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Endocrine disrupting compounds (EDCs) and
pharmaceuticals and personal care products (PPCPs) in
the aquatic environment: implications for the drinking
water industry and global environmental health

M. F. Rahman, E. K. Yanful and S. Y. Jasim

ABSTRACT

Endocrine disrupting compounds (EDCs) and pharmaceuticals and personal care products (PPCPs)
are a group of chemical compounds with diverse physical and chemical properties. Recent
studies have indicated undesired effects of EDCs and PPCPs at their reported trace
concentrations (ngl~' to pgl™"). This paper reviews the current knowledge on the sources,
properties, occurrence and health impacts of EDCs and PPCPs, and their removal from drinking
water using ozonation and ozone/hydrogen peroxide-based advanced oxidation. The paper also
examines the potential threats posed by these chemicals to drinking water and public health.
While these compounds are known to have adverse effects on ecosystem health, notably in the
fish population, a similar link is yet to be established between ingestion of these compounds
through drinking water and human health. In addition, data on the effectiveness of existing
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methods for the removal of these compounds are not conclusive. Further studies are required to
characterize risks, and also to evaluate and optimize existing removal processes. Also concerted
international effort is urgent to cut down the risk of exposure and restrain the production and
marketing of toxic chemicals.
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BPA  bisphenol-A . . .
DOC dissolved . b USEPA United States Environmental Protection Agency
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EDCs endocrine disrupting compounds .

. . uv ultraviolet
EE2  17a- ethinylestradiol
GAC granular activated carbon
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& INTRODUCTION
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PAC powdered activated carbon It was reported as early as 1930 that certain chemical
PAHs poly aromatic hydrocarbons compounds and plant tissues can have an impact on the
PCBs polychlorinated biphenyls hormone system (Walker & Janey 1930; Cook et al. 1934).
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With the advances in analytical capability, the presence of a
long list of chemically diverse compounds at trace concen-
trations has been identified in the environment. Endocrine
disrupting compounds (EDCs) and pharmaceuticals and
personal care products (PPCPs) are almost ubiquitous in
municipal sewage treatment plant (STP) effluents and
source waters for drinking water treatment plants (Snyder
et al. 2005). Many studies have indicted trace level
occurrence of EDCs and PPCPs causing adverse impacts
in humans and in ecosystems. There is a perceived risk of
indirect contamination via drinking water as studies have
shown that conventional treatment systems perform poorly
in removing these chemicals from drinking water (Snyder
et al. 2003; Westerhoff 2003; Stackelberg et al. 2004).
Thus the drinking water industry faces a challenge as
regulatory bodies and the public become aware of the
presence of these compounds in water, which were
previously not detectable (Westerhoff 2003). This paper
attempts to provide a summary of the properties of EDCs
and PPCPs, their occurrences in the aquatic environment,
health impacts, and discusses their removal from water
using ozonation and ozone-based advanced oxidation. The
paper lists some of the challenges these micro-pollutants
present to the drinking water industry. It also discusses the
threats EDCs and PPCPs pose to public health, and
addresses the current gaps in knowledge and future
research needs. It is hoped that this work would encourage
readers from various disciplines to get involved and
contribute to the ongoing discussion on the presence of
EDCs and PPCPs in the aquatic environment.

EDCS AND PPCPS: SOURCES AND PROPERTIES

EDCs are either naturally occurring or synthetic substances
that interfere with the functioning of hormone systems
resulting in unnatural responses (Birklett 2003). The United
States Environmental Protection Agency (USEPA) defines
EDCs as agents that ‘interfere with the synthesis, secretion,
transport, binding, or elimination of natural hormones in
the body that are responsible for maintenance of homeo-
stasis, reproduction, development and/or behaviour’ (Birk-
lett 2003). A number of steroid hormones, both natural
and synthetic, alkylphenols, pesticides, organic oxygen

Downloaded from http://iwaponline.com/jwh/article-pdf/7/2/224/397184/224 .pdf

bv auest

compounds, poly aromatic hydrocarbons (PAHs) and
dioxins have so far been confirmed as EDCs. Drugs are
designed for specific biological action in target receptors
(Halling-Sorensen et al. 1998; Jones et al. 2005). However,
they can cause adverse impacts to non-target receptors
(Jones et al. 2005; Jasim et al. 2006) and some of them
(certain oral contraceptive medications, thyroid hormones
administered as medications, and estrogen replacement
pharmaceuticals) can act as EDCs. To date no exhaustive
list of EDCs exists, because, for many chemicals, there is
limited and incomplete evidence of endocrine disrupting
activity or evidence of endocrine activity which is con-
troversial and also because most chemicals in the market
have not been tested for their endocrine toxicity (Snyder
et al. 2006a; Kim et al. 2007).

The endocrine system controls various basic functions
such as reproduction, synchronization of physical develop-
ment and maintenance in animals and plants with the help
of hormones (Lintelmann et al. 2003; Birklett 2003). Of the
various mechanisms by which EDCs affect the hormone
system, the principal three (Pocar et al. 2003) are as follows.
They may act as a hormone mimic by binding to the
receptor sites of the target cells and activating a response.
This is defined as an agonistic effect. In the case of an
antagonistic effect, the chemical will act as a hormone
blocker and no response is produced as the chemical binds
to the receptor and prevents natural hormones from
interacting. Figure 1 illustrates these endocrine disruption
processes (agonistic and antagonistic effects). Sometimes
agonists and antagonists bind to the same receptors
resulting in subtle changes in receptor conformation
(Birklett 2003).

EDCs and PPCPs found in the aquatic environment are
structurally diverse. Water solubility, adsorption coefficient
(logKoc), bioconcentration (logKow) and Henry’s law
constant (Birklett 2003; Lintelmann et al. 2003) are some
of the important properties that determine the fate and
behaviour of EDCs. A low water solubility and high
octanol/water partition coefficient (log Kow) or high car-
bon/water coefficient (log Koc) will promote sedimentation
or association with biota (Birklett 2003). PPCPs are
biologically active, not readily biodegradable and often
have high water solubility relative to their molecular weight
(Jorgensen 2001). Despite having short half-lives, many
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Figure 1 | Endocrine disruption process (from Birklett 2003).

PPCPs can still become persistent in the aquatic environ-
ment owing to their continual disposal and release in the
aquatic environment (Jasim et al. 2006).

EDCs and PPCPs find their way into watercourses by
many routes including direct discharges into water;
excretion and inappropriate disposal after use of drugs
and chemicals by householders; agricultural and cattle
feedlot runoff; industrial and STP effluents; accidental
releases (through spills, run off, atmospheric deposition);
and release of compounds indirectly through diffuse sources
such as storm water runoff (Jones ef al. 2004; Sumpter 2005;
Falconer et al. 2006). Moreover pollutants can be trans-
ported via watercourses to new areas far from their sources,
for example persistent organic pollutants (POPs) can
accumulate in areas such as the Arctic where they have
never been used or produced (Lintelmann ef al. 2003). Due
to strict regulations, point sources such as manufacturing
industries of both human and veterinary medicines do not
contribute to pharmaceuticals pollution as much as non-
point sources such as households and agricultural runoff
(Jones et al. 2003). About 33% of the total volume of drugs
and 25% of the total sold is disposed of with household
waste or in drains in Germany and Austria, respectively
(Kummerer 2004). A survey in the United Kingdom found
that 63.2% of unwanted medicines are disposed of with
household wastes and another 11.5% are flushed down the
sink or toilet (Bound & Voulvoulis 2005). Also a significant
proportion of drugs may flush out of the human body
unmetabolized. For example, beta-blocker nadolol can be
excreted unmetabolized, in contrast to carbamazepine, of
which only 3% is excreted unchanged (Bound & Voulvoulis
2005). Table 1 lists some EDCs and PPCPs, and their main
sources or pathways and important physicochemical
properties.
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OCCURRENCES IN THE AQUATIC ENVIRONMENT

Herbicides constitute more than half of all pesticides used
in the developed world (Hua et al. 2006a). A number of
studies have reported the occurrence of pesticides and
herbicides and their metabolites in surface water, ground-
water and near-surface aquifers in the United States
(Thurman et al. 1992; Kolpin et al. 1996, 1998a,b, 2000,
2002; Boxall et al. 2004). Kolpin et al. (1998a) detected
pesticides including atrazine, metachlor and prometon, in
54.4% of groundwater samples in 1,034 sites across the
United States. However, concentrations of the detected
contaminants were generally less than 1pgl™!. Atrazine,
of which about 3 x 10°kg per year is used in the great
lakes basin, has also been frequently detected in river
waters in Ontario, Canada (Frank & Logan 1988; Hua
et al. 2006a,b; Jasim et al. 2006). A detailed survey
conducted by the United States Geological Survey
(USGS) in 139 streams across 30 states in the United
States detected 82 of 95 target compounds that included
steroids, plasticizers, detergent metabolites, veterinary
medicines and other organic water contaminants. Steroids
and nonprescription drugs were the most frequently
detected contaminants with over 80% occurrence (Kolpin
et al. 2002).

Metabolites of chemicals are also important; Boxall
et al. (2004) reported occurrences of metabolites more
frequently than their parent compounds. Acetachlor ESA
and acetachlor OXA were detected 30% more frequently
than their parent compound acetachlor (Boxall et al
2004). Similar conclusions were also drawn by Kolpin
et al. (1998D). Degradates often have a much lower Koc
value than their parent compounds. Thus those degra-
dates are more likely to be released by STP effluents or be



Table 1 | Sources and physicochemical properties of selected EDCs and PPCPs

Main source or pathways

CAS registry no.

Molecular weight

Water solubility@
25°C (mgl~")

Log Kow

Steroids
Estrone (E1)

Estriol

Testosterone
17B-estradiol (E2)
17a-ethinylestradiol
(EE2)

Diethylstilbestrol (DES)
Alkylphenols
4-Nonylphenol
Nonylphenol-ethoxylate

4-tert-octylphenol

Triazine herbicides

Atrazine

Simazine

Organochlorines
p-p' DDT

p-p' DDE

Plant & Davis (2003) Sewage treatment plant
(STP) effluents and agricultural runoff

Plant & Davis (2003) Surfactants, in certain
kinds of detergent. May enter environment
via industrial and municipal effluents

Plant & Davis (2003) Widely used worldwide,
mainly on maize. Enters by agricultural runoff as
diffuse pollution into groundwater. Non-agricultural
uses have been banned in developed countries

Plant & Davis (2003) May enter environment

through groundwater, atmospheric transport and
agricultural runoff. DDT is still being used in

some developing countries and may be concentrated

in imported goods. But main sources in developed
countries are likely to be historically contaminated sites
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53-16-7

50-27-1

58-22-0

50-28-2

57-63-6

56-53-1

84852-15-3

27986-36-3

104-66-9

1912-24-9

122-34-9

50-29-3

72-55-9

270.4 (Westerhoff
et al. 2005)

288.4 (Westerhoff
et al. 2005)

288.2 (Westerhoff
et al. 2005)

272.2 (Westerhoff
et al. 2005)

296.2 (Westerhoff
et al. 2005)

220 (Ying
et al. 2002)

264(Ying

et al. 2002)
206 (Ying
et al. 2002)

215.1 (Westerhoff
et al. 2005)

201.7
(Schwarzenbach
et al. 2003)

354.5 (Westerhoff
et al. 2005)

315.9 (Westerhoff
et al. 2005)

12.42 (Lintelmann
et al. 2003)

13.25 (Lintelmann
et al. 2003)

5.57 (Lintelmann
et al. 2003)

12.96 (Lintelmann
et al. 2003)

4.83 (Lintelmann
et al. 2003)

5.43 (Lintelmann
et al. 2003)

3.02 (Lintelmann
et al. 2003)

12.6 (Lintelmann
et al. 2003)

30 @ 20°C
(WHO 1996)

5 @ 20°C
(WHO 1996)

0.0034 (Lintelmann
et al. 2003)

0.024 (Lintelmann
et al. 2003)

3.13 (Lintelmann
et al. 2003)

2.45 (Lintelmann
et al. 2003)
3.32 (Lintelmann
et al. 2003)
4.01 (Lintelmann
et al. 2003)
3.67 (Lintelmann
et al. 2003)

5.07 (Lintelmann
et al. 2003)

4.48 (Lintelmann
et al. 2003)

4.17 (Lintelmann
et al. 2003)

4.12 (Lintelmann
et al. 2003)

2.61 (Westerhoff
et al. 2005)

2.18 (WHO 1996)

6.20 (Lintelmann
et al. 2003)

5.76 (Lintelmann
et al. 2003)
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Table 1 | (continued)

Water solubility@

Name Main source or pathways CAS registry no. Molecular weight 25°C (mgl™") Log Kow
Dieldrin 60-57-1 380.9 (Westerhoff 0.186 @ 20°C 6.2 (Health
et al. 2005) (Health Canada 1995) Canada 1995)
p-p’ DDD 72-54-8 320.1 (Westerhoff 0.090 (Lintelmann 5.86 (Lintelmann
et al. 2005) et al. 2003) et al. 2003)
Methoxychlor 72-43-5 344 (Westerhoff 0.045 (Lintelmann 4.68-5.08
et al. 2005) et al. 2003) (Lintelmann
et al. 2003)
Polyaromatic
hydrocarbons (PAHs)
Pyrene Lintelmann et al. (2003) Generated during 129-00-0 202.3 (Westerhoff 4.88 (Westerhoff
incomplete combustion of organic matter. et al. 2005) et al. 2005)
Emission from anthropogenic sources such
as traffic, heating and industrial processes like steel
and aluminium production. May also enter from
natural events such as volcanic eruption and
forest fire
Benzo[a ] pyrene 50-32-8 252.1 (Westerhoff 0.0033 (Lintelmann 6.13 (Lintelmann
et al. 2005) et al. 2003) et al. 2003)
Fluoranthene 206-44-0 202.3 (Westerhoff 0.22 (Lintelmann 5.13 (Lintelmann
et al. 2005) et al. 2003) et al. 2003)
Benzo[b] fluoranthene 205-99-2 252.3 (Westerhoff 0.0012 (Lintelmann 5.78 (Lintelmann
et al. 2005) et al. 2003) et al. 2003)
Other substances
Bisphenol A Plasticizer, fungicide and disinfectant. May enter 80-05-7 228.29 120 (Lintelmann 3.4 (Lintelmann
via industrial effluents and also from products et al. 2003) et al. 2003)
in use and waste products
Bis (tributyltin)oxide Main source: harbours. Organotins used for 56-35-9 8-10 (Lintelmann 3.62 (Lintelmann
painting of ships et al. 2003) et al. 2003)
2,3,7,8- TCDD Plant & Davis (2003) Diffuse sources including metal 1746-01-6 321.9 (Arthur & 0.0013 x 1073 6.76 (Lintelmann
processing industries, medical and other waste Frea 1989) (Lintelmann et al. 2003)
incineration et al. 2003)
2,3,7,8-TCDF 51207-31-9 306 (Schwarzenbach 0.00042 (Lintelmann 6.22 (Lintelmann
et al. 2003) et al. 2003) et al. 2003)
Pharmaceuticals
Carbamazepine STP effluents: domestic use, excretion and 298-46-4 236.28 (Nentwig 17.7 (Nentwig 2.45 (Nentwig

inappropriate disposal. Failure of the STPs
to efficiently remove these trace organic
compounds leads to their aquatic occurrences
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et al. 2004)

et al. 2004)

et al. 2004)
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Table 1 | (continued)

Water solubility@

Name Main source or pathways CAS registry no. Molecular weight 25°C (mgl™") Log Kow
Caffeine 58-8-2 194.2 (Westerhoff Slightly soluble <0 (Westerhoff
et al. 2005) et al. 2005)
Acetaminophen 103-90-2 151.2 (Westerhoff 0.46 (Westerhoff
et al. 2005) et al. 2005)
Ibuprofen 15687-27-1 206.1 (Westerhoff 21 (Scheytt 3.97 (Westerhoff
et al. 2005) et al. 2005) et al. 2005)
Naproxen 22204-53-1 230.1 (Westerhoff 27 (Mura 3.18 (Westerhoff
et al. 2005) et al. 2002) et al. 2005)
Gemfibrozil 25812-30-0 250.2 (Westerhoff 4.77 (Westerhoff
et al. 2005) et al. 2005)
Erythromycin-H,O 114-7-8 733.9 (Westerhoff Slightly soluble 3.06 (Westerhoff
et al. 2005) et al. 2005)
Trimethoprim 738-70-5 290.1 (Westerhoff 0.91 (Westerhoff
et al. 2005) et al. 2005)
Clofibric acid 882-09-7 214.65 (Nentwig 583 (Nentwig 2.57 (Nentwig
et al. 2004) et al. 2004) et al. 2004)
Iopromide 73334-7-3 790.9 (Westerhoff <0 (Westerhoff
et al. 2005) et al. 2005)
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transported to surface and ground waters from the soils.
Persistent and mobile degradates are often difficult to
identify and the costs associated with their analysis can
be high (Boxall et al. 2004).

About 100 pharmaceuticals have now been detected in
rivers, lakes and coastal waters throughout Europe and
the United States in trace concentrations (Hemminger
2005). Analgesics (ibuprofen, naproxen), lipid regulators
(gemfibrozil, clofibric acid), antibiotics, steroid hormones,
anti-epileptics (carbamazepine), X-ray media contrasts
(iopromide), stimulant caffeine and detergent metabolites
have been reported in the concentration range of a few
ngl~! to pgl™! in various water matrices including surface
waters and STP effluents (Halling-Sorensen et al. 1998;
Ternes 1998, 2001; Stumpf et al. 1999; Kolpin et al. 2002;
Metcalfe et al. 2003; Solaiman ef al. 2004; Servos et al. 2005).
Bioaccumulation of 17a-ethinylestradiol (EE2) and nonyl-
phenol in biota samples (Mediterranean mussels) in Venice
lagoon, Italy, in the concentration range of 7.2-240ngl™*
have been found (Pojana et al. 2007).

Available occurrence data for EDCs and PPCPs in
drinking water are sparse (Snyder et al. 2005). Stackelberg
et al. (2004) studied the occurrence of organic wastewater
contaminants in a United States drinking water treatment
plant. Of the 106 target contaminants, 34 contaminants
were detected in 10% of the raw water samples and more
than 11 contaminants (such as bisphenol A, carbamazepine,
caffeine, cotinine, tetrachloroethylene) in finished drinking
water (Stackelberg et al. 2004). DEET (an insect repellent)
was found as the most common contaminant in both raw
and finished drinking water in recent research by the
American Wastewater Research Foundation (Khiari 2007).
The foundation also reported frequent occurrences (>65%
of samples) of ibuprofen, meprobamate, dilantin and
iopromide in finished drinking water. Atrazine occurred at
the highest concentrations of any contaminant tested in
both raw and finished water but far below the maximum
contaminant level of 3ugl™! (Khiari 2007). In Ontario,
Canada, ibuprofen was detected in finished drinking water
with a median concentration of 0.5ngl™! and 13ngl™!
when the sources of water were lakes and rivers, respect-
ively, which were contaminated with upstream STP efflu-
ents (Metcalfe et al. 2004). Zuccato et al. (2000) reported
the occurrence of the antibiotic tylosin, a veterinary growth
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promoter, in drinking water at a concentration of 0.6-
1.7ngl™ 1.

EDCs such as bisphenol A (BPA), alkylphenols,
phthalates and PAHs can leach into drinking water when
plastics pipes are used in supply lines. BPA is used for
relining drinking water supply lines and as coatings for
many fittings. Concentrations of BPA up to 1mgl~! have
been reported in water supplies. BPA may also leach from
lacquer in food cans into water supplies (Gomes & Lester
2003). PAHs can be remobilized into the drinking water
when water mains are coated with coal-tar pitch. Maier et al.
(2000) as cited by Gomes & Lester (2003) noted that
disinfection with chlorine might lead to the leaching of
PAHs from coal-tar pitch.

HEALTH EFFECTS OF EDCS AND PPCPS

Exposure to EDCs and PPCPs can result from chronic dose
rather than bioaccumulation, thus making them toxic to
receptor organisms. Fish probably bear the brunt of
occurrence of the chemicals in the aquatic environment.
Impaired reproduction and sexual anomalies have been
observed in some fish species. Some of the reported adverse
health impacts of EDCs and PPCPs on wildlife are
presented in Table 2.

In recent years, incidences of breast, prostate and
testicular cancers have increased a great deal. This
increase has been linked to the EDCs (Plant & Davis
2003). The consequences of prenatal exposure to diethyl-
stilbestrol,
impairment and miscarriage have been reported (Birn-

such as reproductive disorders, cognitive
baum 1994; Damgaard et al. 2002; Falconer et al. 2006;
Inadera 2006). Exposures to industrial chemicals and
organochlorine pesticides have often been blamed for
causing early onset of puberty in girls, delayed puberty in
boys and impaired fertility in men (Sharpe & Irvine 2004;
Snyder et al. 2005). Colon et al. (2000) detected high
levels of phthalate esters in Puerto Rican girls with
premature breast development (premature thelarche).
Prolonged or permanent neurological injuries including
cognitive impairment and behaviour abnormalities may
occur in children, particularly to the foetus if exposed to
dioxins and PCBs (Falconer et al. 20006).



Table 2 \ Reported health impacts of EDCs and PPCPs on wildlife

Species Health effects Environmental exposure/indicted contaminant References
Fish Mosquito fish ~ Masculinization Exposure to androgenic Paper mill effluents. Howell et al. (1980),
Sumpter (2005) and Orlando
& Guillette (2007)
Rainbow trout Feminization (male fish producing Ethinyl-estradiol (EE2) and alkylphenol Purdom et al. (1994)
eggs and female hormones such as ethoxylates present in sewage treatment
vitellogenin) and sterility plant (STP) effluents
Alligators Reproductive tracts disorder including Organochlorines such as DDTs, DDEs Guillette ef al. (1994)

Gulls, terns,
herons and other
predatory birds

White-backed

(Gyps bengalensis)
and long-billed

(Gyps indicus) vultures

Snails

Daphnia pulex
Ewes/sheep

reduced penis size in males and
population decrease

Feminization and other sexual
abnormalities, thin walled eggshells

Kidney failure leading to death.
These species are on the verge
of extinction in South Asia

Imposex (altered sexual orientation)

Impaired reproduction
Infertility

Polychlorinated biphenyls
(PCBs), DDTs, DDEs

Veterinary use of diclofenac

Exposure to tributyltin (TBT) in marine
environment near ports

Simazine

Observed in sheep that were grazed in
clover pastures rich in phytoestrogen.
Formononetin in clovers is primarily
held responsible

and Safe (2000)

Safe (2000) and Fry (1995)

Proffitt & Bagla (2004)

Sumpter (2005), Sharpe &
Irvine (2004) and Lintelmann
et al. (2003)

Falconer et al. (2006)

Adams (1990)
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In the Great Lakes area close to the Aamjiwnaang First
Nations reserve near Sarnia, Ontario, Canada, fish with
intersex gonads (both male and female) have been reported
in Lake St Clair (Kavanagh et al. 2004). The Polluted
Children, Toxic Nation study released by Environmental
Defense (2006) reported that the abnormality in reproduc-
tive systems in this area may be occurring in humans as
well, as indicated by declining boy to girl sex ratios.
The study observed the accumulation of chemicals, such
as PCBs and organochlorine pesticides (e.g. DDT) in
residents. Of the reported chemicals, 23 are already listed
as EDCs (Environmental Defense 2006). Declined sperm
counts, sperm quality and sex ratios in Canada and the
United States have also been reported (Allan et al. 1997;
Safe 2000; Mackenzie et al. 2005). In Canada the sex ratio is
generally reported to be 105 liveborn male births to 100
liveborn female (m = 0.512) (Allan et al. 1997). In Aamjiw-
naang the sex ratio was reported to be m = 0.348 during
1999-2003 (Mackenzie et al. 2005). During 1970-1990 the
proportion of Canadian males declined by 2.2 live births per
1,000 live births (Allan et al. 1997).

However, a number of studies have ruled out substantial
changes in sperm counts and male reproductive capacity.
Also many have suggested that association of organochlor-
ines and xenoestrogens in female breast cancer is not likely
(Safe 2000). Possible human health impacts from EDCs via
drinking water have been refuted by several scientists as
reported concentrations of those chemicals in water are
much lower compared with phytoestrogens and other
estrogenic compounds present in food sources (Safe 2000;
Snyder et al. 2003). Thus there still remains a debate
concerning the impacts of EDCs and xenoestrogens on
humans and this glaring gap in knowledge clearly demon-
strates the need for further research.

REMOVAL OF EDCS AND PPCPS FROM DRINKING
WATER: OZONE-BASED OXIDATIVE TREATMENT

The removal or degradation of organic contaminants
present in drinking water depends on several factors
including source water quality, treatment processes and
goals, and intrinsic chemical properties of contaminants
such as molecular weight, relative hydrophobicity, aromatic
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carbon content and functional group composition (Wes-
terhoff 2003; Jasim et al. 2006; Stackelberg et al. 2007).
Conventional treatments such as coagulation, sedimen-
tation and filtration have been found to remove less than
25% of most EDCs and PPCPs and are largely ineffective for
removing dissolved organic contaminants (Westerhoff 2003;
Vieno et al. 2006; Kim et al. 2007). Stackelberg et al. (2007)
found that clarification process with ferric chloride (FeCls)
as coagulant accounted for the removal of only 15% of the
average concentration of organic contaminants during
drinking water production at a US drinking water treatment
facility. The removal of diclofenac, ibuprofen, benzafibrate,
carbamazepine and sulfamethoxazole by ferric sulphate-
assisted coagulation in both milliQ water and natural water
was studied by Vieno et al. (2006). All the PPCPs studied
showed poor removal (<10%), except diclofenac (66%).
Free chlorine and chloramines can treat a range of EDCs
and PPCPs, mainly hydrophilic compounds (Stackelberg
et al. 2007; Snyder 2008). However, free chlorine is much
more efficient than chloramines at removing EDCs and
PPCPs (Khiari 2007; Snyder 2008).

Advanced water treatment technologies such as ozona-
tion, granular activated carbon (GAC) adsorption, and
ultraviolet (UV) irradiation have shown promise in remov-
ing EDCs and PPCPs. For UV treatment, a typical
disinfection dose of (5-50 mJ cm™2) was found to be several
orders of magnitude lower than doses required for the
removal of most chemicals (Snyder et al. 2003; Westerhoff
2003; Khiari 2007; Snyder 2008). USEPA recommends GAC
as the best available treatment for removal of many
endocrine disrupting compounds including methoxychlor,
endosulfan, DDT and polychlorinated biphenyls (USEPA
2001). However, there are several drug compounds with
high water solubility and/or poor degradability that can be
resistant to GAC (Jones et al. 2005). Iopromide, ibuprofen,
naproxen and dichlofenac, sulfamethoxazole and meproba-
mate are some compounds that were found to be recalci-
trant for activated carbon removal (Khiari 2007). Powdered
activated carbon (PAC) is less expensive than GAC but is
labour intensive and is less efficient (USEPA 2001).
However, PAC can be very useful in short-term applications
such as for removal of pesticides after the first storm
following their applications (USEPA 2001). Reverse osmosis
(RO) and nanofiltration have been found to be highly
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effective in removing EDCs and PPCPs (Snyder et al. 2006a;
Snyder 2008). But they are very costly and a portion of the
water is lost as brine. Disposal of brine is a significant
problem (Snyder ef al. 2005) and the finished water has a
corrosive nature (Westerhoff 2003). Thus most drinking
water treatment facilities are not likely to install RO
(Westerhoff 2003).

A number of studies have shown that ozone treatment
or ozone-based advanced oxidation treatment of water or
wastewater can successfully reduce or eliminate EDCs and
PPCPs. This paper discusses several aspects of ozone-based
treatment and summarizes the results of selected previous
studies. Ozone primarily is used for disinfection purposes in
drinking water treatment. It can also bring secondary
benefits including the removal of organic contaminants,
colour, taste, odour, iron and manganese. Ozone (Os)
attacks organic contaminants either by direct reaction (as
molecular Os), or through the formation of free radicals,
such as the hydroxyl radicals (-OH). Oz is a selective
oxidant; some organic contaminants are oxidized readily
and others are not oxidized at all (Von Gunten 2003). On
the other hand, the -OH radical, the most powerful oxidant
after fluorine, is non-selective and can oxidize a broad range
of organic and inorganic compounds (Von Gunten 2003;
Gultekin & Ince 2007). Oxidation of organic compounds by
ozone or -OH radicals results in the formation of simpler
organic molecules that are readily biodegradable and may
be withdrawn by biological filters (Von Gunten 2003;
Rakness 2005).

The advanced oxidation process (AOP) involves the
oxidation of target contaminants by ‘OH radicals (Rosen-
feldt et al. 2006). In ozone/hydrogen peroxide-based AOP,
hydrogen peroxide (H,O,) initiates and propagates the
decomposition of ozone, which in turn, generates -OH
radicals through a series of complex reactions that can
increase the concentration of -OH radicals (Rakness 2005).
Thus AOPs may effectively remove organic compounds that
are recalcitrant to ozone alone. Also ozone-based AOPs
would cut down the reaction time and allow application of
higher ozone dosages without leaving excessive ozone to be
quenched at the outlet of the reactor (Von Gunten 2003).
Increasing the reaction time after ozone addition or raising
the pH can also enhance AOPs. However addition of H,O,
is cheaper than the other two options and is, therefore, most
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commonly used in drinking water treatment (Von Gunten
2003). AOPs are environmentally friendly as they neither
generate substantial amounts of hazardous sludge nor
transform pollutants from one phase to another (Gultekin
& Ince 2007).

Ozone concentration, -OH radical concentration and
second order rate constants for the reaction of the target
compounds with molecular O3 (Ko,) and -OH radicals
(Kon) are the three factors which govern the oxidation of
target compounds during ozonation (Ternes et al. 2002; Von
Gunten 2003; Huber ef al. 2005). Chemicals containing
phenolic groups, deprotonated amines and double bonds
tend to show high oxidation rate constants with molecular
Os. Fortunately these functional groups are common
constituents of many PPCPs (Mcdowell et al. 2005;
Westerhoff et al. 2005; Rakness 2005). Generally com-
pounds with Ko, > 10*M 's™! can be considered as fast
reacting with ozone and thus are expected to show rapid
degradation during ozonation (Von Gunten et al. 2006).
Second order reaction rate constants of some organic
compounds and pharmaceuticals are listed in Table 3.
High Ko, values of carbamazepine, dichlofenac, EE2,
sulfamethoxazole and roxithromycin indicate that these
pharmaceuticals will react with ozone quickly and undergo
rapid transformation (Huber et al. 2003). On the other
hand, compounds such as atrazine, geosmin, iopromide,
diazepam and ibuprofen have higher Koy values and lower
Ko, values, suggesting that AOPs would perform better in
removing them.

Water matrices can also have a significant effect on
oxidation of organic compounds. Dissolved organic carbon
(DOC) and alkalinity of natural water control Os stability,
and formation and scavenging of ‘OH radicals (Huber ef al.
2003). Also ozone stability depends on pH (Von Gunten
2003). It has been observed that ozone half-life is signifi-
cantly higher in natural water with high alkalinity and low
DOC compared with water with low alkalinity and high
DOC (Acero & Von Gunten 2001; Huber et al. 2003).
Typically -OH exposure is lower at higher alkalinity due to
the increased OH scavenging rate of carbonate, and higher
at lower natural organic matters (NOM) concentration
(Rakness 2005). Thus AOPs in natural waters with high
ozone stability (that is low DOC and high alkalinity) can
considerably increase the oxidation of Os recalcitrant



Table 3 ‘ Oxidation kinetics of some organic compounds with ozone and OH radicals ?
K
compound/Class Use pKa Reactive group KOS(M“s“)* Kou x 10° (M~ 's™") Reference =
17a- Ethinylestradiol (EE2) Steroid hormone 104 Phenol ~7 x 10° 9.8 1.2 Huber et al. (2003) :
Benzafibrate Lipid regulator 3.6 R-oxy group 590 + 50 74 +12 Huber et al. (2003) %
Carbamazepine Anti-epileptic Double bond ~3 x 10° 8812 Huber et al. (2003) i
Diazepam Anti-epileptic 0.75 = 0.15 72%=1.0 Huber et al. (2003) 2
Dichlofenac Analgesic 4.2 Aromatic amine  ~1 x 10° 7515 Huber et al. (2003) ;?n,
Ibuprofen Analgesic 49 9.6 £0.1 74+ 12 Huber et al. (2003) 2
Iopromide X-ray contrast media <0.8 3.3 +0.6 Huber et al. (2003) 5@
Sulfamethoxazole Antibiotic 5.7 Aromatic amine  ~2.5 x 10° 55 +0.7 Huber et al. (2003) §
Roxithromycin Antibiotic 8.8 Tertiary amine (4.5 * 0.5) x 10° Huber et al. (2003) g
Atrazine (ATRA) Pesticides 6.0 3.0 Acero et al. (2000) g
ATRA-imine Degradation products <1 1.7 Acero et al. (2000) g
of ATRA s
DEA 0.18 1.2 Acero et al. (2000) %
DIA 3.1 1.9 Acero et al. (2000) :
MTBE Fuel additive 0.14 1.9 Von Gunten (2003)
(at ambient temperature)
Geosmin Algal product <10 8.2 Von Gunten (2003)
(at ambient temperature)
2 Methylisoborneol (MIB) Algal product <10 3 Von Gunten (2003)
(at ambient temperature)
Ciprotloxacin Antibiotic 0.4 x 10° 41=+03 Vieno et al. (2007)
Estimated rate constants of PPCPs and
EDCs that are expected to show high
reactivity with molecular ozone
Beta blockers Beta blocker Amine (1-10) x 10® Huber et al. (2003)
Fluoroquinolones Antibiotic Amine (1-10) x 10° Huber et al. (2003)
Macrolides Antibiotic Amine >10° Huber et al. (2003)
Sulfonamides Antibiotic Amine >10° Huber et al. (2003) E
Tetracyclines Antibiotic Phenol (1-10) x 10° Huber et al. (2003) §
Triclosan Antimicrobial Phenol >10° Huber et al. (2003) %
Oxybenzone Sunscreen agent Phenol (1-10) x 10° Huber et al. (2003) g
Estradiol Hormone Phenol 106 Huber et al. (2003) i-
Testosterone Hormone Double bond 10° Huber et al. (2003) ,%
4-nonyl phenol Detergent metabolite Phenol (1-10) x 10° Huber et al. (2003) )
Bisphenol-A Plasticizer Phenol (1-10) x 10° Huber et al. (2003) %
*T = 20°C. §
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pharmaceuticals (Huber et al. 2003). Ozone stability in
natural water is difficult to assess, as the effect of NOM is
variable and unknown. It can act as both an initiator and an
inhibitor of ozone decomposition and scientists are yet to be
able to estimate the fractions of NOM responsible for
promotion or inhibition of ozone decay (Von Gunten 2003).
Huber et al. (2003), however, observed that, regardless of
the water matrix, relatively low ozone doses (0.5-2mgl™?)
are sufficient for complete transformation of pharmaceu-
ticals with Ko, > 10°M !S™ L In the case of AOPs, an
initial Os concentration similar to the DOC value of the
water matrix might ensure availability of sufficient ozone for
reaction with H,O, (Zweiner & Frimmel 2000). In
summary it can be observed that the overall efficiency of
AOPs and ozonation would largely depend on the -OH
radical scavenging capacity of natural water, NOM content
and type, and oxidation reaction kinetics of the targeted
chemicals (Zweiner & Frimmel 2000; Huber et al. 2003;
Von Gunten 2003).

The removal of clofibric acid, benzafibrate, carbamaze-
pine, primidone and dichlofenac during drinking water
treatment was investigated by Ternes et al. (2002). While
dichlofenac and carbamazepine were almost completely
eliminated at an ozone dose of 0.5mgl™!, removal of
clofibric acid was =40% even at elevated ozone doses of
2.5-3.0mgl . Moderate removal for benzafibrate and
premidone were observed with 50% removal at ozone
doses of 15mgl™' and 1.0mgl ', respectively, and
removals of >80% at an ozone dose of 3.0mgl~'. Another
study by Ternes et al. (2003) found X-ray contrast media
such as iopromide, iopamidol, diatrizoate, and iomeprol
were extremely recalcitrant at an ozone dose of 5mgl "
Diatrizoate was the most recalcitrant compound showing
only 36% removal even at 15mgl~ ' O5 dose. Nakada et al.
(2007) studied the removal of 24 PPCPs during sand
filtration and ozonation at a STP. They observed that sand
filtration was generally inefficient in removing the target
pollutants. Ozonation on the other hand attenuated the
concentration of the phenolic antiseptics, sulfonamide
antibiotics and 17B-estradiol (E2) by 80% or above.

Jasim et al. (2006) observed a 67-96% removal of
atrazine following ozonation compared with only 0-13%
removal in conventional treatment. Almost 95% elimination
of all target antibiotics was achieved by Adams et al. (2002)
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within 1.3 minutes with an Os residual of less than
0.05mgl™!. Acero et al. (2000) found that Os/H,0, can
significantly accelerate the rate of degradation of atrazine
compared with Oz alone. While conventional ozonation
with an ozone dose of 2mgl™! took 30 minutes to reach
60% degradation, it took only 2 minutes to reach the same
level of degradation when 0.8 mgl~! H,0O, was combined
with an ozone dose of 2mgl~! (Acero et al. 2000). Zweiner
& Frimmel (2000) reported 90% removal of clofibric acid,
ibuprofen and dichlofenac using a 3.7mgl ! Oz dose
coupled with 1.4 mgl_1 H,0, and more than 98% removal
at a concentration of 5mgl~! Os and 1.8mgl ! H,0,.
Vieno et al. (2007) were able to reduce the concentration of
most of their target compounds, which included beta
blockers, anti-epileptic drugs and anti-inflammatory drugs,
below the detection limit following an ozone dose of
1 mgl !, Ciprofloxin was found to be the most obstinate
compound in their study (Vieno et al. 2007).

A PPCPs and atrazine removal study at the A.H. Week
drinking water treatment plant in Windsor, Canada, found
that, while conventional coagulation/flocculation/sedimen-
tation and dual media filtration treatment were largely
ineffective, ozonation followed by conventional treatment
substantially enhanced the removal of carbamazepine,
continine, caffeine and atrazine (Hua et al. 2006a). The
mean elimination ranges for carbamazepine, continine,
caffeine and atrazine were 78-99%, 83-93%, 67-81%
and 66-96%, respectively (Hua ef al. 2006a). Snyder et al.
(2006b) studied the removal of 36 different EDCs and
PPCPs in both surface water and wastewater using Oz and
03/H,0,. Ozone doses of 1.25 mgl_1 or greater were found
to be sufficient to achieve more than 80% removal of 22
compounds in surface water. Results of the study indicate
that use of O3/H,0, could reduce the contact time required
by Os alone. However, given sufficient contact time the
overall removal using Os/H,0, will probably not increase
significantly and might even lead to a net decrease in
contaminant removal (Snyder et al. 2006b). Addition of
H,0, to Os showed slightly higher removal for most
compounds but for certain compounds, such as androste-
nedione, progesterone, testosterone, caffeine, metolachlor
and pentoxifylline, overall removal was 15% lower com-
pared with O3 alone (Snyder et al. 2006b). Also disinfection
by -OH radicals is poor compared with Oz and there is a
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possibility of forming additional disinfection by-products
(Snyder et al. 2006b; Wert et al. 2007).

To date little is known about the formation, fate,
detection and toxicity of oxidation by-products of EDCs
and PPCPs (Westerhoff 2003). Bromate, which does not
undergo degradation in biological filters, is the only by-
product of ozonation regulated in drinking water treatment
(Von Gunten 2003). Huber et al. (2003) noted that typical
ozone doses for removing fast reacting pharmaceuticals
would not produce significant amounts of bromate.
Although the target of the ozonation is to degrade the
parent compounds to effectively reduce their biological
activity, Vieno et al. (2007) noted that recent studies have
observed that this goal might not always be achieved.
Quinolone, which is primarily responsible for the pharma-
cological effect of ciprofloxacin, is not attacked by ozone
(Vieno et al. 2007). Thus by-products of oxidation of EDCs
and PPCPs are of concern since they might as well be toxic
(Huber et al. 2003; Snyder et al. 2006b; Vieno et al. 2007).

CHALLENGES POSED BY EDCS AND PPCPS TO THE
DRINKING WATER INDUSTRY

Currently there exist no regulatory guidelines to control the
occurrence of EDCs and PPCPs in the environment.
Moreover, a significant portion of the contamination is
occurring from non-point sources. With growing public
concern at the presence of EDCs and PPCPs in water, the
drinking water industry faces a challenge as to which
compounds should be treated and to what level they should
be treated as maximum contaminant levels are not known
(Jasim et al. 2000).

Extremely low concentrations of these compounds in the
environment pose an analytical challenge (Snyder et al
2005). Although there have been some recent advances in
analytical methods (Westerhoff 2003), differing polarities
and functionalities of various compounds still make it hard
to identify them at a concentration range of ngl™* to ngl™*.
Moreover, very few laboratories have the necessary facilities
to analyse them and costs can be substantial (Snyder et al.
2005). As these compounds have varying composition and
physicochemical properties, their removal requires advanced
treatment processes which would need significant capital
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investment and skilled labour, and the public may not be
willing to pay for the extra cost for risks that have not been
well established (Snyder et al. 2005). Furthermore, contami-
nation will vary from region to region and will probably
change with time as well, depending upon the use of specific
chemicals or medicines. For example clofribric acid, a lipid
regulator, is no longer widely used in North America and thus
its occurrence in North American waters compared with
Europe is sparse (Betts 2002; Boyd et al. 2003).

Ozonation and ozone-based AOPs have significant
potential for removing EDCs and PPCPs from drinking
water. Unfortunately, data on the efficiency of ozonation
and advanced oxidation processes in removing these
contaminants are not conclusive (Betts 2002). Moreover
economically feasible ozone doses will probably form
by-products that could also be toxic (Snyder et al. 2006b).
However, as NOM concentration in natural waters is
several magnitudes higher than trace contaminant concen-
trations, it is probably more prudent to prioritize research
on by-product toxicity from NOM rather than those from
trace contaminants (Snyder et al. 2006b). The cost of the
operation of advanced treatment technologies might seem
expensive even in some communities in the developed
world. Thus advanced water treatment technologies for
the removal of EDCs and PPCPs might seem a luxury for
most developing countries as their water quality pro-
grammes are already combating a wide range of problems
and are doing so in an economic environment that is
severely restricted. Removal of EDCs and PPCPs can occur
through natural phototransformation or biotransformation,
which is increased considerably during summer (Vieno et al.
2007). For many hot climate countries where adequate
sun is available for longer periods of the year, this could
be a viable option for removal of EDCs and PPCPs in
lagoons and research should be directed towards how to
maximize the photo-transformation of micro-pollutants
using natural light.

Comparison of daily or life intake of pharmaceuticals via
drinking water (2 litres per day over 70 years) with
therapeutic doses indicates that the exposure levels are low
and well below the dosages that can cause pharmacological
effect (Webb et al. 2003). However, one potential concern is
the presence of cytotoxic drugs such as anti-neoplastics
(e.g. cyclophosphamide), which are carcinogenic, teratogenic
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and risks may exist at any level of exposure (Webb et al.
2003). The use of therapeutic doses to estimate the risk thus
may not be applicable to genotoxins such as cyclopho-
sphamide (Webb et al. 2003). Moreover, at present,
individual toxicity of a compound is considered while
setting up drinking water guidelines, but the synergistic,
long-term, low concentration effect of multiple organic
compounds present in water is not known (Stackelberg
et al. 2004).

Due to the soaring demand for water and depleting
fresh water resources, artificial ground water recharge with
STP reclaimed water is being considered in many parts of
the world, in arid regions in particular. However, there is
increasing concern that groundwater recharge would
contaminate groundwater with EDCs and PPCPs (Betts
2002). Factors such as location of the treatment plant,
treatment technologies used at the drinking water treatment
facility and the relative degree of contamination of the
source water greatly influence the contamination profile
and concentration in finished drinking water (Metcalfe ef al.
2004). Given the current paucity of data and the fact that
the contamination from EDCs and PPCPs differs geographi-
cally and temporally, it is necessary that further research be
directed to detect the level of occurrence of EDCs and
PPCPs in raw water, to determine temporal and spatial
factors influencing the contamination of raw water and
effects of the treatment technologies used in the production
of drinking water (Metcalfe ef al. 2004).

EDCS AND PPCPS: IMPLICATIONS FOR GLOBAL
ENVIRONMENTAL HEALTH

Contamination of the aquatic environment by EDCs and
PPCPs has raised concerns over threats to public health
and ecosystems. Such contamination can easily defy
geographical boundaries and contaminate newer areas, as is
the case with persistent organic pollutants. Some of the
organochlorine pesticides, which are already banned in
industrialized countries, are still being used to fight diseases
such as malaria in developing countries. High levels of
organochlorine pesticides have been identified in the
environment and, also, in human breast milk in many
developing countries (Kunisue ef al. 2004; Minh et al. 2006).
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Concentrations (ngg ') of DDTs found in breast milk in Iran,
China, Turkey and Mexico were 3-27 times higher than
those found in countries such as Japan, Canada, Sweden
and Germany (Kunisue ef al. 2004). Often chemicals or drugs
that are expired or have been banned from the market or
fail to register in the industrialized countries find their way
to markets in developing countries (Jamall & Davis 1997,
Okeke et al. 1999). For example, between 1987 and 1989,
manufacturers in the United States produced and exported
nearly 5,000,000 pounds (2,290,000 kg) of the insecticides
chlordane and heptachlor, which had already been banned
in the United States (Jamall & Davis 1991). As most deve-
loping countries are still fighting more immediate problems
such as water supply, sanitation, waste disposal, war and
famine, in many of these countries the long-term risk of
EDCs may not be seen as a pressing issue at the present time.
Smith (2000) questioned ‘If malaria were killing a million
people a year in North America and Europe, would the
case for globally banning DDT be argued so forcefully?’. Thus
to strike an optimum balance in meeting the goals of
protecting human health and conserving the environment,
itisnecessary for the scientific community to look for low cost
sustainable alternatives to these chemicals (Seagren 2005).
The reported incidences of hormone-related cancers are
significantly higher in industrialized countries. For example,
death from breast cancer is almost ten times higher in North
America and Northern Europe compared with Asia and
Africa (Sasco 2003). Incidences of hormone-related cancers
are also increasing in the developing world but are probably
under-reported. For example in Punjab, Pakistan, there has
been a sharp rise in cancer patients in the area. Elevated
serum levels of endocrine-disrupting pesticides were
detected in farmers in the same area (Ejaj et al. 2004).
Estimates show that there are about 20,000 deaths each
year in the world due to acute pesticide intoxication, 99% of
which probably take place in developing countries where
only 20% of agro-chemicals are used (Jamall & Davis 1991;
Vineis 2000). Pesticides have often been reported to induce
immune dysfunction. Environmental estrogens have the
potential to bioaccumulate in body fat and may sub-
sequently amount to a considerable dose (Ahmed 2000).
They may be released from body fat during starvation and
can also enter infants during pregnancy or through breast
milk. This could lead to a bi-directional interaction between
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the immune system and the endocrine system. EDCs may
alter the reproductive system, which in turn may affect the
immune system and vice versa (Ahmed 2000). A significant
portion of the population in developing countries is under
the stress of malnutrition and infectious diseases. Environ-
mental toxins would interact with malnutrition and infec-
tious disease to magnify their individual impact and, also,
the impact on the immune system (Jamal & Davis 1991).
Moreover, lack of a regulatory framework to minimize the
exposure to chemicals exacerbates the pollution scenario in
those regions of the world (Jamall & Davis 1991).
Thus people in developing countries are often at higher
risk of exposure to toxicants leading to adverse health
effects (Craft et al. 2006).

One particular concern with PPCPs in water is the
global rise of antibiotic resistance. Antibiotics may escape
the STPs, find their way to the watercourses and increase
resistance in natural bacterial populations (Jones et al.
2003). Tamiflu, the effective antiviral for avian influenza,
can escape STPs and even UV radiation cannot substan-
tially degrade it (Fick et al. 2007). Thus there is a concern
that tamiflu and its metabolites (especially oseltamivir
carboxylate) may be released into the aquatic environment
and lead to increased resistance in the bird-flu virus. Poor
quality antibiotics including degraded and expired anti-
biotics, misuse and overuse of antibiotics by physicians in
clinical practice, misuse by the public, improper sales
together with crowding and improper sewage disposal
contribute to the development of antibacterial resistant
strains in developing countries (Okeke et al. 1999). Also
political unrest, abject poverty, mass migration and unhy-
gienic environments with a lack of health care facilities
nurture antibiotic resistance in those countries (Kapil 2005).
This has increased the overall medical costs of communities
due to frequent hospitalizations, longer hospital stays and
elevated treatment costs. This increase in cost due to
bacterial resistance is of greater consequence, notably in
the developing countries where the economy is already
overburdened. Resistant genes could very well be trans-
ported to other areas via watercourses and even through
migration of people and tourists.

Industrialized nations, along the pathway of their
development, have observed a shift in the epidemiological
transition to the suite of chronic illness such as asthma,

Downloaded from http://iwaponline.com/jwh/article-pdf/7/2/224/397184/224 .pdf

bv auest

learning disabilities, congenital malformations and cancers
as the leading causes of death (Suk et al. 2003). It is
probably the exposure to synthetic chemicals in the air,
water, soil and food chain that are contributing to the
changing patterns of paediatric diseases, especially the
increasing incidences of chronic diseases in children.
The availability of cheap child labour, the lack of occu-
pational and environmental protection in conjunction with
constant export of hazardous chemicals and toxic wastes
from industrialized countries to developing countries have
placed children in those regions at a twofold risk of
infectious diseases and chemical hazards (Suk et al. 2003).
The health implications of the exposure to toxic chemicals
for children is considerably higher compared with adults as
their developing systems are more delicate and they might
not be able to repair the damage that is triggered by early
exposure to toxicants (Suk et al. 2003).

CONCLUDING REMARKS

The risk of water borne diseases still prevails in many parts
of the world. Emerging technologies such as ozonation will
probably not be able to totally replace chlorine as a water
purifier and disinfectant (Shiru 2000). Although data on
adverse impact of EDCs and PPCPs on humans via drinking
water is not conclusive, as a precautionary principle we can
say that our drinking water should be free of chemicals that
have the potential to cause hormone disruption. Thus
further research is warranted to study to the occurrence and
elimination of EDCs and PPCPs from drinking water. No
single treatment process will be able to remove all
contaminants from water and, therefore, multiple treatment
systems would probably be required to achieve water
treatment goals (Snyder et al. 2006b). Advanced water
treatment technologies will also act as secondary barriers
for drinking water contaminants, such as microorganisms,
and might as well remove many other unknown chemicals
that are yet to be reported (Betts 2002; Reynolds 2003).
However, the cost of advanced treatment technologies must
be justified before they are implemented.

Due to various socio-economic factors, the risk of
exposure to chemicals causing endocrine disruption is
significantly higher in developing countries. However, little
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has been done towards addressing this issue, partly because
they are still fighting with other immediate socio-economic
and health-related problems. There is also a significant gap in
scientific knowledge and awareness regarding the potential
adverse impact of EDCs and their handling technologies.
Thus in developing countries often the long-term risks posed
by EDCs do not receive appropriate attention from the
government and other concerned agencies. But it would not
be pragmatic to ignore the long-term risks. Each society
perceives and manages risks according to its own values and
priorities (Craft et al. 2006). Therefore, the technologies to
handle emerging contaminants such as EDCs and PPCPs will
fail if passed to the developing countries without building the
capacity to identify and perceive the ill-effects of EDCs.
Research on EDCs should, therefore, be promoted in
developing regions as well, and timely and appropriate
assistance from developed countries is necessary.

The global nature of many environmental problems is
becoming more and more evident. Thus a holistic inter-
national approach is necessary to fight the challenges of the
emerging pollutants in water. It is indeed necessary to
establish concerted international as well as local policies to
ensure minimal exposure to EDCs, and also their limited
and appropriate usage. Collaborative research should be
undertaken to monitor high-risk groups to identify the
pathways of exposure and potential adverse impacts.
Appropriate drug disposal practices, manufacturing envir-
onmentally friendly chemicals, minimizing the overuse and
inappropriate use of pesticides and drugs, and appropriate
treatment of STP effluents are some options that could be
considered to minimize pollution from EDCs and PPCPs.
Effective communication and translation of the risks of
EDCs and PPCPs in terms of individual regions or cultures,
preparing experts in the relevant fields, education and
formulation of policies that are compatible with local
conditions would probably minimize the global risk.

REFERENCES

Acero, J. L. & Von Gunten, U. 2001 Characterization of oxidation
processes: ozonation and the AOP Os/H,0,. J. Am. Water
Works Assoc. 93(10), 90-100.

Acero, J. L., Stemmler, K. & Von Gunten, U. 2000 Degradation
kinetics of atrazine and its degradation products with ozone

Downloaded from http://iwaponline.com/jwh/article-pdf/7/2/224/397184/224 .pdf

and OH radicals: a predictive tool for drinking water
treatment. Environ. Sci. Technol. 34, 591-597.

Adams, C., Asce, M., Wang, Y., Loftin, K. & Meyer, M. 2002
Removal of antibiotics from surface and distilled water in
conventional water treatment processes. . Environ. Eng.
128(3), 253-260.

Adams, N. R. 1990 Permanent infertility in ewes exposed to plant
oestrogens. Aust. Vet. J. 67(6), 197-201.

Ahmed, S. A. 2000 The immune system as a potential target for
environmental estrogens (endocrine disrupters): a new
emerging field. Toxicology 150, 191-206.

Allan, B. B., Brant, R,, Seidel, J. E. & Jarrell, J. F. 1997
Declining sex ratios in Canada. Can. Med. Assoc. J. 156(1),
37-41.

Arthur, M. F. & Frea, J. I. 1989 2.3.7.8-Tetrachlorobenzo-P-dioxin:
aspects of its important properties and its potential
biodegradation in soils. J. Environ. Qual. 18(1), 1-10.

Betts, K. S. 2002 Keeping drugs out of drinking water. Environ. Sci.
Technol. 36(1), 377A-378A.

Birklett, J. W. 2003 Scope of the problem. In Endocrine Disruptors
in Wastewater and Sludge Treatment Processes. Lewis
Publishers, Boca Raton, Florida.

Bound, J. P. & Voulvoulis, N. 2005 Household disposal of
pharmaceuticals as a pathway for aquatic contamination in the
United Kingdom. Environ. Health Perspect. 113(12),
1705-1711.

Boxall, A. B. A, Sinclair, C. J., Fenner, K., Kolpin, D. & Maund, S. J.
2004 When synthetic chemicals degrade in the environment.
Environ. Sci. Technol. 38(9), 369A-375A.

Boyd, G. R, Reemtsma, H., Grimm, D. A. & Mitra, S. 2003
Pharmaceuticals and personal care products in surface and
treated water of Louisiana, USA and Ontario, Canada. Sci.
Total Environ. 311, 135-149.

Birnbaum, L. S. 1994 Endocrine effects of prenatal exposure to
PCBs, dioxins and other xenobiotics: implications for policy
and future research. Environ. Health Perspect. 102(8),
676-679.

Colon, I, Caro, D., Bourdony, C. J. & Rosario, O. 2000
Identification of phthalate esters in the serum of young Puerto
Rican girls with premature breast development. Environ.
Health Perspect. 108(9), 895-900.

Cook, J. W., Doods, E. C., Hewett, C. L. & Lawson, W. 1934
Estrogenic activity of some condensed ring compounds in
relation to their biological activities. Proc. R. Soc. London
B114, 272-286.

Craft, S. E., Donnelly, K. C., Neamtiu, I., McCarty, K. M., Bruce, E.,
Surkova, I, Kim, D., Uhnakova, 1., Gyorffy, E., Tesarov, E. &
Anderson, B. 2006 Prioritizing environmental issues around
the world: opinions from an international central and eastern
European environmental health conference. Environ. Health
Perspect. 114(12), 1813-1817.

Damgaard, I. N., Main, K. M., Toppari, J. & Skakkebaek, N. E. 2002
Impact of exposure to endocrine disrupters in utero and in
childhood on adult reproduction. Best Pract. Res. ClL. En.
16(2), 289-309.


http://dx.doi.org/10.1021/es990724e
http://dx.doi.org/10.1021/es990724e
http://dx.doi.org/10.1021/es990724e
http://dx.doi.org/10.1021/es990724e
http://dx.doi.org/10.1061/(ASCE)0733-9372(2002)128:3(253)
http://dx.doi.org/10.1061/(ASCE)0733-9372(2002)128:3(253)
http://dx.doi.org/10.1111/j.1751-0813.1990.tb07758.x
http://dx.doi.org/10.1111/j.1751-0813.1990.tb07758.x
http://dx.doi.org/10.1016/S0300-483X(00)00259-6
http://dx.doi.org/10.1016/S0300-483X(00)00259-6
http://dx.doi.org/10.1016/S0300-483X(00)00259-6
http://dx.doi.org/10.1021/es0224380
http://dx.doi.org/10.1289/ehp.8315
http://dx.doi.org/10.1289/ehp.8315
http://dx.doi.org/10.1289/ehp.8315
http://dx.doi.org/10.1021/es040624v
http://dx.doi.org/10.1016/S0048-9697(03)00138-4
http://dx.doi.org/10.1016/S0048-9697(03)00138-4
http://dx.doi.org/10.2307/3432197
http://dx.doi.org/10.2307/3432197
http://dx.doi.org/10.2307/3432197
http://dx.doi.org/10.2307/3434999
http://dx.doi.org/10.2307/3434999
http://dx.doi.org/10.1289/ehp.9300
http://dx.doi.org/10.1289/ehp.9300
http://dx.doi.org/10.1289/ehp.9300
http://dx.doi.org/10.1053/beem.2002.0205
http://dx.doi.org/10.1053/beem.2002.0205

240 M. F. Rahman et al. | EDCs and PPCPs in the aquatic environment

Journal of Water and Health | 07.2 | 2009

Ejaj, S., Akram, W., Lim, C. W,, Lee, J. ]J. & Hussain, 1. 2004
Endocrine disrupting pesticides: a leading cause of cancer
among rural people in Pakistan. Exp. Oncol. 26(2), 98-105.

Environmental Defense 2006 Polluted Children, Toxic Nation.

A Report on Pollution in Canadian Families. Environmental
Defense Canada, Toronto, http://www.environmentaldefence.
ca/reports/toxicnationFamily.htm, accessed 20 February 2008.

Falconer, I. R,, Chapman, H. F., Moore, M. R. & Ranmuthugala, G.
2006 Endocrine-disrupting compounds: a review of their
challenge to sustainable and safe water supply and water
reuse. Environ. Toxicol. 10(1002), 181-191.

Fick, J., Lindberg, R. H., Tysklind, M., Haemig, P. D.,
Waledenstrom, J., Wallensten, A. & Olsen, B. 2007 Antiviral
oseltamivir is not removed or degraded in normal sewage
water treatment: implications for the development of
resistance by influenza A virus. PloS ONE 2(10), 1-5, €986.

Frank, R. & Logan, L. 1988 Pesticides and industrial chemical
residues at the mouth of Grand, Saugeen and Thames Rivers,
Ontario, Canada, 1981-85. Arch. Environ. Contamin. Toxicol.
17, 741-754.

Fry, D. M. 1995 Reproductive effects in birds exposed to pesticides
and industrial chemicals. Environ. Health Perspect. 103(7),
165-171.

Gomes, R. & Lester, J. N. 2003 Endocrine disrupters in drinking
water and water reuse. In Endocrine Disruptors in Wastewater
and Sludge Treatment Processes. Lewis Publishers, Boca
Raton, Florida, pp. 219-266.

Guillette, L. J., Jr, Gross, T. S., Masson, G. R., Matter, ]. M., Percival,
H. F. & Woodward, A. R. 1994 Developmental abnormalities of
the gonad and abnormal sex hormone concentrations in
juvenile alligators from contaminated and control lakes in
Florida. Environ. Health Perspect. 102(8), 680-688.

Gultekin, I. & Ince, N. H. 2007 Synthetic endocrine disruptors in
the environment and water remediation by advanced
oxidation processes. J. Environ. Manage. 85, 816-832.

Halling-Sorensen, B., Nielsen, S. N., Lanzky, P. F., Ingerslev, F.,
Holten Lutzhot, H. C. & Jorgensen, S. E. 1998 Occurrence,
fate and effects of pharmaceutical substances in the
environment: a review. Chemosphere 36(2), 357-393.

Health Canada 1995 Aldrin and Dieldrin. http://www.hc-sc.gc.ca/
ewh-semt/pubs/water-eau/aldrin-dieldrine/index_e.html,
accessed 31 July 2007.

Hemminger, P. 2005 Damming the flow of drugs into drinking
water. Environ. Health Perspect. 113(10), 678-681.

Howell, W. M., Black, D. A. & Bortone, S. A. 1980 Abnormal
expression of second order sex characters in a population of
mosquitofish, Gambusia affinis holbrooki: evidence from
environmentally induced masculinization. Copeia 4, 676-681.

Hua, W., Bennett, E. R. & Letcher, R. J. 2006a Ozone treatment
and the depletion of detectable pharmaceuticals and atrazine
herbicide in drinking water sourced from the upper Detroit
river, Ontario, Canada. Water Res. 40, 2259-2266.

Hua, W. Y., Bennett, E. R., Maio, X. -S., Metcalfe, C. D. & Letcher,
R. J. 2006b Seasonality effects on pharmaceuticals and s-
triazine herbicides in wastewater effluent and surface water

Downloaded from http://iwaponline.com/jwh/article-pdf/7/2/224/397184/224 .pdf

bv auest

from the Canadian side of the upper Detroit river. Environ.
Toxicol. Chem. 25(9), 2356-2365.

Huber, M. M., Canonica, S., Park, G. -Y. & Von Gunten, U. 2003
Oxidation of pharmaceuticals during ozonation and
advanced oxidation processes. Environ. Sci. Technol. 37,
1016-1024.

Huber, M. M., Gobel, A, Joss, A., Hermann, N., Loffler, D.,
Mcardell, C. S., Ried, A., Siegrist, H., Ternes, T. A. & Von
Gunten, U. 2005 Oxidation of pharmaceuticals during
ozonation of municipal wastewater effluents: a pilot study.
Environ. Sci. Technol. 39, 4290-4299.

Inadera, H. 2006 The immune system as a target for environmental
chemicals: Xenoestrogen and other compounds. Toxicol. Lett.
164, 191-206.

Jamall, I. S. & Davis, B. 1991 Chemicals and environmentally
caused diseases in developing countries. Infect. Dis. Clin.

N. Am. 5(2), 365-373.

Jasim, S. Y., Irabelli, A., Yang, P., Ahmed, S. & Schweitzer, L. 2006
Presence of pharmaceuticals and pesticides in Detroit river water
and the effect of ozone on removal. Ozone Sci. Eng. 28, 415-423.

Jones, O. A. H., Voulvoulis, N. & Lester, J. N. 2003 Potential
impact of pharmaceuticals on environmental health. Bull
World Health Org. 81(10), 401-427.

Jones, O. A. H., Voulvoulis, N. & Lester, J. N. 2004 Potential
ecological and human health risks associated with the
presence of pharmaceutically active compounds in the aquatic
environment. Crit. Rev. Toxicol. 34(4), 335-350.

Jones, O. A. H., Lester, J. N. & Voulvoulis, N. 2005
Pharmaceuticals: a threat to drinking water? Trends
Biotechnol. 23(4), 163-167.

Jorgensen, S. E. 2001 Foreword. In Pharmaceuticals in the
Environment: Sources, Fate, Effects and Risks. Springer,
Heidelberg.

Kapil, A. 2005 The challenge of antibiotic resistance: need to
contemplate. Indian J. Med. Res. 12, 83-91.

Kavanagh, R. J., Balch, G. C,, Kiparissis, Y., Niimi, A. J., Sherry, J.,
Tinson, C. & Metcalf, C. D. 2004 Endocrine disruption and
altered gonadal development in white perch (Morone
americana) from the lower Great Lakes region. Environ.
Health Perspect. 112(8), 898-902.

Khiari, D. 2007 Endocrine disruptors, pharmaceuticals and personal
care products in drinking water: an overview of AwwaRF
research to date. Drinking Wat. Res., January/February. http://
www.cwwa.ca/pdf files’/AwwaRF_EDC%?20articlel.pdf,
accessed 30 January 2008.

Kim, S. D., Cho, J., Kim, 1. S., Vanderford, B. J. & Snyder, S. A.
2007 Occurrence and removal of pharmaceuticals and
endocrine disruptors in South Korean surface, drinking and
waste waters. Water Res. 41, 1013-1021.

Kolpin, D. W., Thurman, E. M. & Goolsby, D. A. 1996 Occurrence
of selected pesticides and their metabolites in near surface
aquifers of the midwestern United States. Enwviron. Sci.
Technol. 30, 335-340.

Kolpin, D. W., Barbash, J. E. & Gilliom, R. J. 1998 Occurrence of
pesticides in shallow groundwater of the United States: initial


http://www.environmentaldefence.ca/reports/toxicnationfamily.htm
http://www.environmentaldefence.ca/reports/toxicnationfamily.htm
http://dx.doi.org/10.1002/tox.20172
http://dx.doi.org/10.1002/tox.20172
http://dx.doi.org/10.1002/tox.20172
http://dx.doi.org/10.1371/journal.pone.0000986
http://dx.doi.org/10.1371/journal.pone.0000986
http://dx.doi.org/10.1371/journal.pone.0000986
http://dx.doi.org/10.1371/journal.pone.0000986
http://dx.doi.org/10.1007/BF01061980
http://dx.doi.org/10.1007/BF01061980
http://dx.doi.org/10.1007/BF01061980
http://dx.doi.org/10.1007/BF01061980
http://dx.doi.org/10.1007/BF01061980
http://dx.doi.org/10.2307/3432528
http://dx.doi.org/10.2307/3432528
http://dx.doi.org/10.2307/3432198
http://dx.doi.org/10.2307/3432198
http://dx.doi.org/10.2307/3432198
http://dx.doi.org/10.2307/3432198
http://dx.doi.org/10.1016/j.jenvman.2007.07.020
http://dx.doi.org/10.1016/j.jenvman.2007.07.020
http://dx.doi.org/10.1016/j.jenvman.2007.07.020
http://dx.doi.org/10.1016/S0045-6535(97)00354-8
http://dx.doi.org/10.1016/S0045-6535(97)00354-8
http://dx.doi.org/10.1016/S0045-6535(97)00354-8
http://www.hc-sc.gc.ca/ewh-semt/pubs/water-eau/aldrin-dieldrine/index_e.html
http://www.hc-sc.gc.ca/ewh-semt/pubs/water-eau/aldrin-dieldrine/index_e.html
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1281310
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1281310
http://dx.doi.org/10.2307/1444443
http://dx.doi.org/10.2307/1444443
http://dx.doi.org/10.2307/1444443
http://dx.doi.org/10.2307/1444443
http://dx.doi.org/10.1016/j.watres.2006.04.033
http://dx.doi.org/10.1016/j.watres.2006.04.033
http://dx.doi.org/10.1016/j.watres.2006.04.033
http://dx.doi.org/10.1016/j.watres.2006.04.033
http://dx.doi.org/10.1897/05-571R.1
http://dx.doi.org/10.1897/05-571R.1
http://dx.doi.org/10.1897/05-571R.1
http://dx.doi.org/10.1021/es025896h
http://dx.doi.org/10.1021/es025896h
http://dx.doi.org/10.1021/es048396s
http://dx.doi.org/10.1021/es048396s
http://dx.doi.org/10.1016/j.toxlet.2006.03.006
http://dx.doi.org/10.1016/j.toxlet.2006.03.006
http://dx.doi.org/10.1080/01919510600985945
http://dx.doi.org/10.1080/01919510600985945
http://dx.doi.org/10.1080/10408440490464697
http://dx.doi.org/10.1080/10408440490464697
http://dx.doi.org/10.1080/10408440490464697
http://dx.doi.org/10.1080/10408440490464697
http://dx.doi.org/10.1016/j.tibtech.2005.02.001
http://dx.doi.org/10.1289/ehp.6514
http://dx.doi.org/10.1289/ehp.6514
http://dx.doi.org/10.1289/ehp.6514
http://www.cwwa.ca/pdf_files/awwarf_edc%20article1.pdf
http://www.cwwa.ca/pdf_files/awwarf_edc%20article1.pdf
http://dx.doi.org/10.1016/j.watres.2006.06.034
http://dx.doi.org/10.1016/j.watres.2006.06.034
http://dx.doi.org/10.1016/j.watres.2006.06.034
http://dx.doi.org/10.1021/es950462q
http://dx.doi.org/10.1021/es950462q
http://dx.doi.org/10.1021/es950462q
http://dx.doi.org/10.1021/es970412g
http://dx.doi.org/10.1021/es970412g

241 M. F. Rahman et al. | EDCs and PPCPs in the aquatic environment

Journal of Water and Health | 07.2 | 2009

results from the national water quality assessment program.
Environ. Sci. Technol. 32, 558 -566.

Kolpin, D. W., Thurman, E. M. & Linhart, S. M. 1998 The
environmental occurrence of herbicides: the importance of
degradates in ground water. Arch. Environ. Contam. Toxicol.
35, 385-390.

Kolpin, D. W., Thurman, E. M. & Linhart, S. M. 2000 Finding
minimal herbicide concentrations in ground water? Try
looking for their degradates. Sci. Total Environ. 248,
115-122.

Kolpin, D. W., Furlong, E. T., Meyer, M. T., Thurman, E. M.,
Zaugg, S. D., Barber, L. B. & Buxton, H. T. 2002
Pharmaceuticals, hormones and other organic wastewater
contaminants in US streams, 1999-2000: a national
reconnaissance. Environ. Sci. Technol. 36, 1202-1211.

Kummerer, K. 2004 Pharmaceuticals in the environment: scope of
the book and introduction. In Pharmaceuticals in the
Environment: Sources, Fate, Effects and Risks. Springer,
Heidelberg, pp. 3-12.

Kunisue, T., Someya, M., Kayama, F., Kayama, F., Jin, Y. & Tanabe,
S. 2004 Persistent organic pollutants in human breast milk
collected from Dalian and Shenyang, China. Organohal.
Comp. 66, 2779-2784.

Lintelmann, J., Katayama, A., Kurihara, N., Shore, L. & Wenzel, A.
2003 Endocrine disruptors in the environment. Pure Appl.
Chem. 75(5), 631-681.

Mackenzie, C. A., Lockridge, A. & Keith, M. 2005 Declining sex
ratio in a first nation community. Environ. Health Perspect.
113(10), 1295-1298.

Maier, M., Maier, D. & Lloyd, B. J. 2000 Factors influencing the
mobilization of polycyclic aromatic hydrocarbons (PAHs)
from the coal-tar lining of water mains. Water Res. 34, 773.

Mcdowell, D. C., Huber, M., Wagner, M., Von Gunten, U. &
Ternes, T. A. 2005 Ozonation of carbamazepine in drinking
water: identification and kinetic study of major oxidation
products. Environ. Sci. Technol. 39, 8014-8022.

Metcalfe, C. D., Koenig, B. G., Bennie, D. T., Servos, M., Ternes,
T. A. & Hirsch, R. 2003 Occurrence of neutral and acidic
drugs in the effluents of Canadian sewage treatment plants.
Environ. Toxicol. Chem. 22(12), 2872-2880.

Metcalfe, C., Miao, X. -S., Hua, W., Letcher, R. & Servos, M. 2004
Pharmaceuticals in the Canadian environment. In
Pharmaceuticals in the Environment: Sources, Fate, Effects
and Risks. Springer, Heidelberg, pp. 67-90.

Minh, N. H., Minh, T. B., Kajiwara, N., Subramanian, A., Iwata, H.,
Tana, T. S., Baburajendran, R., Karuppiah, S., Viet, P. H.,
Tuyen, B. C. & Tanabe, S. 2006 Contamination of persistent
organic pollutants in dumping sites of Asian developing
countries: implication of emerging pollutant sources. Arch.
Environ. Contam. Toxicol. 50, 474-481.

Mura, P., Faucci, M. T., Maestrelli, F., Furlanetto, S. & Pinzauti, S.
2002 Characterization of physicochemical properties of
naproxen system with amorphous (-cyclodextrin-
epichlorohydrin polymers. J. Pharm. Biomed. Anal. 29,
1015-1024.

Downloaded from http://iwaponline.com/jwh/article-pdf/7/2/224/397184/224 .pdf

Nakada, N., Shinohara, H., Murata, A., Kentaro, K., Managaki, S.,
Sato, N. & Tukada, H. 2007 Removal of selected
pharmaceuticals and personal care products (PPCPs) and
endocrine disrupting chemicals (EDCs) during sand filtration
and ozonation at a municipal sewage treatment plant. Water
Res. 41, 4373-4382.

Nentwig, G., Oetken, M. & Oehlmann, J. 2004 Effects of
pharmaceuticals on aquatic invertebrates: the example of
carbamaepine and clofibric acid. In Pharmaceuticals in the
Environment: Sources, Fate, Effects and Risks. Springer,
Heidelberg, pp. 195-208.

Okeke, I. N., Lamikanra, A. & Edelman, R. 1999 Socioeconomic
and behavioral factors leading to acquired bacterial resistance
to antibiotics in developing countries. Emerg. Infect. Dis. 5(1),
18-26.

Orlando, E. F. & Guillette, L. ]. 2007 Sexual dimorphic responses in
wildlife exposed to endocrine disrupting chemicals. Environ.
Res. 104(1), 163-173.

Plant, J. A. & Davis, D. L. 2003 Breast and prostate cancer: Sources
and pathways of endocrine-disrupting chemicals. In
Geography and Health: Closing the Gap. Oxford University
Press, New York.

Pocar, P., Bervini, T. A. L., Fischer, B. & Gandolfi, F. 2003 The
impact of endocrine disruptors on oocyte competence.
Reproduction 125, 313-325.

Pojana, G., Gomiero, A., Jonkers, N. & Marcomini, A. 2007 Natural
and synthetic endocrine disrupting compounds (EDCs) in
water, sediment and biota of a coastal lagoon. Environ. Int. 33,
929-936.

Proffitt, F. & Bagla, P. 2004 Circling in on a vulture killer. Science
306, 223.

Purdom, C. E., Hardiman, P. A., Bye, V. ], Eno, N. C,, Tyler, C. R.
& Sumpter, J. P. 1994 Estrogenic effects of effluents from
sewage treatment works. Chem. Ecol. 8, 275-285.

Rakness, K. L. 2005 Ozone in Drinking Water Treatment: Process
Design, Operation and Optimization. American Water Works
Association, Denver, Colorado.

Reynolds, K. A. 2003 Pharmaceuticals in drinking water supplies.
WCP Online, 45(6), www.wcp.net/column.
cfm?T = T&ID = 2199, accessed 31 October 2007.

Rosenfeldt, E. J., Linden, K. G., Canonica, S. & Von Gunten, U.

2006 Comparison of the efficiency of -OH radical formation
during ozonation and the advanced oxidation processes
0s/H,0.and UV/H,0,. Water Res. 40,

3695-3704.

Safe, S. H. 2000 Endocrine disruption and human health: is there a
problem? An update. Environ. Health Perspect. 108(6),
487-493.

Sasco, A. J. 2003 Breast cancer and the environment. Hormone Res.
60(3), 50.

Scheytt, T., Mersmann, P., Lindstadt, R. & Heberer, T. 2005
1-Octanol/Water partition coefficients of 5 pharmaceuticals
from human medical care: carbamazepine, clofibric acid,
diclofenac, ibuprofen, and propyphenazone. Water Air Soil
Pollut. 165, 3-11.


http://dx.doi.org/10.1021/es970412g
http://dx.doi.org/10.1007/s002449900392
http://dx.doi.org/10.1007/s002449900392
http://dx.doi.org/10.1007/s002449900392
http://dx.doi.org/10.1016/S0048-9697(99)00535-5
http://dx.doi.org/10.1016/S0048-9697(99)00535-5
http://dx.doi.org/10.1016/S0048-9697(99)00535-5
http://dx.doi.org/10.1021/es011055j
http://dx.doi.org/10.1021/es011055j
http://dx.doi.org/10.1021/es011055j
http://dx.doi.org/10.1021/es011055j
http://dx.doi.org/10.1021/es011055j
http://dx.doi.org/10.1351/pac200375050631
http://dx.doi.org/10.1289/ehp.8479
http://dx.doi.org/10.1289/ehp.8479
http://dx.doi.org/10.1016/S0043-1354(99)00230-4
http://dx.doi.org/10.1016/S0043-1354(99)00230-4
http://dx.doi.org/10.1016/S0043-1354(99)00230-4
http://dx.doi.org/10.1021/es050043l
http://dx.doi.org/10.1021/es050043l
http://dx.doi.org/10.1021/es050043l
http://dx.doi.org/10.1897/02-469
http://dx.doi.org/10.1897/02-469
http://dx.doi.org/10.1007/s00244-005-1087-3
http://dx.doi.org/10.1007/s00244-005-1087-3
http://dx.doi.org/10.1007/s00244-005-1087-3
http://dx.doi.org/10.1016/S0731-7085(02)00142-5
http://dx.doi.org/10.1016/S0731-7085(02)00142-5
http://dx.doi.org/10.1016/S0731-7085(02)00142-5
http://dx.doi.org/10.1016/j.watres.2007.06.038
http://dx.doi.org/10.1016/j.watres.2007.06.038
http://dx.doi.org/10.1016/j.watres.2007.06.038
http://dx.doi.org/10.1016/j.watres.2007.06.038
http://dx.doi.org/10.1016/j.envres.2006.06.002
http://dx.doi.org/10.1016/j.envres.2006.06.002
http://dx.doi.org/10.1530/rep.0.1250313
http://dx.doi.org/10.1530/rep.0.1250313
http://dx.doi.org/10.1016/j.envint.2007.05.003
http://dx.doi.org/10.1016/j.envint.2007.05.003
http://dx.doi.org/10.1016/j.envint.2007.05.003
http://dx.doi.org/10.1126/science.306.5694.223
http://dx.doi.org/10.1080/02757549408038554
http://dx.doi.org/10.1080/02757549408038554
http://www.wcp.net/column.cfm?t=t&id=2199
http://www.wcp.net/column.cfm?t=t&id=2199
http://www.wcp.net/column.cfm?t=t&id=2199
http://www.wcp.net/column.cfm?t=t&id=2199
http://www.wcp.net/column.cfm?t=t&id=2199
http://www.wcp.net/column.cfm?t=t&id=2199
http://dx.doi.org/10.1016/j.watres.2006.09.008
http://dx.doi.org/10.1016/j.watres.2006.09.008
http://dx.doi.org/10.1016/j.watres.2006.09.008
http://dx.doi.org/10.1016/j.watres.2006.09.008
http://dx.doi.org/10.1016/j.watres.2006.09.008
http://dx.doi.org/10.1016/j.watres.2006.09.008
http://dx.doi.org/10.1016/j.watres.2006.09.008
http://dx.doi.org/10.2307/3454608
http://dx.doi.org/10.2307/3454608
http://dx.doi.org/10.1159/000074500
http://dx.doi.org/10.1007/s11270-005-3539-9
http://dx.doi.org/10.1007/s11270-005-3539-9
http://dx.doi.org/10.1007/s11270-005-3539-9

242 M. F. Rahman et al. | EDCs and PPCPs in the aquatic environment

Journal of Water and Health | 07.2 | 2009

Schwarzenbach, R. P., Gschwend, P. M. & Imboden, D. M. 2003
Environmental Organic Chemistry. Wiley, Hoboken,

New Jersey.

Seagren, E. A. 2005 DDT, human health and the environment.
J. Environ. Eng. 131(12), 1617 -1619.

Servos, M. R., Bennie, D. T., Burnison, B. K., Jurkovic, A., McInnis,
R., Neheli, T., Schnell, A., Seto, P., Smyth, S. A. & Ternes,

T. A. 2005 Distribution of estrogens, 17h-estradiol and estrone,
in Canadian municipal wastewater treatment plants. Sci. Total
Environ. 336, 155-170.

Sharpe, R. M. & Irvine, D. S. 2004 How strong is the evidence
of a link between environmental chemicals and adverse
effects on human reproductive health? Brit. Med. ]. 328,
447-451.

Shiru, N. 2000 Cooperation can solve it. Bull. World Health Org.
78(9), 1160.

Smith, K. R. 2000 Environmental health: for the rich or for all?
Bull. World Health Org. 78(9), 1156-1157.

Snyder, S. A. 2008 Occurrence, treatment and toxicological
relevance of EDCs and pharmaceuticals in water. Ozone: Sci.
Eng. 30(1), 65-69.

Snyder, S. A., Westerhoff, P., Yoon, Y. & Sedlak, D. L. 2003
Pharmaceuticals, personal care products, and endocrine
disruptors in water: implications for the water industry.
Environ. Eng. Sci. 20(5), 449-469.

Snyder, E. M., Pleus, R. C. & Snyder, S. A. 2005 Pharmaceuticals
and EDCs in the US water industry: an update. J. Am. Water
Works Assoc. 97(11), 32-36.

Snyder, S. A., Adham, S., Redding, A. M., Cannon, F. S., Decarolis, J.,
Oppenheimer, J., Wert, E. C. & Yoon, Y. 2006 Role of
membranes and activated carbon removal of endocrine
disruptors and pharmaceuticals. Desalination 202,
156-181.

Snyder, S. A.,, Wert, E. C., Rexing, D. J., Zegers, R. E. &

Drury, D. D. 2006 Ozone oxidation of endocrine disruptors
and pharmaceuticals in surface water and wastewater.
Ozone Sci. Eng. 28(6), 445-460.

Solaiman, M. A,, Pedersen, J. A. & (Mel) Suffet, I. H. 2004 Rapid
gas chromatrography: mass spectrometry screening method for
human pharmaceuticals, hormones, antioxidants and
plasticizers in water. J. Chromat. 1029, 223 -237.

Stackelberg, P. E., Furlong, E. T., Meyer, M. T., Zaugg, S. D,
Henderson, A. K. & Reissman, D. B. 2004 Persistence of
pharmaceutical compounds and other organic wastewater
contaminants in a conventional drinking water treatment
plant. Sci. Total Environ. 329, 99-113.

Stackelberg, P. E., Gibs, J., Furlong, E. T., Meyer, M. T., Zaugg,
S. D. & Lippincott, R. L. 2007 Efficiency of conventional
drinking-water-treatment processes in removal of
pharmaceuticals and other organic compounds. Sci. Total
Environ. 377, 255-272.

Stumpf, M., Ternes, T. A., Wilken, R. -D., Rodrigues, S. V. &
Baumann, W. 1999 Polar drug residues in sewage and natural
waters in the state of Rio de Janeiro. Brazil. Sci. Total Environ.
225, 135-141.

Downloaded from http://iwaponline.com/jwh/article-pdf/7/2/224/397184/224 .pdf

Suk, W. A., Ruchirawat, K. M., Balakrishnan, K., Berger, M.,
Carpenter, D., Damstra, T., De Garbino, J. P., Koh, D,
Landrigan, P. J., Makalinao, I., Sly, P. D., Xu, Y. & Zheng,

B. S. 2003 Environmental threats to children’s health in
Southeast Asia and the Western Pacific. Environ. Health
Perspect. 111(10), 1340-1347.

Sumpter, J. P. 2005 Endocrine disruptors in the aquatic environment:
an overview. Acta Hydroch. Hydrob. 33(1), 9-16.

Ternes, T. A. 1998 Occurrence of drugs in German sewage
treatment plants and rivers. Water Res. 32(11), 3245-3260.

Ternes, T. A. 2001 Analytical methods for the determination of
pharmaceuticals in aqueous environmental samples. Trends
Anal. Chem. 20(8), 419-434.

Ternes, T. A., Meisenheimer, M., Mcdowell, D., Sacher, F., Brauch,
H. -J., Preuss, G., Wilme, U. & Zulei- Seibert, N. 2002
Removal of pharmaceuticals during drinking water treatment.
Environ. Sci. Technol. 36, 3855-3863.

Ternes, T. A., Stuber, J., Herrmann, N., Mcdowell, D., Ried, A.,
Kampmann, M. & Teiser, B. 2003 Ozonation: a tool
for removal of pharmaceuticals, contrast media and
musk fragrances from wastewater? Water Res. 37,
1976-1982.

Thurman, E. M., Goolsby, D. A., Meyer, M. T., Mills, M. S., Pomes,
M. L. & Kolpin, D. W. 1992 A reconnaissance of study of
herbicides and their metabolites in surface water of
midwestern United States using immunoassay and gas
chromatography/mass spectrometry. Environ. Sci. Technol. 26,
2440-2447.

USEPA 2001 Removal of Endocrine Disruptor Chemicals Using
Drinking Water Treatment Processes, Report No. EPA/625/
R-00/015, Environmental Protection Agency, Washington,
DC.

Vieno, N. M., Tuhkanen, T. & Kronberg, L. 2006 Removal
of pharmaceuticals in drinking water treatment: Effect
of chemical coagulation. Environ. Technol. 27(2),

183-192.

Vieno, N. M., Harkki, H., Tuhkanen, T. & Kronberg, L. 2007
Occurrence of pharmaceuticals in river water and their
elimination in a pilot-scale drinking water treatment plant.
Environ. Sci. Technol. 41, 5077 -5084.

Vineis, P. 2000 A case in point: occupational cancer. Bull. World
Health Org. 78(9), 1158-1159.

Von Gunten, U. 2003 Ozonation of drinking water: Part 1.
Oxidation kinetics and product formation. Water Res. 37,
1443 -1467.

Von Gunten, U., Janex-Habibi, M. L., Ternes, T. A. & Weber, L.
2006 Removal of PPCP during drinking water treatment. In
Human Pharmaceuticals, Hormones, and Fragrances. The
Challenge of Micropollutants in Urban Water Management.
IWA Publishing, London.

Walker, B. S. & Janey, J. C. 1930 Estrogenic substances II. Analysis
of plant sources. Endocrinology 14, 389-392.

Webb, S., Ternes, T., Gilbert, M. & Olejniczak, K. 2003 Indirect
human exposure to pharmaceuticals via drinking water.
Toxicol. Lett. 142(3), 157-167.


http://dx.doi.org/10.1061/(ASCE)0733-9372(2005)131:12(1617)
http://dx.doi.org/10.1016/j.scitotenv.2004.05.025
http://dx.doi.org/10.1016/j.scitotenv.2004.05.025
http://dx.doi.org/10.1136/bmj.328.7437.447
http://dx.doi.org/10.1136/bmj.328.7437.447
http://dx.doi.org/10.1136/bmj.328.7437.447
http://dx.doi.org/10.1080/01919510701799278
http://dx.doi.org/10.1080/01919510701799278
http://dx.doi.org/10.1089/109287503768335931
http://dx.doi.org/10.1089/109287503768335931
http://dx.doi.org/10.1016/j.desal.2005.12.052
http://dx.doi.org/10.1016/j.desal.2005.12.052
http://dx.doi.org/10.1016/j.desal.2005.12.052
http://dx.doi.org/10.1080/01919510601039726
http://dx.doi.org/10.1080/01919510601039726
http://dx.doi.org/10.1016/j.chroma.2003.11.098
http://dx.doi.org/10.1016/j.chroma.2003.11.098
http://dx.doi.org/10.1016/j.chroma.2003.11.098
http://dx.doi.org/10.1016/j.chroma.2003.11.098
http://dx.doi.org/10.1016/j.scitotenv.2004.03.015
http://dx.doi.org/10.1016/j.scitotenv.2004.03.015
http://dx.doi.org/10.1016/j.scitotenv.2004.03.015
http://dx.doi.org/10.1016/j.scitotenv.2004.03.015
http://dx.doi.org/10.1016/j.scitotenv.2007.01.095
http://dx.doi.org/10.1016/j.scitotenv.2007.01.095
http://dx.doi.org/10.1016/j.scitotenv.2007.01.095
http://dx.doi.org/10.1016/S0048-9697(98)00339-8
http://dx.doi.org/10.1016/S0048-9697(98)00339-8
http://dx.doi.org/10.1289/ehp.6059
http://dx.doi.org/10.1289/ehp.6059
http://dx.doi.org/10.1002/aheh.200400555
http://dx.doi.org/10.1002/aheh.200400555
http://dx.doi.org/10.1016/S0043-1354(98)00099-2
http://dx.doi.org/10.1016/S0043-1354(98)00099-2
http://dx.doi.org/10.1016/S0165-9936(01)00078-4
http://dx.doi.org/10.1016/S0165-9936(01)00078-4
http://dx.doi.org/10.1021/es015757k
http://dx.doi.org/10.1016/S0043-1354(02)00570-5
http://dx.doi.org/10.1016/S0043-1354(02)00570-5
http://dx.doi.org/10.1016/S0043-1354(02)00570-5
http://dx.doi.org/10.1021/es00036a016
http://dx.doi.org/10.1021/es00036a016
http://dx.doi.org/10.1021/es00036a016
http://dx.doi.org/10.1021/es00036a016
http://dx.doi.org/10.1080/09593332708618632
http://dx.doi.org/10.1080/09593332708618632
http://dx.doi.org/10.1080/09593332708618632
http://dx.doi.org/10.1021/es062720x
http://dx.doi.org/10.1021/es062720x
http://dx.doi.org/10.1016/S0043-1354(02)00457-8
http://dx.doi.org/10.1016/S0043-1354(02)00457-8
http://dx.doi.org/10.1016/S0378-4274(03)00071-7
http://dx.doi.org/10.1016/S0378-4274(03)00071-7

243 M. F. Rahman et al. | EDCs and PPCPs in the aquatic environment

Journal of Water and Health | 07.2 | 2009

Wert, E. C., Rosario-Ortiz, F. L., Drury, D. D. & Snyder, S. A. 2007
Formation of oxidation by products from ozonation of
wastewater. Water Res. 41, 1481-1490.

Westerhoff, P. 2003 Removal of endocrine disruptors,
pharmaceuticals and personal care products during water
treatment. Southwest Hydrol. 2(6), 18-19.

Westerhoff, P., Yoon, Y., Snyder, S. & Wert, E. 2005 Fate of
endocrine disruptor, pharmaceutical and personal care
product chemicals during simulated drinking water treatment
process. Environ. Sci. Technol. 39(17), 6649 -6663.

WHO 1996 Health criteria and other supporting information
(Vol. 2). In Background document for development of

WHO guidelines for drinking water quality, Guidelines
for drinking water quality. World Health Organization,
Geneva.

Ying, G., Williams, B. & Kookana, R. 2002 Environmental fate of
alkylphenols and alkylphenol ethoxylates: a review. Environ.
Int. 28, 215-226.

Zuccato, E., Calamari, D., Natangelo, M. & Fanelli, R. 2000
Presence of therapeutic drugs in the environment. Lancet 335,
1789-1790.

Zweiner, C. & Frimmel, F. H. 2000 Oxidative treatment
of pharmaceuticals in water. Water Res. 34(6),

1881-1885.

First received 3 March 2008; accepted in revised form 13 August 2008. Available online February 2009

Downloaded from http://iwaponline.com/jwh/article-pdf/7/2/224/397184/224 .pdf

bv auest


http://dx.doi.org/10.1016/j.watres.2007.01.020
http://dx.doi.org/10.1016/j.watres.2007.01.020
http://dx.doi.org/10.1021/es0484799
http://dx.doi.org/10.1021/es0484799
http://dx.doi.org/10.1021/es0484799
http://dx.doi.org/10.1021/es0484799
http://dx.doi.org/10.1016/S0160-4120(02)00017-X
http://dx.doi.org/10.1016/S0160-4120(02)00017-X
http://dx.doi.org/10.1016/S0140-6736(00)02270-4
http://dx.doi.org/10.1016/S0043-1354(99)00338-3
http://dx.doi.org/10.1016/S0043-1354(99)00338-3

	Endocrine disrupting compounds (EDCs) and pharmaceuticals and personal care products (PPCPs) in the aquatic environment: implic
	Abbreviations
	Introduction
	EDCs and PPCPs: sources and properties
	Occurrences in the aquatic environment
	Health effects of EDCs and PPCPs
	Removal of EDCs and PPCPs from drinking &?tul=0;water: ozone-based oxidative treatment
	Challenges posed by EDCs and PPCPs to the &?tul=0;drinking water industry
	EDCs and PPCPs: implications for global &?tul=0;environmental health
	Concluding remarks
	References


