 0.0960 11 3006 0.57 348 1.01
1.8 <0.10 <0.10 0.06 0.0852 21 283 1.60 17 2.20
2.6 0.26 <0.10 0.10 0.0764 29 53 2.43 5 2.70
3.7 0.82 0.14 0.76 0.0672 38 19 2.77 5 2.79
7.3 322 1.75 6.54 0.0537 50 10 3.03 1 3.60

* This data is for sample taken from the outlet of RC#3. All remaining data related to reduction in total coliform and E. coli are for sample from outlet of RC#2.

Legends:

DC: Dissolution chamber

RC #1:  First reaction chamber
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Ozonation of MWWE did not cause a major change in its DOC, pH, and
alkalinity parameters. However, the increase in ozone dose resulted in increase of
dissolved oxygen, and reduction in UVA and color of the ozonated MWWE. The DOC to
TOC ratio was always greater than 0.95. Table 4.3 represents the data related to the

effect of 0zone dose on dissolved oxygen concentration, UVA, and color of the MWWE.

Table 4.3 Effect of ozone on DO, UVA and color of secondary treated MWWE
TOD DO UV254 Absorbance True Color
mg/L mg/L cm’ % Ha%en %
decrease units decrease
Trial #1
Influent 1.59+0.04 0.1160 11.89
1.6 n.m. 0.0954 18 333 72
2.3 7.40 0.0835 28 2.90 76
39 7.95 0.0744 36 1.31 89
Trial #2
Influent 1.234+0.29 0.1067 £ 0.0015 15.98
1.8 7.28 0.0916 14 10.51 34
2.8 7.87 0.0768 28 4.46 72
4.2 7.92 0.0649 39 2.35 85
Trial #3
Influent 2.08 +£0.36 0.1065 £+ 0.0020 17.28
1.4 7.01 0.1027 4 9.21 47
1.8 7.18 0.1019 4 7.34 58
2.7 7.70 0.0878 18 5.63 67
39 7.84 0.0740 31 1.38 92
Trial #4
Influent 2.30+0.21 0.1075 = 0.0009 13.91
1.4 n.m. 0.0960 11 6.83 51
1.8 7.45 0.0852 21 6.13 56
2.6 7.92 0.0764 29 4.48 68
3.7 8.09 0.0672 38 2.72 80
7.3 18.84 0.0537 50 1.35 90
Legends: TOD: Transferred ozone dose DO: Dissolved oxygen n.m.: not measured
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In three experiments, ozonated MWWE samples were taken from the outlet of the
dissolution chamber and reaction chambers, to determine the level of disinfection
achieved at different contact times. The results are presented in Table 4.4. Results
indicate that disinfection of MWWE with ozone is a fast process. At the transferred

ozone doses, the level of disinfection did not increase after the first reaction chamber.

Table 4.4 Effect of contact time on disinfection
Experiments TOD Column  Total Contact Residual Total coliform E. coli
Time* ozone MPN/  Log MPN/  Log
mg/L min mg/L 100 mL Reduction 100 mL Reduction
Trial #1
Influent 109,100 21,380
1.6 DC 0.10 488 2.35 59 2.56
RC#1 1.7 <0.10 365 2.48 48 2.65
RC#2 34 <0.10 435 2.40 66 2.51
RC#3 5.1 <0.10 365 2.48 61 2.55
2.3 DC 0.29 161 2.83 34 2.80
RC#1 1.7 <0.10 145 2.88 20 3.03
RC#2 3.4 <0.10 173 2.80 26 2.92
RC#3 5.1 <0.10 130 2.93 34 2.80
3.9 DC 0.89 121 2.95 18 3.07
RC#1 1.7 0.14 ND - 10 3.35
RC#2 34 <0.10 35 3.49 4 3.72
RC#3 5.1 <0.10 73 3.17 11 3.30
Trial #2
Influent 36,940 7,547
1.8 RC#1 1.7 <0.10 >2420 <1.18 1613 0.67
RC#4 6.8 <0.10 > 2420 <1.18 1567 0.68
2.8 RC#1 1.7 <0.10 422 1.95 50 2.19
RC#4 6.8 <0.10 658 1.75 56 2.14
4.2 RC#1 1.7 <0.10 79 2.70 11 2.86
RC#4 6.8 <0.10 90 2.61 13 2.78
Trial #3
Influent 46,177 11,403
1.8 RC#1 1.7 <0.10 >2420 <1.28 >2420 <0.67
RC#4 6.8 <0.10 >2420 <1.28 >2420 <0.67
2.7 RC#1 1.7 <0.10 >2420 <1.28 463 1.41
RC#4 6.8 <0.10 >2420 <1.28 558 1.31
3.9 RC#1 1.7 <0.10 56 2.93 10 3.06
RC#4 6.8 <0.10 85 2.74 11 3.06

* Total contact time does not include the 1.7 minute of contact time in dissolution chamber
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4.3 CORRELATION BETWEEN DISINFECTION AND PROBABLE
PROCESS CONTROL PARAMETERS

4.3.1 Transferred Ozone Dose

In the four experiments conducted, at transferred ozone dose of 1.4 to 4.2 mg/L,
the total coliform log reduction was in range of <1.28 to 3.17, and the E. coli log
reduction was in the range of <0.67 to 3.35 (Table 4.2)

Figure 4.1 depicts the graphical presentation of E. coli inactivation at different

transferred ozone doses.
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Figure 4.1 Effect of transferred ozone doses on E. coli inactivation
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The results indicate that the disinfection target of <200 MPN E. coli/100 mL was
achieved even at relatively low ozone doses of 1.6 to 2.8 mg/L. However, on some
occasions this ozone dose did not fulfill the disinfection criterion. At TOD of 3.7 to
4.2 mg/L, the log reduction of the disinfection indicating microorganisms was always
greater than 2.7 and the disinfection target was achieved consistently. This level of
disinfection is similar to the results reported by other studies.

Table 4.5 compiles the disinfection data reported by some studies. The data
indicates variation in the disinfection efficiency with ozone, as expected, due to the
difference in the MWWE characteristics. However, for an ozone dose of 0.2 to
0.8 mg Os/mg C, the E. coli log reduction is in the range of 1.58 to 4.94. In most cases,
the E. coli after ozonation is less than 200 MPN/100 mL. The total coliform log reduction
is in the range of 1.82 to 3.48.

TOD has been considered the most important parameter in disinfection by ozone
treatment (Xu et al., 2002; Paraskeva and Graham, 2005). Some researchers have
proposed TOD as process control parameter for disinfection (Stover and Jarnis, 1981;
Venosa and Meckes, 1983). The dose/response curve proposed by USEPA (1986a)
attempts to correlate the TOD with the reduction of disinfection indicator
microorganisms. Figure 4.2 and Figure 4.3 present the data related to the dose/response

curve for E. coli and total coliform as collected in the present study.
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Table 4.5

Effect of ozone dose on disinfection of secondary/tertiary treated MWWE

DOC or 0O; dose Disinfection MPN or cfu/100 mL Log Reference

TOC indicator Pre O, Post O Reduction

mg/L mg/L microorganism

23 5 mg/L (TOD) E. coli 2.75 Ternes et al. (2003)

23 10 mg/L (TOD) E. coli 3.63 Ternes et al. (2003)

83+1 22 mg/L (TOD) E. coli 107 7 6.38 Finch et al. (1989)

83+1 12 mg/L (TOD) E. coli 107% 76 5.34 Finch et al. (1989)

83+1 6 mg/L (TOD) E. coli 107 191 4.94 Finch et al. (1989)

83+1 3 mg/L (TOD) E. coli 107 10° 222 Finch et al. (1989)

7.7+0.5 2 mg/L (TOD) E. coli 5x10° 2x 107 3.4 Huber et al. (2005)

7.7+0.5 5 mg/L (TOD) E. coli 5x10° <10? >3.7 Huber et al. (2005)

19.6 +1.27 5 mg/L (AOD) E. coli 210,000 16x10° 112 Tripathi et al. 2011)

19.6 +1.27 10 mg/L (AOD) E. coli 210,000 6x 107 2.54 Tripathi et al. (2011)

8.8—10.1 2 -6 mg/L (TOD) E. coli 4x10%-2.5x10° 10? 26-34 Paraskeva et al. (2005)

3.4 0.8 mg/L (TOD)  E. coli 20,000 6935 0.46 Zimmermann et al. (2011)

2.4 1.2 mg/L (TOD) E. coli 5,000 50 2.0 Zimmermann et al. (2011)

4.4 2.6 mg/L (TOD) E. coli 6,000 158 1.58 Zimmermann et al. (2011)

4.7 3.8 mg/L (TOD) E. coli 5,000 50 2.0 Zimmermann et al. (2011)

4.1 5.2 mg/L (TOD) E. coli 4,000 57 1.85 Zimmermann et al. (2011)

12 ~2.4 (TOD) T.C. 46,000 24,000 0.28 Bahr et al. (2005)

12 ~4.8 (TOD) T.C. 46,000 36 3.1 Bahr et al. (2005)

11.4 ~5.7(TOD) T.C. 104% - 10%* 1.82 Bahr et al. (2007)

11.4 ~11.4 (TOD) T.C. 10*3% - 10> 2.86 Bahr et al. (2007)

72 2.1 mg/L (TOD) T.C. > 1600 30 >1.73 Wert et al. (2007)

7.2 3.6 mg/L (TOD) T.C. > 1600 <2 >29 Wert et al. (2007)

72 4.9 mg/L (TOD) T.C. 6000 <2 >3.48 Wert et al. (2007)

~19 3.4 mg/L (AOD) T.C. 2 Lazarova et al. (1998)

~19 10 mg/L (AOD) T.C. 33 Lazarova et al. (1998)

19.6 + 1.27 5 mg/L (AOD) T.C. 254,000 19,000 1.12 Tripathi et al. (2011)

19.6 +1.27 10 mg/L (AOD) T.C. 254,000 9x 10 2.45 Tripathi et al. (2011)

8.8-10.1 7 - 10 mgL T.C 4x10%-2.5x10° 10 3.6-44 Paraskeva et al. (2005)
(TOD)

5.0-83 5 mg/L (TOD) T.C. 1028 — 10%%¢ 10%7 ~1.6—42 Venosa et al. (1983)

50-83 10 mg/L (TOD) T.C. 10*2 — 10%%¢ 10'¢ ~2.7-53 Venosa et al. (1983)

Legends:

DOC: Dissolved organic carbon

TOD: Transferred ozone dose

T.C.: Total coliform

Ozone
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Table 4.6 compiles the data from the dose/response curve from the current study
and from other studies for effluents with initial ozone demand less than 1 mg/L. In the
current study, the initial ozone demand of the MWWE was less than 0.5 mg/L, and can
be considered as a good quality secondary treated MWWE as the initial ozone demand is
less than 1 mg/L (USEPA, 1986b). The data shows that although the TOD is correlated
with the reduction in total coliform and E. coli, the correlation is not very strong (R’
value of 0.53 and 0.53). Paraskeva and Graham (2005) have also found a weak
correlation between the TOD and level of disinfection (R* value of 0.50 to 0.63). This is
contrary to the strong correlation (R” value of 0.76) reported by USEPA (1986b). As the
correlation between the TOD and disinfection is not always strong, it can be concluded

that TOD is not be the best process control parameter for disinfection.

Table 4.6 Slope of Dose/Response Curve and Intercept for Ozone Disinfection

Parameter Slope Intercept*  Correlation  Reference

E. coli -3.20 0.49 0.53 Current study

E. coli -3.44 to 0.71 to 0.54 to Paraskeva et al. (2005)
-3.65 0.77 0.63

Total Coliform -2.63 0.35 0.53 Current study

Total Coliform -3.04 0.61 0.50 Paraskeva et al. (2005)

Total Coliform -2.51 0.50 0.76 USEPA (1986b)

* Intercept represents the calculated initial ozone demand.
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4.3.2 Residual ozone

In the experiments conducted in this study, different ozone doses were applied
and the residual ozone concentrations in effluent leaving the dissolution chamber (DC)
and the reaction chambers (RC#1 to RC#4) were measured. Figure 4.4 shows the residual
ozone concentration at different time intervals for the four trials. The microbial indicators
were also monitored to determine the disinfection achieved. The results are presented

earlier in Table 4.2.
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Figure 4.4 Residual ozone concentration at outlet of DC, RC#1, RC#2 and RC#3
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Residual ozone at the end of dissolution chamber (DC)

In some of the experiments conducted, the TOD was not sufficient to produce
residual ozone in the effluent leaving the dissolution chamber. This can indicate that the
TOD was lower than or just equal to the immediate ozone demand (ImOD) of the
wastewater matrix. In such cases, the reduction of the microbial indicators was less than
1-log, and the disinfection target of E. coli count less than 200 MPN/100mL was not
achieved. In most of the cases when the residual ozone at the outlet of the dissolution
chamber was greater than 0.1 mg/L, greater than 2-two log reduction of the microbial
indicators was observed. At TOD of 3.7 to 4.2 mg/L, the residual ozone was between
0.24 to 0.89 mg/L. Figure 4.5 and Figure 4.6 show the plot of disinfection and

corresponding residual ozone in the dissolution chamber.

Residual ozone at the outlet of first reaction chamber (RC#1)

For transferred ozone dose of less than 3 mg/L (approximately 0.5 mg Os/mg C)
or less, the residual ozone at the outlet of the first reaction column (RC#1) was close to
zero. The resulting total coliform log reduction was between 0.57 and 2.88 while E. coli
log reduction was in the range of 0.67 to 3.06. Figure 4.5 and Figure 4.6 show the visual
representation of the results. As per the figures, up to 3-log reduction in disinfection
parameter was observed at almost zero ozone residual. This result is in line with the
findings of other studies (Paraskeva et al., 1999; Xu et al., 2002; Gehr et al., 2003) that
have reported greater than 2-log reduction in disinfection parameters at residual ozone
concentrations close to zero. At residual ozone concentration close to zero, the ozone

exposure (CT value) is almost zero. Hence, the conventional method of correlating ozone
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exposure to reduction in disinfection parameter does not apply for wastewater
disinfection.

The residual ozone concentration at the outlet of RC#1 was between 0.01 to 0.14
mg/L at transferred ozone dose of approximately 4 mg/L (0.8 mg O3/mg C). The total
coliform log reduction was between 2.7 and 3.13, while E. coli log reduction was in the
range of 2.79 to 3.35. In all the experiments, the disinfection target was met and total
coliform was less than 100 MPN/100 mL while E. coli count was less than 15 MPN/100
mL. Ozone exposures for ozone doses from 3.7 to 4.2 mg/L as per the Extended

Integrated CT;¢ method were between 0.06 and 0.8 mg-min/L (Table 4.2).

146



= R2=0.28 R>=0.49
35
= 4
3 3%
%
Q0
o
—
g ADC
<
IS ¢ RCl1
@)
s
S
~
Residual ozone, mg/L
Figure 4.5 Relationship between residual ozone and total coliform inactivation
4 X R?=0.36 R?=0.72
g [ A
-8 ’—
3 2
= 2 A
S ,
a7
g 2 ADC
—
3
S g ¢ RCI
=
0 I 1 1 1
0 1 2 3
Residual ozone, mg/L
Figure 4.6 Relationship between residual ozone and E. coli inactivation

147




As per Figure 4.5 and Figure 4.6, the correlation between residual ozone and
inactivation of disinfection indicator microorganisms is not strong. The R* value for
correlation between reduction of microorganisms and residual ozone at outlet of DC is
0.49 and 0.72, while the value is 0.28 and 0.36 for correlation between reduction in
microorganisms and residual ozone at outlet of RC#1. It was observed that greater than
2.5 log reduction in disinfection parameter was achieved when the residual ozone at the
outlet of RC#1 was greater than 0.1 mg/L.

From the above, it can be concluded that residual ozone in effluent is not a good
disinfection process control parameter. However, residual ozone at the outlet of
dissolution chamber and first contact chamber can be monitored to determine if ImOD is
fulfilled, and to calculate specific 0zone consumption (Zspec). Minimum residual ozone of
0.1 mg/L at the outlet of the first reaction chamber can indicate that a minimum level of
disinfection has been achieved. This minimum level of disinfection achieved will depend
on the MWWE characteristics. In this study, a minimum of 2.5 log reduction was

observed when the residual ozone concentration was 0.1 mg/L.

4.3.3 UV absorption at 254 nm

Studies have shown that the UV absorption at 254 nm (UVA) of MWWE
decreases after ozone treatment. Bahr et al. (2007) have attempted to correlate the
inactivation of disinfection indicator microorganisms with reduction in UVA. In large-
scale ozonation applications, they proposed UVA as a process control parameter for
disinfection as well as removal of micropollutants (pharmaceuticals and EDCs) and

bromate formation, mainly because of the ease in its analysis and continuous monitoring.
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During the literature review, no other study was found that had attempted to correlate
disinfection with reduction in UVA. In the current study, an attempt was made to
determine the strength of correlation between reduction in UVA and level of disinfection
due to ozonation. Figure 4.7 and Figure 4.8 show the results.

For the TOD up to 0.8 mg Os/mg C, a linear correlation was found to exist
between the log reduction in UVA and the log reduction in the microbial indicators. The
R* values were 0.71 and 0.80 for correlation between reduction in UVA and total
coliform, and UVA and E. coli. The coefficient of determination (R?) values from the

current study and previous study by Bahr et al. (2007) is presented in Table 4.7.

Table 4.7 Coefficient of determination (R?) values for correlation between reduction in UVA

and inactivation of disinfection indicator microorganisms

Disinfection indicator Coefficient of Reference
microorganism determination (R?)

E. coli 0.795 Current study
Total coliform 0.714 Current study
Total coliform 0.764 Babhr et al. (2007)
Fecal coliform 0.572 Babhr et al. (2007)
Intestinal enterococci 0.787 Babhr et al. (2007)
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43.4 SUVA

The SUVA was calculated and an attempt was made to correlate disinfection with
SUVA (Figure 4.9 and Figure 4.10). The correlation coefficient of 0.58 and 0.77 for
correlation between SUVA and total coliform, and SUVA and E. coli was obtained.

Hence, the correlation of disinfection with SUV A is not as strong as with UVA.
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4.3.5 Color

In this study, the reduction in color was measured at the different transferred
ozone doses. The results are presented in Table 4.3. At TOD of 1.4 to 2.8 mg/L, the true
color reduced by 34 to 76%. At relative higher ozone doses of 3.7 to 4.2 mg/L, the
reduction in color was in the range of 80 to 92%. When compared with UVA reduction at
similar ozone doses, the reduction in color was comparatively higher. This can indicate
that the compounds that contribute to color have higher reaction rate with the oxidants,
and oxidation reaction to remove color is favoured over removal of aromatic compounds.

Strong correlation (R? value of 0.86 and 0.80) was observed between the true
color reduction and inactivation of disinfection indicator microorganisms (Figure 4.11
and Figure 4.12). This is an interesting finding, and the results indicate that the color
parameter can be applied as a surrogate parameter to assess disinfection. However, more

study is required to confirm the results.
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44  OTHER OBSERVATIONS

The relationship between TOD and reduction in UVA, and TOD and reduction in
color was non-linear. Figure 4.13 and Figure 4.14 show the respective plots for both the
cases. At TOD of 1.4 to 7.3 mg/L, the reduction in UVA was in the range of 4 to 50%,
while reduction in color was in the range of 34 to 92%. The color was reduced by 34%
even at the lowest transferred ozone dose, while there was almost zero reduction in the
UVA if the ozone dose did not fulfill the initial ozone demand. From the plots, the
correlation between TOD and reduction in UVA (R* = 0.85) is stronger than the
correlation between TOD and color reduction (R* = 0.69). If the results of each
experiment are plotted separately as shown in Appendix B and C, then excellent
correlation (R* > 0.94) is observed in all cases. For individual experiments, Wert et al.
(2009b) have also found a strong correlation (R”*> 0.95) between the ozone dose and
reduction in UVA as well as color measured at 455 nm. As shown in Table 4.8, the
reduction in UVA and color observed in the current study is in line with the results

reported from other studies.

Table 4.8 Reduction in UVA and color of secondary treated MWWE on ozone treatment
TOC/DOC UV254A Color* Ozone dose % Reduction post ozonation Reference

mg/L cm’! Color units mg/L UV254A Color

5.04 - 6.04 0.1065t0 0.1160  11.9to 17.3 (456 nm) 14t07.3 410 50 341092 Current study
<10-14 0.174 to 0.208 NA (400 nm) 2-13 24 to 56 62 to 92 Xu et al. (2002)
<11-30 0.260 to 0.509 NA (400 nm) 4-30 14t0 52 NA Xu et al. (2002)
11.4+09 0.278 £ 0.027 NA (436 nm) ~2t011.5 20 to 55 60 to 92 Bahr et al. (2007)
6.6 0.14 Not analyzed 1.7 t0 6.6 27 to 55 - Wert et al. (2009)
10.3 0.26 42 (455 nm) 25t011.6 15to 61 21 to 91 Wert et al. (2009)
10.3 0.171 33 (455 nm) 2.5t010.6 16 t0 58 51 t0 96 Wert et al. (2009)

* The values in bracket are the wavelengths at which the absorbance was measured.

Legends: NA: Not available
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The SUVA values of MWWE before ozonation were in the range of 1.76 to
2.3 (L/mg.m). After ozonation with TOD of around 0.72 mg Os/mg DOC, the SUVA
values decreased and were in the range of 1.16 to 1.35 (L/mg.m). The reduction was in
the range of 34 to 42%. Since the SUVA values decreased and were < 2 (L/mg.m) after
ozonation, this indicates that the biodegradability of the organics present in MWWE

increased.

4.5  DISCUSSION

There is a disagreement between researchers on the mechanism responsible for
inactivation of disinfection indicator microorganisms by ozone. The researchers either
support the direct pathway (attack by ozone on the microorganisms) or the indirect
pathway (the hydroxyl radicals formed on decomposition of ozone are responsible for
inactivation of the disinfection indicator microorganisms) mechanism. If direct pathway
is the main mechanism for disinfection, then the level of disinfection should keep on
increasing until there is sufficient residual ozone in the effluent. In the current study, at
TOD of 0.8 mg O3/ mg C or less, the residual ozone concentration dropped to below
0.2 mg/L at the outlet of the first reaction chamber (3.4 minute contact time including the
contact time in dissolution chamber). Comparing disinfection data from the end of the
first and the subsequent three reaction chambers, i.e. between 3.4 minutes and 17 minutes
of contact time, no further reduction in disinfection parameters was observed, even in
cases where some residual ozone was observed at the end of the first reaction chamber.
Tyrrell et al. (1995) and Zimmermann et al. (2011) have also made similar observations.

In experiments by Tyrrell et al. (1995), even when 0.22 to 0.45 mg/L of residual ozone
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was present at the end of two minutes of ozonation, they did not observe further major
reduction in the count of the microorganisms. Hence, the low concentrations of residual
ozone are not adequate for further major inactivation of microorganisms. This can be
explained by the hypothesis by Xu et al. (2002) and Huber et al. (2005) that the
microorganisms in the activated sludge flocs may be shielded from the oxidants and the
low ozone residual is not sufficient for their inactivation. From this, it can be concluded
that the major portion of the disinfection occurs before the residual ozone in the effluent
reduces to low concentration, approximately 0.5 mg/L. In this experiment, at an ozone
dose of 0.8 mg Os/mg DOC or lower, the residual ozone concentration decreased to less
than 0.2 mg/L in approximately 3.4 minutes of total contact time (1.7 minute in
dissolution chamber and 1.7 minutes in the first contact chamber).

Buffle et al. (2006b) have observed that the concentration of hydroxyl radical
decreases by more than two orders of magnitude during the first few seconds of
ozonation. Hence, even if indirect pathway were mainly responsible for disinfection, the
majority of disinfection would occur during the initial few seconds of the effluent coming
in contact with oxidants.

From the results of this study and above discussion, it can be concluded that
irrespective of the main mechanism responsible for inactivation of the microorganisms,
disinfection with ozone is a fast process. At a typical disinfection dose applied in this
study, an increase in disinfection level was not observed after the initial 200 seconds of
MWWE being exposed to ozone. Since significant decrease in the count of disinfection
indicator microorganism does not occur with an increase in the contact time, ozone

contactors with long contact time do not provide any benefit. However, as aqueous ozone
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is harmful to some aquatic animals even at low ozone dose (Arthur et al., 1975; Ward and
DeGraeve, 1978; Summerfelt, 2003), the contact time should be sufficient to ensure that
there is no residual ozone in the effluent before it is discharged to the receiving water
body. In the current study, at TOD close to 0.8 mg Os/mg C, the residual ozone in
MWWE at the outlet of the pilot unit having 17 minutes of total contact time was always
below quantification level.

Of the probable disinfection control parameters discussed, i.e. transferred ozone
dose, residual ozone, UVA, SUVA, and color, correlation was not strong between TOD
and disinfection, and residual ozone and disinfection. Nevertheless, TOD is an important
parameter for disinfection. The TOD should be sufficient to fulfill the immediate ozone
demand of the MWWE. The residual ozone concentration in the effluent leaving the
dissolution chamber or first reaction chamber can be monitored as a surrogate parameter
to ensure that the minimum level of disinfection is achieved. The correlation of
inactivation of disinfection indicator microorganisms with UVA and color was strong,
while it was not as strong with SUVA. Besides, to calculate SUVA, online monitoring of
DOC is also required, which can be challenging. Hence, UVA and color can be used as a
process control parameter to monitor and control disinfection process. The UVA of
effluent can be continuously monitored due to the advancements in instrumentation
technology (Ried et al., 2009). In addition, recent studies have proposed UVA and color
as possible process control parameters for monitoring the transformation of PhACs and
EDCs (Bahr et al., 2007; Dickenson et al., 2009; Wert et al., 2009b; Hansen et al., 2010;

Nanaboina and Korshin, 2010).
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The results indicate that TOD of around 4 mg/L (0.72 mg Os/mg DOC) was
sufficient to achieve consistently the disinfection target of <200 MPN E. coli/100mL for
the secondary treated effluent of LRPCP. This ozone dose was selected to study the

transformation of the CECs in the secondary treated effluent by ozonation.
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PART -1 OCCURRENCE OF CECs IN MWWE AND THEIR
TRANSFORMATION BY OZONATION

4.6 OCCURRENCE OF CECs IN SECONDARY TREATED MWWE

In this study, eight sets of MWWE samples were analyzed to determine the
occurrence of target CECs in MWWE. These CECs consisted of 35 pharmaceutically
active compounds (PhACs) and 9 endocrine disruptive chemicals (EDCs).

For reporting the results, the PhACs were categorized into groups such as
Antibiotics, Antiphlogistics, Antiepileptic/Antidepressant, Ionophore, and Lipid
Regulators. Out of the 35 PhACs targeted, six were not detected in any of the MWWE
samples. Table 4.9 contains the list of these PhACs and their detection limits. Table 4.10

represents the results related to the occurrence of the remaining PhACs.

Table 4.9 List of PhACs not detected during the study

Pharmaceutical Group DL (ng/L)
Carbadox Antibiotics 10
Chloramphenicol Antibiotics 2
Lasalocid A Antibiotics 10
Monensin sodium Ionophore 10
Sulfachloropyridazine Antibiotics 5
Warfarin Anticoagulant 5
Legend: DL Detection limit
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Table 4.10 Occurrence of PhACs in MWWE (LRPCP)

Compound Detection DL Concentration, ng/L

Frequency ng/L Minimum Maximum Median Mean + SD

Antibiotics - Tetracyclines

Chlortetracycline 4/8 10 33 188 52 81+70
Doxycycline 7/8 5 20 304 57 91 +96
Meclocycline 5/8 10 28 319 63 130 £ 120
Oxytetracycline 7/8 5 8 78 32 37+27
Tetracycline 6/8 10 23 402 103 145 + 141
Antibiotics — Macrolides

Erythromycin 8/8 10 11 87 29 36+25
Lincomycin 4/8 0.5 4 89 72 60 + 42
Roxithromycin 8/8 2 3 32 10 12+ 10
Antibiotics — Sulfonamides

Sulfadiazine sodium 3/8 5 13 22 14 16+7
Sulfadimethoxine 2/8 1 1 3

Sulfamerazine 3/8 1 1 5 3 3+2
Sulfamethazine 4/8 1 6 69 46 42 +£30
Sulfamethizole 4/8 2 3 7 3 4+2
Sulfamethoxazole 8/8 2 3 2554 107 470 £+ 826
Sulfathiazole 3/8 2 2 8 7 6+3

Antibiotics — Fluoroquinolones

Ciprofloxacin 6/8 0.5 52 2652 777 1082 +1119
Enrofloxacin 7/8 5 6 127 57 58 +45
Norfloxacin 7/8 10 15 11581 154 2601 +4014

Antibiotics — Miscellaneous

Trimethoprim 5/8 1 4 435 59 132+ 169
Antiphlogistics

Acetaminophen 5/8 2 10 416 293 219+ 193
Diclofenac 7/8 1 17 1198 156 323 £399
Ibuprofen 1/8 0.5 15638

Indomethacin 3/8 5 11 43 13 22+ 17
Ketoprofen 7/8 2 2 51 15 20+ 18
Naproxen 8/8 2 9 261 109 119+93
Antiepileptic/antidepressant

Carbamazepine 3/8 1 85 381 303 256 £179
Lipid Regulators

Bezafibrate 8/8 0.5 6 154 23 48 +£52
Clofibric Acid 4/8 1 1 64 30 31+33
Gemfibrozil 7/8 1 3 717 34 227 +273

Note: Values below DL were not included in calculating median and mean concentration.

Legends: DL Detection Limit SD Standard Deviation
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4.6.1 Antibiotics

Out of the 23 antibiotics targeted, four were not detected in any of the eight
sampling events. Four antibiotics had less than 50 % occurrence and the remaining had
50 % or greater occurrence. Table 4.10 includes the results related to the occurrence of
the antibiotics.

The concentrations of tetracyclines group PhACs were in the range of 8 ng/L to
402 ng/L. Tetracycline had the highest median concentration of 103 ng/L, and the highest
maximum concentration of 402 ng/L. The occurrence was 75%. The detection frequency
and concentration of this compound is in line with previous studies by Miao et al.
(2004), Sosiak et al. (2005), and Tabe et al. (2009). The median concentrations of the
chlortetracycline, doxycycline, meclocycline, and oxytetracycline in the current study
were less than 100 ng/L. The occurrence of these four drugs was at least 50%. In earlier
studies conducted in Canada and abroad (Miao et al., 2004; Sosiak et al., 2005;
Karthikeyan and Meyer, 2006; Tabe et al., 2009; Barber et al., 2011; Reungoat et al.,
2011), most of these drugs were not detected in MWWE or their detection frequency
were less than 25%.

Out of the three drugs in the macrolides group, erythromycin and roxithromycin
were detected in all eight samples. The occurrence of lincomycin was 50%. It had the
highest median and maximum concentration of 72 ng/L, and 89 ng/L, respectively.

Sulfachloropyridazine was the only drug of the sulfonamides group PhACs that
was not detected in any of the samples. The frequency of detection of sulfamethoxazole
in MWWE was 100%. In its group, it had the highest maximum concentration of
2554 ng/L. The concentrations of sulfadimethoxine, sulfamerazine, sulfamethizole, and

sulfathiazole were less than 10 ng/L. The occurrence as well as concentration of
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sulfonamides in the current study is in line with the results from previous studies by Miao
et al. (2004), Sosiak et al. (2005), and Tabe et al. (2009).

In the fluoroquinolones group PhACs consisting of ciprofloxacin, enrofloxacin,
and norfloxacin, the average concentration of ciprofloxacin and norfloxacin was greater
than 1000 ng/L. Ciprofloxacin was detected twice in concentrations exceeding
2000 ng/L, the highest being 2652 ng/L. In Canada, the highest reported concentration of
this drug in effluent until now is 888 ng/L by Sosiak et al. (2005). Rosal et al. (2010)
from Spain have reported up to 5692 ng/L concentration of this drug. The concentration
of norfloxacin exceeded 3000 ng/L. in three samples. Its average and maximum
concentration was 2601 ng/L and 11581 ng/L, respectively. This concentration is high
when compared to the literature. Sosiak et al. (2005) have reported a maximum
concentration of 821 ng/L in a Canadian MW WE. Hence, concentrations of ciprofloxacin
and norfloxacin detected in the current study are high when compared to results reported

from other studies from Canada.

4.6.2 Antiphlogistics

This study targeted six PhACs of this group. Ibuprofen was detected in only one
MWWE sample, but in a high concentration of 15638 ng/L. Metcalfe et al. (2003a) and
Brun et al. (2006) have detected ibuprofen in concentrations exceeding 20,000 ng/L. In
the current study, the maximum concentration of diclofenac was 1198 ng/L. The
concentrations of the remaining four PhACs were in range of 2 to 416 ng/L. This is in the

range of values reported by other studies from Canada and abroad.
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4.6.3 Antiepileptic/anti-depressant

Carbamazepine was the only compound targeted in this category. It was detected
in three of the eight sampling events. The concentrations were between 85 and 381 ng/L,
and the median concentration was 303 ng/L. These concentrations are in the range
reported by studies from Canada (Metcalfe et al., 2003a; Metcalfe et al., 2003b; Sosiak et

al., 2005; Tabe et al., 2009).

4.6.4 Lipid Regulators

The PhACs covered in this group were bezafibrate, clofibric acid, and
gemfibrozil. The occurrence of bezafibrate was 100%. Its concentration was in the range
of 6 to 154 ng/L. Clofibric acid was detected in 50% while its concentration was in the
range of 1 to 64 ng/L. Occurrence of gemfibrozil was close to 90% and its concentrations
were up to717 ng/L. The concentrations of these PhACs are in the range reported by
studies from Canada (Metcalfe et al., 2003a; Metcalfe et al., 2003b; Sosiak et al., 2005;

Brun et al., 2006; Tabe et al., 2009).

4.6.5 Endocrine Disrupting Chemicals

Table 4.11 compiles the results related to the occurrence of the nine EDCs
targeted. The occurrence of diethylstilbestrol and equilin was less than 25% while their
concentrations were up to 14 ng/L. Bisphenol-A was detected in five out of eight samples
in the concentration range of 9 ng/L to 15341 ng/L. In two samples, its concentration
exceeded 9000 ng/L. When compared to the published literature, the concentrations of

bisphenol-A observed in current study are high.
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Table 4.11 Occurrence of EDCs in MWWE (LRPCP)

Compound Detection Detection Concentration, ng/L

Frequency Limit,ng/L. Min Max Median Mean + SD

Estrogen Replacement Agents

Bisphenol-A (BPA) 5/8 2 9 15341 144 4943 + 6578
Diethylstilbestrol 1/8 10 14 14 14

Equilin 2/8 2 7 7 7 7
Reproductive Hormones

17-a-Estradiol 4/8 5 9 4167 20 1054 + 1858
17-B-Estradiol (E2) 5/8 2 5 52 12 22+ 19
Estrone (E1) 6/8 2 3 24 13 12+£9
Estriol (E3) 4/8 5 27 541 79 181 £223
Progesterone 2/8 20 60 121 90 90 +51
Ovulation Inhibitors

19-Norethisterone 3/8 5 5 41 23 23+£17

The occurrence of 17-a-estradiol was 50%. While its median concentration was
20 ng/L, in one sample it was detected in high concentration of 4167 ng/L. The highest
concentration of eight other PhACs and EDCs also occurred during the same sampling
event. This can indicate release of highly concentrated waste from source(s) other than
households. The concentrations of E1 and E2 were in the ranges of 3 to 24 ng/L and 5 to
52 ng/L, respectively. These concentrations are in line with values reported by earlier
studies. The maximum concentration of E3 detected during the study was 541 ng/L. This
concentration is high when compared to results from other studies from Canada.
However, E3 has been detected in MWWE in concentrations up to 275 ng/L in Austria
(Clara et al., 2005a). In the current study, progesterone was detected in only two of the
eight sampling events in concentrations of 60 ng/L and 121 ng/L. The ovulation inhibitor

19-norethisterone was detected in nearly 40% of the samples in the concentration range
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of 5 to 41 ng/L. Fernandez et al. (2007) have detected this compound in concentrations

up to 159 ng/L in Canadian MWWE.

4.7 TRANSFORMATION OF CECs IN MWWE BY OZONATION

The MWWE samples before and after ozone treatment from two sets of
experiment were analyzed to study the transformation of the CECs. The results are

presented in this section.

4.7.1 Data Processing

To get a better understanding of the actual transformation taking place, the
transformation efficiencies of CECs having concentration below their detection limit
(DL) in ozone treated MWWE were calculated only if their concentrations in MWWE
before ozone treatment were equal to or greater than five times their DL. In addition, for
CECs having concentration below their DL in the ozonated MWWE, a value equal to half

their DL was used to calculate their transformation efficiencies.

4.7.2 Transformation of CECs at TOD of 4.4 mg/L (0.72 mg O3/mg DOC)

In two experiments, the average initial dissolved organic carbon (DOC) of water
was 6.1 mg/L. The average applied ozone dose was 8.8 mg/L that resulted in transferred
ozone dose (TOD) of 4.4 mg/L or 0.72 mg O3/mg DOC. The specific ozone consumption
(Zspee), 1.€. the ratio of ozone consumption to the initial DOC was calculated to be
0.6 mg Os/mg DOC. The pH of the water was in the range of 6.9 to 7.1, temperature was

in the range of 18 to 21 °C, while alkalinity was in the range of 95 to 180 mg/L as
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CaCO;. Out of the 41 CECs targeted, the following eight CECs were not detected in both
the experiments: carbadox, chloramphenicol, diethylstilbestrol, lasalocid A, monensin
sodium, sulfachloropyridazine, sulfadimethoxine, and warfarin. Table 4.12 presents the
data related to the concentration of the detected CECs, and their transformation on

reaction with ozone.
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Table 4.12 Transformation of CECs at TOD of 0.72 mg O;/mg DOC

Compound DL, Concentration Concentration Transformation
ng/L Pre Ozonation, Post Ozonation, %
ng/L ng/L

Exp 1 Exp 2 Exp 1 Exp 2 Exp 1 Exp 2
Antiphlogistics
Acetaminophen 2 293 9.7 ND ND 99.7
Diclofenac 1 17.4 302 ND 21.6 97.1 92.8
Ibuprofen 0.5 15638 ND 7.5 ND 99.9
Indomethacin 5 ND 433 ND ND 94.2
Ketoprofen 2 51.2 15 7.4 32 85.6 79
Naproxen 2 261 113 ND 2.2 99.6 98.1
Antibiotic - Fluoroquinolones
Ciprofloxacin 0.5 1398 156 ND 33.1 99.9 78.8
Enrofloxacin 5 5.9 101 ND 77.6 22.8
Norfloxacin 10 3248 154 ND 45 99.8 70.7
Antibiotic - Macrolides
Erythromycin 10 12 86.5 ND 42.9 50.4
Lincomycin 0.5 79.2 43 1.3 ND 98.3 94.1
Roxithromycin 2 2.5 31.5 ND 304 3.5
Antibiotic - Tetracyclines
Chlortetracycline 10 ND 56.2 ND 45.9 18.4
Doxycycline 5 304 54.7 ND 28 99.2 48.8
Meclocycline 10 319 ND ND ND 98.4
Oxytetracycline 5 64.6 32.2 40.1 29.3 38 8.8
Tetracycline 10 402 104 42 30.8 89.6 70.2
Antibiotic - Sulfonamides
Sulfamerazine 1 5 ND 1.6 ND 68.5
Sulfamethazine 1 69 ND ND ND 99.3
Sulfamethoxazole 2 2554 581 8.8 ND 99.7 99.8
Antibiotic - Miscellaneous
Trimethoprim 1 12.7 435 ND ND 96.1 99.9
Antiepileptic, antidepressant
Carbamazepine 1 ND 381 ND ND 99.9
Lipid regulators
Bezafibrate 0.5 11.5 154 2.1 ND 81.9 99.8
Clofibric acid 1 1.9 57.3 ND ND 99.1
Gemfibrozil 1 386 34 ND 1.1 99.9 67.3
Estrogen replacement agents
Bisphenol-A (BPA) 2 ND 122 3.8 ND 99
Equilin 2 6.6 ND 3.7 ND 43.9%
Ovulation Inhibitors
19-Norethersterone 5 23.2 ND 2.5 ND 89
Reproductive Hormones
17-a-Estradiol 5 9.5 20.6 ND 13.8 33
17-B-Estradiol (E2) 2 11.6 11.5 4.3 10 63 14
Estrone (E1) 2 14.3 2.7 ND ND 93
Estriol(E3) 5 83.1 ND ND ND 97
Progesterone 20 59.9 ND ND ND
Legends: DL Detection Limit Exp Experiment ND Not detected
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The results show that ozonation is effective in transforming the majority of the
investigated compounds. The sum of the concentration of all the targeted CECs in the pre
ozonated MWWE in the experiment #1 and #2 was 25,346 ng/L and 3,033 ng/L, which
decreased to 173 ng/L and 423 ng/L in the ozonated MWWE, respectively. The
concentrations of the individual CECs in the pre ozonated MWWE were up to
15,638 ng/L, while their concentrations in the ozone treated MWWE were below
78 ng/L.

The transformations of the drugs in the antiphlogistics group were above 90%
except for ketoprofen. Transformation of ketoprofen was still high but comparatively
lower at 79 and 86%. Studies have reported above 90% reduction of acetaminophen,
diclofenac, indomethacin, and naproxen at ozone doses up to 0.5 mg Os/mg DOC (Bahr
et al., 2005; Reungoat et al., 2010; Rosal et al., 2010; Reungoat et al., 2012). For
ibuprofen, studies have reported less than 50% removal up to an ozone dose of 0.5 mg
0O3/mg DOC and above 90% transformation at an ozone dose of 0.8 mg O3;/mg DOC or
higher (Ternes et al., 2003; Bahr et al., 2005; Snyder et al., 2006; Wert et al., 2009a). For
ketoprofen, the data vary in the literature. In experiments conducted with TOD/DOC
ratios ranging between 0.2 and 1.2, Bahr et al. (2005) have reported transformation
efficiencies ranging between 7 and 98%. At TOD/DOC ratio of 0.8, ketoprofen
transformation was reported to be 82%, which is similar to the current study. Kim and
Tanaka (2011) have reported 31 to 71% transformation of this drug at TOD/DOC ratio of
0.6 to 0.75.

In the fluoroquinolones subgroup of antibiotics, transformations of ciprofloxacin

and norfloxacin were in the range of 71 to >99%. Rosal et al. (2010) and Kim and
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Tanaka (2011) have reported 67 to >99% transformation of these drugs at ozone doses of
0.6 to 0.9 mg Os/mg C. The transformation of enrofloxacin in the present study was only
23%. In the only study found that has reported the transformation of this chemical on
ozonation of MWWE, Dodd et al. (2006) have reported >99% transformation at
TOD/DOC ratio of around 0.6.

In the macrolides subgroup, the transformation efficiency of the antibiotic
lincomycin was close to 99%. This is consistent with the finding by Rosal et al. (2010)
and Kim and Tanaka (2011). However, the transformation of erythromycin and
roxithromycin was only 50% and 3.5%. Transformations > 90 % has been previously
reported for these two compounds at similar ozone doses (Reungoat et al., 2010; Rosal et
al., 2010; Schaar et al., 2010; Reungoat et al., 2012).

The removal of chlortetracycline and oxytetracycline of the tetracyclines group of
antibiotics was between 9 and 38%. Mean transformation of doxycycline, meclocycline,
and tetracycline was in the range of 75 to 98%. Dodd et al. (2006) have reported >99%
reduction of tetracycline from wastewater at a TOD/TOC ratio of around 0.3. No data
regarding transformation of doxycycline and meclocycline on ozonation of MWWE was
available in the published literature.

Ozonation reduced the concentration of sulfamethazine and sulfamethoxazole
drugs of the sulfonamide group of antibiotics by over 99% and their concentrations
decreased to below detection limit or close to the detection limit after ozone treatment.
These results are consistent with the findings of other studies (Huber et al., 2005; Snyder
et al., 2006; Hollender et al., 2009; Reungoat et al., 2012). Studies have reported over

90% transformation of sulfamethoxazole even at low ozone doses of around 0.2 mg
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O3/mg DOC (Ternes et al., 2003; Dickenson et al., 2009; Reungoat et al., 2012). Hence,
this compound seems to transform readily on reaction with ozone.

The transformation of antidepressant and lipid regulator drugs such as
carbamazepine, bezafibrate, clofibric acid, and gemfibrozil was above 90%. Bahr et al.
(2005) have reported low removal of these drugs up to an ozone dose of
0.4 mg Os/mg DOC. They observed 74 to 98% reduction at a comparatively higher ozone
dose of 0.8 mg Os/mg DOC. Hollender et al. (2009) have also reported average 88% and
66% removal of bezafibrate and clofibric acid at ozone doses of 0.6 to 0.67 mg O3/mg
DOC.

The data in Table 4.12 indicate that ozone was effective in transforming potential
EDCs such as 19-norethisterone, estrone (E1), estriol (E3), and bisphenol A (BPA). Their
transformation was in the range of 89 to 97%. The transformation of E2 was 14 and 63%.
Equilin and 17-a-estradiol were detected at low concentrations and their transformation
was 44% and 33%. Progesterone was detected at a concentration of 60 ng/L in the pre
ozonated MWWE and below its detection limit in the ozonated MWWE in one
experiment. Its transformation efficiency was not calculated because of the data
processing rules described earlier.

Few studies have probed the effect of ozonation of MWWE on transformation of
19-norethisterone and progesterone. Snyder et al. (2006) have observed more than 80%
reduction of progesterone present in surface water by ozonation at an ozone dose of
2.4 mg/L. Baig et al. (2008) have treated MWWE spiked with EDCs with ozone, and
have reported 56% and > 84% reduction in concentration of norethisterone at ozone

doses of ~ 0.3 and ~ 0.5 mg Os/mg DOC. Studies have reported high removal of E1, E3
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and BPA at ozone doses similar to or less than that of current study (Ternes et al., 2003;
Huber et al., 2005; Nakada et al., 2007; Wert et al., 2009a). The structures of E1, E2, E3,
equilin and BPA consist of phenolic moieties (Deborde et al., 2005; Westerhoff et al.,
2005; Nakada et al., 2007) and the reaction between ozone and phenols is faster at neutral
or basic pH (Deborde et al., 2005; Huber et al., 2005). The kos values of E1, E2, E3, and
BPA are in the order of 10°—10°M™ - s as per the published literature. Hence, high
transformation of these compounds by ozonation is expected. The transformation
efficiencies of El, E3, and BPA in the current study were as per the expectation and in
line with the earlier reported studies, but the transformation of E2 was contrary to the
expectations and not consistent with its structural characteristics.

Figure 4.15 is a visual presentation of the data in Table 4.12. Out of 31 CECs for
which transformation efficiencies could be calculated, average transformation efficiency
of 21 CECs exceeded 80%. The average transformation of 17-a-estradiol, 17-B-estradiol,
erythromycin, sulfamerazine, doxycycline, and tetracycline was between 30 — 80%. For
the remaining four CECs (roxithromycin, chlortetracycline, enrofloxacin, and
oxytetracycline; all antibiotics), the average transformation was less than 30%.
Transformation of enrofloxacin, erythromycin, roxithromycin, and E2 was lower than
expected. One of the reasons for the low transformation efficiency can be the analytical

uncertainties and challenges while analyzing compounds in low ng/L concentrations.
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4.7.3 Comparison of transformation of CECs at TOD of 2.8 mg/L
(0.46 mg O3/mg DOC) and TOD of 4.4 mg/L (0.72 mg O3/mg DOC)

In order to study the effect of different ozone doses on the transformation of the
CECs, in one experiment the MWWE was treated with two different ozone doses. Table
4.13 shows the characteristics of the MWWE before ozone treatment. At transferred
ozone doses of 2.8 mg/L and 4.4 mg/L, the UVA of the effluent reduced to 0.0817 and
0.0747 cm™, i.e. a reduction of 29 and 35% compared to the UVA value of the pre-
ozonated effluent. The Z,.. was calculated to be 0.43 and 0.6 mg Osz/mg DOC. Table

4.14 and Figure 4.16 summarize the transformations of detected CECs at the two ozone

doses.

Table 4.13 Characteristics of MWWE before ozone treatment

Parameter Value

DOC 6.12 mg/L

pH 6.92

Temperature 20.5-20.8 °C

Alkalinity 95 mg/L as CaCO;
UV absorption at 254 nm (UVA) 0.1152 cm’
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Table 4.14 Transformation of CECs at TOD of 2.8 and 4.4 mg/L

Compound DL, Concentration Concentration Transformation, %
ng/L pre post ozonation,
ozonation, ng/L
ng/L TOD TOD TOD TOD
28 mg/L 44 mg/lL 28mg/L 4.4mg/lL
Antiphlogistics
Diclofenac 1 302.4 22.5 21.6 92.6 92.8
Indomethacin 5 433 <5 <5 94.2 94.2
Ketoprofen 2 15 5.0 3.2 66.7 79.0
Naproxen 2 113 81.9 2.2 27.5 98.1
Antibiotics — Fluoroquinolones
Ciprofloxacin 0.5 156.2 78.9 33.1 49.5 78.8
Enrofloxacin 5 100.6 107.1 77.6 -6.5 22.8
Norfloxacin 10 153.6 73.8 45.0 52.0 70.7
Antibiotics — Macrolides
Erythromycin 10 86.5 52 42.9 39.9 50.4
Lincomycin 0.5 43 <0.5 <0.5 94.1 94.1
Roxithromycin 2 31.5 314 30.4 0.4 35
Antibiotics - Tetracyclines
Chlortetracycline 10 56.2 49.4 45.9 12.2 18.4
Doxycycline 5 54.7 324 28.0 40.8 48.8
Oxytetracycline 5 322 31.8 29.3 1.0 8.8
Tetracycline 10 103.5 44.1 30.8 57.4 70.2
Antibiotics — Sulfonamides
Sulfamethoxazole 2 580.6 109 1.0 81.2 99.8
Antibiotics - Miscellaneous
Trimethoprim 1 435.2 3.6 <1 99.2 99.9
Antiepileptic/antidepressant
Carbamazepine 1 381.2 24.7 <1 93.5 99.9
Lipid Regulators
Bezafibrate 0.5 153.7 48.2 <0.5 68.6 99.8
Clofibric Acid 1 57.3 34.9 <1 39.0 99.1
Gemfibrozil 1 3.4 1.2 1.1 64.9 67.3
EDCs
17-a-Estradiol 5 20.6 12.4 13.8 39.7 32.7
17-B-Estradiol (E2) 2 11.5 16.2 10 -40.6 13.6
Bisphenol-A (BPA) 2 122.4 <2 <2 99.2 99.2
Legends: DL Detection limit TOD  Transferred ozone dose
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Figure 4.16 Transformation of CECs at TOD of 2.8 and 4.4 mg/L

Result shows that the number of CECs detected in the pre-ozonated MWWE but
not in the ozone treated MWWE increased from three at the lower TOD of 2.8 mg/L to
seven at the higher TOD of 4.4 mg/L. In general, the transformation of CECs was higher
at the higher ozone dose. There was a noticeable increase in the transformation of
naproxen, ciprofloxacin, bezafibrate, and clofibric acid from 27 - 67% at lower ozone
dose to 79 - >99% at higher ozone dose. The transformation of BPA, carbamazepine,
diclofenac, indomethacin, lincomycin, sulfamethoxazole, and trimethoprim was more
than 80% at both ozone doses. For these drugs, the percentage transformation at both
ozone doses was almost identical. Transformations of enrofloxacin, roxithromycin,

oxytetracycline, and chlortetracycline were below 30% at both ozone doses.
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4.7.4 Oxidation pathway and transformation

The oxidation pathway can dictate the type of by-products formed, and hence
knowledge of it is important. On ozonation, transformation of a compound can be

through the direct pathway (oxidation by molecular ozone) or indirect pathway (oxidation
by hydroxyl radicals). The fraction of compound transformed by hydroxyl radical (fOH,C)

and molecular ozone (fp3) can be calculated with Equation 2.14, 2.15, and 2.16, repeated

as follows:

C
hl{c—} = — (kos + kop Rer) _”03] dt (2.14)

(¢]

k.. R
OH,C — — (2.15)
(kOS + kOH RCT)

fos =1- fouc (2.16)

The ozone exposure value is required to calculate the Rcr value as per the
Equation 2.14. The Extended Integrated CT;o method used to calculate ozone exposure
for microorganism-inactivation credit calculations does not include the considerable
ozone exposure in the dissolution chamber. While this is desirable for inactivation credit
calculations as a safety factor, it will give lower than actual ozone exposure value for
micropollutant kinetic calculations and hence the calculations will not be accurate. For
micropollutant kinetic calculations in this study, the ozone exposure in the dissolution
chamber was also included. Considering the dissolution chamber as a continuously stirred
tank reactor (CSTR), the ozone exposure in it was considered equal to the product of

residual ozone concentration measured in MWWE at its outlet and hydraulic retention
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time of MWWE in the chamber. Total ozone exposure was the sum of the ozone
exposure as per the Extended Integrated CT;p method and ozone exposure in the
dissolution chamber.

If the ozone exposure is known, the Rcr value can be calculated from the
transformation measured of a compound that has low reactivity with molecular ozone and
high reactivity with hydroxyl radicals. The second-order reaction rate constant of
ketoprofen with ozone is 0.4 M - s™ and with hydroxyl radicals is 8.4 x 10° M - s
(Table 4.15). Hence, transformation measured of this compound was used to calculate
Rer value.

At experiment conducted with ozone doses of around 0.72 mg Os/mg DOC, the
total ozone exposure was 2.04 mg-min/L (2.55 x 10° M.s). Using this value, and
transformation measured of ketoprofen, an average Rer value of 8.12 x 10™ was
calculated. This value is in agreement with the Rer values of 0.6-4.1 x 10™ reported by
Hollender et al. (2009) , 4.78-6.31 x 10 reported by Gonzales et al. (2012), and
4.94x10® reported by Launer et al. (2012).

Table 4.16 presents the results of the theoretical transformation calculations of

CECs and their fraction transformation by hydroxyl radical and molecular ozone
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Table 4.15

Rate constants for reaction of target compounds with ozone and hydroxyl radicals

Compound kos kon References

M's! M's! ko3 kon
Antiphlogistics
Acetaminophen 2.7x10° 1.7x10°  Rivasetal. (2011) Yang et al. (2009)
Diclofenac ~1x10° 7.5x%10° Huber et al. (2003)
Ibuprofen 9.1 7.4 % 10° Huber et al. (2005)
Indomethacin
Ketoprofen 0.4 8.4x 10° Real et al. (2009)
Naproxen 2x10° 9.6 x 10° Huber et al. (2005)
Antibiotic - Fluoroquinolones
Ciprofloxacin 1.9x10*  4.1x10° Dodd et al. (2006)
Enrofloxacin 1.5x10°  45x10° Dodd et al. (2006)
Norfloxacin 1.1x10* 1x10° Rivas et al. (2011) Rivas et al. (2010)
Antibiotic - Macrolides
Erythromycin 6.93 x 10* Huang (2011)
Lincomycin 6.7x10° 85x10° Dodd et al. (2006)
Roxithromycin 63x10*  54x10° Dodd et al. (2006)
Antibiotic - Tetracyclines
Chlortetracycline 1.7x10"  52x10° Benetal (2012) Jeong et al. (2010)
Doxycycline 8x 103 7.6x 10° Rivasetal. (2011) Jeong et al. (2010)
Meclocycline
Oxytetracycline 6.9x10° 5.6x10° Benetal (2012) Jeong et al. (2010)
Tetracycline 1.9x10°  7.7x10° Dodd et al. (2006)
Antibiotic - Sulfonamides
Sulfamerazine 7.8 x 10° Mezyk et al. (2007)
Sulfamethazine 29x10° 83x10° Benetal (2012) Mezyk et al. (2007)
Sulfamethoxazole 25x10°  55x10° Huber et al. (2005)
Antibiotic - Miscellaneous
Trimethoprim 2.7x10° 6.9 x 10° Dodd et al. (2006)
Antiepileptic, antidepressant
Carbamazepine 3x 10° 8.8 x 10’ Huber et al. (2005)
Lipid regulators
Bezafibrate 590 7.4 % 10° Huber et al. (2003)
Clofibric acid <20 4.7 x 10° Huber et al. (2005)
Gemfibrozil 2x 10* 80x10° Wertetal. (2011) Razavi et al. (2009)
Estrogen replacement agents
Bisphenol-A (BPA) 1.7x10* 1x 10"  Deborde etal. (2005)  Rosenfeldt et al. (2004)
Equilin
Ovulation Inhibitors
19-Norethersterone 2215 Broseus et al. (2009)
Reproductive Hormones
17-a-Estradiol
17-B-Estradiol (E2) 22x10° 1.4x10'"" Debordeetal (2005)  Rosenfeldt et al. (2004)
Estrone (E1) 94x10° 2.6x10" Nakonechny et al. (2008)
Estriol (E3) 1.0x 10° Deborde et al. (2005)
Progesterone 480 8.5x 10°  Barron et al. (2006) Mezyk et al. (2010)

Note: Reaction rate constant are for pH ~7 and temperature ~ 20 °C. Check references for exact pH, temp.

Legends: ko3

Second-order reaction rate constant of compound with ozone

kou Second-order reaction rate constant of compound with hydroxyl radical
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Table 4.16 Dominant oxidation pathway, and comparison of theoretical and actual

transformation of CECs

Compound Kon kos Theoretical Calculations Measured
M's! M's! fon.c fo3 % transf. Yo transf.
Antiphlogistics
Acetaminophen 1.7x10°  27x10° <0.01 >0.99 >99.9 99.7
Diclofenac 75x10°  ~1x10° <0.01 >0.99 >99.9 95
Ibuprofen 7.4x 10° 9.1 0.99 0.01 78.9 99.9
Ketoprofen 8.4x 10’ 0.4 >0.99 <0.01 82.4 82.3
Naproxen 9.6x10° 2x10° <0.01 >0.99 >99.9 98.9
Antibiotic - Fluoroquinolones
Ciprofloxacin 41x10°  1.9x10* 0.02 0.98 >99.9 89.4
Enrofloxacin 45x 10° 1.5x 10° <0.01 >0.99 >99.9 22.8
Norfloxacin 1x10° 1.1x10* 0.01 0.99 >99.9 85.3
Antibiotic - Macrolides
Erythromycin 6.93 x 10* >99.9% 50.4
Lincomycin 8.5x10° 6.7x10° <0.01 >0.99 >99.9 96.2
Roxithromycin 54x10°  63x10* 0.01 0.99 >99.9 3.5
Antibiotic — Tetracyclines
Chlortetracycline 52x10° 1.7x10’ <0.01 >0.99 >99.9 18.4
Doxycycline 7.6 x 10° 8x 10° <0.01 >0.99 >99.9 48.8
Oxytetracycline 56x10° 6.9x10° <0.01 >0.99 >99.9 98.4
Tetracycline 77x10°  1.9x10° <0.01 >0.99 >99.9 23.4
Antibiotic - Sulfonamides
Sulfamerazine 7.8x 10° 80.1%* 68.5
Sulfamethazine 83x10° 29x10° <0.01 >0.99 >99.9 99.3
Sulfamethoxazole 55x10° 25x10° <0.01 >0.99 >99.9 99.8
Antibiotic - Miscellaneous
Trimethoprim 6.9 x 10° 2.7x10° <0.01 >0.99 >99.9 98
Antiepileptic, antidepressant
Carbamazepine 8.8x 10’ 3x10° <0.01 >99.99 >99.9 99.9
Lipid regulators
Bezafibrate 7.4x 10° 590 0.50 0.50 95.2 90.9
Clofibric acid 4.7 x 10° <20 0.95 0.05 64.1 99.1
Gemfibrozil 8.0x10° 2x10* 0.03 0.97 >99.9 83.6
Estrogen replacement agents
Bisphenol-A (BPA) 1x10" 1.7x 10* 0.05 0.95 >99.9 99
Ovulation Inhibitors
19-Norethersterone 2215 99.7* 89
Reproductive Hormones
17-B-Estradiol (E2) 14x10"° 22x10° 0.01 0.99 >99.9 39
Estrone (E1) 26x10"°  9.4x10° <0.01 >99.99 >99.9 93
Estriol (E3) 1.0x10° >99.9% 97
Progesterone 8.5x 10° 480 0.13 0.87 75.3 > 67
Notes: * Theoretical percentage transformation is based on transformation with molecular ozone only.
** Theoretical percentage transformation is based on transformation with hydroxyl radicals only.

Legends: kos Second-order reaction rate constant of compound with ozone

Kou Second-order reaction rate constant of compound with hydroxyl radicals

fonc fraction transformation of compound with hydroxyl radicals

fos fraction transformation of compound with molecular ozone

transf. transformation
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The second-order reaction rate constant of most of the CECs with hydroxyl
radical is > 10° M - s (Table 4.15). However, the results in Table 4.16 indicate that the
oxidation pathway with hydroxyl radicals only dominates the transformation of
compounds that are ozone recalcitrant and have low reactivity with ozone (less than ~
600 M™" - s). Bezafibrate has low reactivity with ozone (ko; value 590 M™' - s) and high
reactivity with hydroxyl radicals (kon value of 7.4x10°M™'-s™). As per the
calculations, its fraction of transformation is 0.50 by hydroxyl radicals and 0.50 by
ozone. Progesterone also has low reactivity with ozone. Its reactivity with hydroxyl
radicals is one to two magnitudes lower compared to most of the other CECs. In this case,
the fraction of removal by ozone is 0.87 while that due to hydroxyl radicals is 0.13. For
CECs with koz; value > 10°m!- s'l, their fraction transformation due to reaction with
ozone is > 0.99. At the operating conditions in this study, the direct pathway dictates the
transformation of more than 80% of the CECs targeted.

Acero and von Gunten (2001) have shown that ozone-based AOPs, such as
ozone + hydrogen peroxide, can increase the Rcr value by three to ten times. If the Rer
value determined in the current study is increased by 10 times and the new value is
applied to the oxidation kinetic study, there is significant increase in the transformation of
ozone-recalcitrant CECs by hydroxyl radicals. However, the direct pathway still
dominates the transformation of majority of the CECs. Studies have shown that ozone-
based AOP process that increase the hydroxyl radical concentration by decreasing the
residual ozone concentration are not as effective as ozonation alone in disinfection of
MWWE. Hence, ozone-based AOP processes for treatment of MWWE may adversely

affect disinfection and might not improve significantly the transformation of CECs.
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Results from Table 4.16 indicate that, in general, the actual average
transformation values as in Table 4.12 are close to the calculated theoretical
transformation values. For some CECs such as ibuprofen and clofibric acid, the actual
transformation is higher than that theoretically calculated. On the other side, actual
transformations of CECs such as enrofloxacin, erythromycin, roxithromycin,
doxycycline, chlortetracycline, and tetracycline, were less than 60% while their
theoretically calculated transformation were close to 100%. These CECs have high
reactivity with ozone (ko3 value 10* to 10° M - s'l) as well as hydroxyl radicals (kon
value around 10°M™-s™). Hence, their low transformation was contrary to the
expectation. Similarly, the transformation of E2 was lower than expected. The analytical
difficulties and challenges related to analysis of CECs in MWWE matrix that have

concentrations less than 100 ng/L can be a reason for the low measured transformation.

4.8 Mutagenicity of secondary and tertiary treated effluent

Table 4.17 summarizes the results from the modified Ames fluctuation test
conducted to determine mutagenicity of MWWE pre-ozonation (FE), MWWE post-
ozonation (0OZ), and MWWE post ozonation + GAC filtration (OZGAC). Four of the
eighteen samples (i.e. 22% of samples) tested positive for mutagenic activity. Based on
the test results, the FE and the OZ samples exhibited mutagenic effect. The FE and OZ
samples with 50% dilution tested positive in two of the three trials. Their 10%
concentration samples always tested negative. As per the classification suggested by
Jolibois and Guerbet (2005) and reproduced in Table 4.18, the FE and OZ samples were

moderately mutagenic. As their mutagenicity response intensities were similar, it shows
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that ozone treatment did not increase the mutagenicity of ozonated MWWE. None of the
GAC filtered MWWE samples tested positive. This indicates that ozonation plus GAC

filtration reduced the mutagenic activity of the effluent.
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Table 4.17

Mutagenicity of secondary and tertiary treated MWWE samples

Sample Mutagenicity ratio (average + standard error)
Trial #1 Trial #2 Trial #3

Background 1.00 £0.15 1.00 £0.10 1.00 £ 0.04
50% FE 1.44 £0.48 2.57°+0.27 5.96°+ 0.24
10% FE 0.85+0.24 0.34 +£0.06 0.62 +0.06
50% OZ 0.85+0.15 2.32°+0.26 4.62°+0.37
10% OZ 0.97+£0.20 0.27 +0.06 0.84+0.12
50% OZGAC 091+0.18 0.40 = 0.04 1.02 +£0.37
10% OZGAC 0.74+£0.12 0.38+0.05 0.67+0.17
Notes:

1) The statistically significant positive results are highlighted in bold.

2) Prefix: 10%, 50% indicates the sample concentration in sterile distilled water.

Legends:

a p <0.05 (statistical significance)

b p<0.01

c p<0.001

FE: MWWE pre ozonation

0Zz: MWWE post ozonation

OZGAC: MWWE post ozonation + GAC filtration
Table 4.18 Mutagenic intensity
Sample Statistical significance level
concentration

p <0.05 p<0.01 p <0.001

10% Slight Moderate Strong
50% Slight Slight Moderate

Note: Table is adapted from Jolibois and Guerbet (2005).
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1  CONCLUSIONS

In this study, a pilot-scale ozonation plant was installed at Little River Pollution

Control Plant, Canada, and experiments were conducted to determine the efficacy of

ozonation of secondary treated municipal wastewater effluent (MWWE) for disinfection

and transformation of contaminants of concern. The results of experiments conducted to

study disinfection reveal the following:

The disinfection target of < 200 MPN E. coli/100 mL was consistently
achieved at transferred ozone dose (TOD) of around 0.72 mg Os/mg DOC
and sometimes but not always at TOD of 0.46 mg O3;/mg DOC.

Contact time of 2 minutes at TOD of around 0.72 mg Os/mg DOC was
sufficient to meet the disinfection target.

Residual ozone concentration reduced to less than quantifiable concentration
of 0.01 mg/L within a contact time of 8§ minutes or less.

Disinfection efficiency (measured as reduction in E. coli count) showed
correlation with TOD, residual ozone, UV absorption at 254 nm (UVA),
SUVA, and color. The correlation coefficient (R* value) was in the range of
0.53 to 0.80. A strong correlation was observed between disinfection
efficiency and reduction in the UVA as well as color (R* value of 0.80 in both

cases).
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e There was a positive change in the physicochemical properties of MWWE
after ozonation. Ozonation improved the aesthetics of MWWE by removing
color, increasing the dissolved oxygen (DO) concentration, and decreasing
the aromaticity (measured as UVA). At TOD of around 0.72 mg Os/mg DOC,
the DO increased from < 2.5 mg/L to around 8 mg/L. UVA reduction was
between 31 and 39% while color reduction was between 80 and 92%.

e Mineralization of the organics did not occur at TOD of around
0.72 mg O3/mg DOC since no change was observed in bulk organic
concentration (TOC) after ozonation. However, SUVA decreased by 34 to
42% and its value after ozonation was in the range of 1.16 to 1.35 (L/mg.m).
This indicates that ozonation of MWWE resulted in breaking of organic
molecules into molecules with lower molecular weight, and there was an

increase in the biodegradability of the organics.

The result of experiments conducted to study the occurrence of CECs in MWWE
and their transformation on ozonation reveal the following:
e CECs were present in the MWWE in ng/L to pg/L concentrations.
e At TOD of 0.72 mg Os/mg DOC, the sum of concentration of all the CECs
targeted reduced by 86 to 99%. Out of 31 CECs for which the transformation
efficiency could be calculated, transformation of 21 CECs exceeded 80%.
The concentrations of 11 CECs were reduced to less than their detection

limit.
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e The transformation of the CECs was lower at TOD of 0.46 mg O3;/mg DOC
than at TOD of 0.72 mg Os/mg DOC. The difference between transformation
at the two ozone doses was significantly higher for compounds having low
reactivity with ozone, example: bezafibrate and clofibric acid. The
transformation of CECs such as BPA, carbamazepine, diclofenac,
indomethacin, lincomycin, sulfamethoxazole, and trimethoprim was more
than 80% at both ozone doses.

e The direct pathway dominated transformation of more than 80% of the CECs
targeted. The indirect pathway dictated the transformation of CECs that are
less reactive with ozone (second-order reaction rate constant with ozone less
than ~ 600 M - s™).

e The mutagenicity of MWWE did not increase after ozonation.

The results indicate that for a properly treated secondary or tertiary MWWE, a
transferred ozone dose of < 1 mg O3/mg DOC should suffice to achieve the dual purpose

of disinfection as well as transformation of CECs.

5.2 RECOMMENDATIONS
e Testing methods should be developed for inline measurement of disinfection
of MWWE.
e Results of current study indicate that UV absorption at 254 nm and color has

strong correlation with inactivation of disinfection indicator microorganism.
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More studies should be conducted with MWWE of different municipal
wastewater treatment plants to confirm the finding.

Surrogate parameters to indirectly measure transformation of CECs on
ozonation should be developed.

By-products formed on ozonation of MWWE can be more mutagenic than
their parent compound. Test results of current study with modified Ames test
indicate that the mutagenicity of the effluent did not increase after ozonation
at the operating conditions. The finding should be confirmed with a battery of
genotoxicity tests.

The MWWE before ozonation and after ozonation tested positive for
mutagenicity in the current study. The effect of biofiltration of ozonated
MWWE on reduction of genotoxicity and mutagenicity of the MWWE should

be investigated.

188



APPENDICES

189



APPENDIX A
Effect of ozonation of MWWE spiked with PhACs and EDCs

Compound No. of TOC or DOC 05 dose 05 dose RL Os Pre Ozonated Post Ozonated % Reduction Reference
sample samples effluent Effluent Range (Median)
mg/L mg/L mg O3/ mgC ng/L ng/L ng/L
Ciprofloxacin 53 1 ~0.2 331,340 41 DD
53 1.5 ~03 331,340 66 DD
53 3 ~0.6 331,340 >99 DD
Enrofloxacin 53 1 ~0.2 359,390 62 DD
53 1.5 ~0.3 359,390 90 DD
53 3 ~0.6 359,390 >99 DD
Lincomycin 5.3 1 ~0.2 406,540 70 DD
Penicillin G 53 1 ~0.2 334,390 20 DD
53 1.5 ~0.3 334,390 40+ 15 DD
53 3 ~0.6 334,390 70 DD
53 5 ~1 334,390 >99 DD
Roxithromycin 53 1 ~0.2 837,050 55+10 DD
Sulfamethoxazole 53 1 ~0.2 253,280 66 DD
53 1.5 ~03 253,280 93 DD
53 3 ~0.6 253,280 >99 DD
Tetracycline 5.3 1 ~0.2 444,430 85 DD
53 1.5 ~03 444,430 >99 DD
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Appendix A cont’d (Effect of ozonation of MWWE spiked with PhACs and EDCs)

Compound No. of TOC or DOC 05 dose 05 dose RL Os Pre Ozonated Post Ozonated % Reduction Reference
sample samples effluent Effluent Range (Median)
mg/L mg/L mg O3/ mgC ng/L ng/L ng/L
Trimethoprim 53 1 ~0.2 290,320 59 DD
53 1.5 ~0.3 290,320 87 DD
53 3 ~0.6 290,320 >99 DD
17B-Estradiol 1.6 1 50,000 80 BL
1.6 5 50,000 >99 BL
1.6 10 50,000 99.6 BL
COD: 59 43 40 90 HS
COD: 44 1.9 40 90 HS
BOD: 2.5-4 3 0.7 200 >90 HM
Estrone COD: 59 6.1 40 90 HS
BOD: 2.5-4 1 0.7 200 >90 HM
BOD: 2.5-4 3 0.7 200 >RL >99 HM
17a-Ethinyl Estradiol COD: 59 6.2 40 90 HS
COD: 44 2.5 40 90 HS
BOD: 2.5-4 1 0.7 200 >90 HM
BOD: 2.5-4 3 0.7 200 ~10 ~95 HM
Legends: TOC: Total Organic Carbon DOC: Dissolved Organic Carbon 0Os: Ozone RL: Reported Limit

Reference Legends:

DD Dodd et al. (2006)
BL Bila et al. (2007)
HS Hansen et al. (2010)
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APPENDIX B

Correlation between TOD and reduction in color (for each trial)

Trial #1

y =19.515In(x) + 61.538

R2=0.9542
1 2 3 4 5
Transfered ozone dose, mg/L
Trial #3
y =42.003In(x) + 31.473
R?=0.9576
1 2 3 4 5

Transfered ozone dose, mg/L
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APPENDIX C

Correlation between TOD and reduction in UVA (for each trial)

Trial #1

y =19.923In(x) + 9.5216
R?= 0.9667
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% Reduction in UV254 Absorbance

Trial #2

y =29.575In(x) - 3.0099
R?= 0.9986

60

Trial #3

y =27.595In(x) - 8.6267
R?= 0.9525

% Reduction in UV254 Absorbance
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APPENDIX D

Details of the CECs targeted

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Analgesic/Anti-inflammatory Agents
Diclofenac 15307-86-5 C4H;,CILNO, 296.15 2-(2,6-dichloranilino) phenylacetic acid ()
Cl H OH

N

Cl
Ibuprofen 15687-27-1 Ci3H;50, 206.28 2-[4-(2-methylpropyl)phenyl]propanoic acid Io)

OH
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol

Indomethacin (6259) 53-86-1 Ci9H6CINO, 357.79 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H- Cl

indol-3-yl)acetic acid

O
N
OH
O

Ketoprofen 22071-15-4 Ci6H 1405 254.28 (2R)-2-(3-benzoylphenyl)propanoic acid - O
Naproxen (7997) 22204-53-1 Ci14H1404 230.26 (2S)-2-(6-methoxynaphthalen-2-yl)propanoic =

acid O O R OH

~ O
0]

Antibiotics
Carbadox 6804-07-5 C1HoN4O,4 262.22 methyl-N-[(1-hydroxy-4-oxidoquinoxalin-4-ium- O

2-ylidene)methylimino]carbamate N+

N O
NLA JJ\ e
ITJ N (@)
OH
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Chloramphenicol 56-75-7 C11H,CLN,Os 323.13 2,2-dichloro-N-((1R,2R)-1,3-dihydroxy-1-(4-
nitrophenyl)propan-2-yl)acetamide
Chlortetracycline 57-62-5 C5,H»3CIN, Oy 478.88 (4S,4a8,5a8S,12aR)-7-chloro-4-(dimethylamino)- Cl HO \N/
1,6,10,11,12a-pentahydroxy-6-methyl-3,12- t' H
dioxo-4,4a,5,5a-tetrahydrotetracene-2- Y
carboxamide
Ciprofloxacin 85721-33-1 C7HsFN;05 331.34 1-cyclopropyl-6-fluoro-4-oxo-7-piperazin-1-
ylquinoline-3-carboxylic acid HN /\
N A
| OH
F
O
Doxycycline 564-25-0 CH24N,0g 444.43 (4S,4aR,5S,5aR ,6R,12aR)-4-(dimethylamino)- -

1,5,10,11,12a-pentahydroxy-6-methyl-3,12-
dioxo-4a,5,5a,6-tetrahydro-4H-tetracene-2-

carboxamide
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Appendix D cont’d (Details of the CECs targeted)

Compound

CAS-RN

Molecular formula

Mol
g/mol

Wt.

Chemical Name

Structure

Enrofloxacin

93106-60-6

C 19H22FN303

359.39

1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-fluoro-

4-oxoquinoline-3-carboxylic acid

Erythromycin

114-07-8

C37H67N013

733.93

(3R,4S,5S,6R,7R,9R,11R,12R,13S,14R)-6-
[(2S,3R,4S,6R)-4-(dimethylamino)-3-hydroxy-6-
methyloxan-2-ylJoxy-14-ethyl-7,12,13-
trihydroxy-4-[(2R,4R,5S,6S)-5-hydroxy-4-
methoxy-4,6-dimethyloxan-2-ylJoxy-
3,5,7,9,11,13-hexamethyl-oxacyclotetradecane-
2,10-dione
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Lasalocid A 25999-31-9 C34Hs405 590.79 6-[(3R,4S,5S,7R)-7-[(2S,3S,5S)-5-¢ethyl-5-
[(2R,5R,6S)-5-ethyl-5-hydroxy-6-methyloxan-2-
yl]-3-methyloxolan-2-yl]-4-hydroxy-3,5-
dimethyl-6-oxononyl]-2-hydroxy-3-
methylbenzoic acid
Lincomycin 154-21-2 CisH34N>06S 406.54 (2S,4R)-N-[(1S)-2-hydroxy-1-[(3R,4S,5R,6R)- OH
3,4,5-trihydroxy-6-methylsulfanyloxan-2- _ S, H OH
yl]propyl]-1-methyl-4-propylpyrrolidine-2-
carboxamide o) O OH
w
\/ [ ”
N OH
AN
Meclocycline 2013-58-3 C,H,;CIN,Og 476.86 (4S,4aR,5S,5aR,12aR)-7-chloro-4-

(dimethylamino)-1,5,10,11,12a-pentahydroxy-6-
methylidene-3,12-dioxo-4,4a,5,5a-

tetrahydrotetracene-2-carboxamide
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Norfloxacin 70458-96-7 Ci6H1sFN;03 319.33 1-ethyl-6-fluoro-4-oxo-7-piperazin-1- HN /ﬁ K
ylquinoline-3-carboxylic acid K/ N N
| OH
F
O O
Oxytetracycline 79-57-2 CH»4N>09 460.43 (4S,4aR,5S,5aR,6S,12aR)-4-(dimethylamino)- HO 0 ~N N ~
1,5,6,10,11,12a-hexahydroxy-6-methyl-3,12- B B
dioxo-4,4a,5,5a-tetrahydrotetracene-2-
carboxamide
Penicillin G 61-33-6 Ci6H1sN204S 334.39 (2S,5R,6R)-3,3-dimethyl-7-0x0-6-[(2- ()
. . HO—/
phenylacetyl)amino]-4-thia-1- Z

azabicyclo[3.2.0]heptane-2-carboxylic acid
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Appendix D cont’d (Details of the CECs targeted)

Compound

CAS-RN

Molecular formula

Mol
g/mol

Wt.

Chemical Name

Structure

Roxithromycin

80214-83-1

C4] H76N201 5

837.05

(3R,4S,5S,6R,7R,9R,10Z,11S,12R,138S,14R)-6-
[(2S,3R,4S,6R)-4-(dimethylamino)-3-hydroxy-6-
methyloxan-2-ylJoxy-14-ethyl-7,12,13-
trihydroxy-4-[(2R,4R,5S,6S)-5-hydroxy-4-
methoxy-4,6-dimethyloxan-2-ylJoxy-10-(2-
methoxyethoxymethoxyimino)-3,5,7,9,11,13-

hexamethyl-oxacyclotetradecan-2-one

Ome
/

HO™

Sulfachloropyridazine

80-32-0

C1oHyCIN4O,S

284.72

4-amino-N-(6-chloropyridazin-3-

yl)benzenesulfonamide

HoN

Sulfadiazine sodium

547-32-0

Ci0HyN4NaO,S

272.26

sodium  (4-aminophenyl)sulfonyl-pyrimidin-2-

ylazanide

HoN

Sulfadimethoxine

122-11-2

CIZHI4N4O4S

310.33

4-amino-N-(2,6-dimethoxypyrimidin-4-

yl)benzenesulfonamide

NH,
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Sulfamerazine 127-79-7 Ci1H,N40-S 264.30 4-amino-N-(4-methylpyrimidin-2- 0O H
. “ _N N
yl)benzenesulfonamide S~ W NS
\
(@] N Pz
HoN
Sulfamethazine 57-68-1 C»H14N40-S 278.33 4-amino-N-(4,6-dimethylpyrimidin-2- H 0
yl)benzenesulfonamide | NYN\S//
//
_N O \©\
NH,
Sulfamethizole 144-82-1 CoH(N4O,S, 270.33 4-amino-N-(5-methyl-1,3,4-thiadiazol-2- 0 H
yl)benzenesulfonamide \\S N\(S
I\ \ />"'
=N
HoN
Sulfamethoxazole 723-46-6 CoH1N;05S 253.28 4-amino-N-(5-methyl-1,2-oxazol-3- 0 H
yl)benzenesulfonamide \\S NW
[\
O N- o)
HoN
Sulfathiazole 72-14-0 CyHyN;0,S, 255.32 4-amino-N-(1,3-thiazol-2-yl)benzenesulfonamide 0 H
“ _N N
% T
O s
HoN
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Appendix D cont’d (Details of the CECs targeted)

Compound

CAS-RN

Molecular formula

Mol

g/mol

Wt.

Chemical Name

Structure

Tetracycline

60-54-8

C22H24N208

44443

(4S,4a8,5a8S,6S,12aR)-4-(dimethylamino)-
1,6,10,11,12a-pentahydroxy-6-methyl-3,12-
dioxo-4,4a,5,5a-tetrahydrotetracene-2-

carboxamide

Trimethoprim

738-70-5

C 14Hl 8N403

290.32

5-[(3,4,5-trimethoxyphenyl)methyl]pyrimidine-

2,4-diamine

Tylosin

1401-69-0

C46H77NOI 7

916.10

2-[(4R,5S,6S,7S,9R,11E,13E,15R,16R)-6-
[(3R,5S)-5-[(28,58,65)-4,5-dihydroxy-4,6-
dimethyloxan-2-yl]Joxy-4-(dimethylamino)-3-
hydroxy-6-methyloxan-2-yl]oxy-16-ethyl-4-
hydroxy-15-[[(2R,3S,5R,6R)-5-hydroxy-3,4-
dimethoxy-6-methyloxan-2-yl]Joxymethyl]-
5,9,13-trimethyl-2,10-dioxo-1-
oxacyclohexadeca-11,13-dien-7-yl]acetaldehyde

HO

O

Virginiamycin M1

21411-53-0

C28H35N307

525.59

8,9,14,15,24,25-Hexahydro-14-hydroxy-4,12-
dimethyl-3-(1-methylethyl)-3H-21,18-nitrilo-
1H,22H-pyrrolo[2,1-
C][1,8,4,19]dioxadiazacyclotetracosine-

1,7,16,22(4H,17H)-tetrone
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Estrogen Replacement Agents
Bisphenol A 80-05-7 Ci5H60, 228.29 4-[2-(4-hydroxyphenyl)propan-2-yl]phenol HO | | OH
Diethylstilbestrol 56-53-1 CisH200, 268.35 4-[(E)-4-(4-hydroxyphenyl)hex-3-en-3-yl]phenol
Equilin 474-86-2 Ci5H200, 268.35 (9S,138,14S)-3-hydroxy-13-methyl-
9,11,12,14,15,16-hexahydro-6H-
cyclopenta[a]phenanthren-17-one
Lipid regulators
Bezafibrate 41859-67-0 CoH50CINO, 361.82 2-[4-[2-[(4- (@)
chlorobenzoyl)amino]ethyl]phenoxy]-2- o)
o O OH
methylpropanoic acid
N
H
Cl

203




Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Clofibric acid 882-09-7 CioH;:ClOs 214.65 2-(4-chlorophenoxy)-2-methylpropanoic acid ()
@)
©/ >
Cl

Gemfibrozil 25812-30-0 C5H»,05 250.33 5-(2,5-dimethylphenoxy)-2,2-dimethylpentanoic o

acid

0]

Ovulation Inhibitors
17-a-Ethynyl Estradiol 57-63-6 CaoH40, 296.40 (8R,98,138,14S,17R)-17-ethynyl-13-methyl-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthrene-3,17-diol
19-Norethisterone 68-22-4 Cy0H260, 298.42 (8R,9S,10R,138S,14S,17R)-17-ethynyl-17-

hydroxy-13-methyl-
6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-
1H-cyclopenta[a]phenanthren-3(2H)-one

Reproductive Hormones
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol

17-a-Estradiol 57-91-0 CisH240, 272.38 (8R,9S,138,14S,17R)-13-methyl-
6,7,8,9,11,12,14,15,16,17-
decahydrocyclopenta[a]phenanthrene-3,17-diol

17-B-Estradiol 57-91-0 CisH240, 272.38 (8R,98,138,14S,17S)-13-methyl-
6,7,8,9,11,12,14,15,16,17-
decahydrocyclopenta[a]phenanthrene-3,17-diol

Estrone 53-16-7 CsH»,0, 270.37 (8R,98,138,148)-3-hydroxy-13-methyl-
7,8,9,11,12,14,15,16-octahydro-6H-
cyclopenta[a]phenanthren-17-one

Estriol 50-27-1 CisH2405 288.38 (8R,98,13S,14S,16R,17R)-13-methyl-

6,7,8,9,11,12,14,15,16,17-
decahydrocyclopenta[a]phenanthrene-3,16,17-

triol
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Progesterone 57-83-0 C11H300, 314.46 (8S,9S,10R,138,14S,17S)-17-acetyl-10,13-
dimethyl-1,2,6,7,8,9,11,12,14,15,16,17-
dodecahydrocyclopenta[a]phenanthren-3-one
Anitcoagulant
Warfarin 81-81-2 C1oH 604 308.33 4-hydroxy-3-(3-oxo-1-phenylbutyl)chromen-2- O (@)
one
/
OH
@)
Antiepileptic, antidepressant
Carbamazepine 298-46-4 CsH,N>,O 236.27 SH-Dibenzo[b,f]azepine-5-carboxamide —
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Antipyretic
Acetaminophen 103-90-2 CsHoNO, 151.16 N-(4-hydroxyphenyl)acetamide o OH
M Ji ]
H
Ionophore
Monensin sodium 17090-79-8 Cs6HqiNaOy, 692.85 sodium(2R,3S,4R)-4-[(2R,6R,7S,8R,9S)-2-
[(2R,5S)-5-ethyl-5-[(2S,3R,5S)-5-
[(28,3S,5R,6R)-6-hydroxy-6-(hydroxymethyl)-
3,5-dimethyloxan-2-yl]-3-methyloxolan-2-
yl]oxolan-2-yl]-9-hydroxy-2,
8-dimethyl-1,6-dioxaspiro[4.5]decan-7-yl]-3-
methoxy-2-methylpentanoate
Perfluorosurfactants
Perfluorobutanesulfonic acid | 375-73-5 C,HF,0;S 300.10 1,1,2,2,3,3,4,4,4-nonafluorobutane-1-sulfonic E FF F
(PFBS) acid FN S//o
F 4" OH
F FFQ ©
Perfluorooctanoic acid | 335-67-1 C3HF50, 414.07 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-
(PFOA) pentadecafluorooctanoic acid

F FFF FFF
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Appendix D cont’d (Details of the CECs targeted)

Compound CAS-RN Molecular formula Mol  Wt. | Chemical Name Structure
g/mol
Perfluorooctanesulfonic acid | 1763-23-1 CsHF ;058 500.13 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8- F FE FF FE F
(PFOS) heptadecafluorooctane-1-sulfonic acid F S//
// ~
Pt FEFFFFQ OH

References:

(1) Chemical name: http://www.ncbi.nlm.nih.gov/pccompound, Accessed on: Jan 02, 2012
2) CAS number: http://www.chemicalbook.com Accessed on: Jan 02,2012

3) Drawings: Chemdraw
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