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An increasing part of drinking water in Europe is prepared from surface water. At
the same time, a growing number of emerging contaminants is being discovered in
surface water. This review provides an overview of classes of emerging
contaminants nowadays detected in the aquatic environment that are of relevance
for drinking water production. These comprise e.g. endocrine disrupting
compounds, such as hormones and compounds with hormone-like properties,
pharmaceuticals, illicit and non-controlled drugs, sweeteners, personal care
products, complexing agents, nanoparticles, perﬂuorinated compounds, ﬂame
retardants, pesticides, and fuel additives. The individual compounds are observed
in concentrations that are generally considered too low to cause acute eﬀects.
Nevertheless, health eﬀects due to long-term exposure to a mixture of low
concentrations of all kinds of emerging contaminants cannot be excluded with
current knowledge. Moreover, contamination of drinking water with man-made
substances is considered unwanted in principle. The precautionary principle is
used to motivate that prevention of emission of emerging contaminants into the
environment is the preferred approach to safeguard sustainable drinking water
production. In the mean time, extensive monitoring of the sources and
development and application of advanced treatment techniques are used to
prepare safe drinking water.
Keywords: emerging substances; endocrine disruption; pharmaceuticals; aquatic
environment; drinking water; risk assessment

1.

Introduction

The availability of safe drinking water is essential for health and well-being of
humans all over the world. Traditionally, microbiological quality of drinking water
attracted most attention and this still is the most important issue in a large part of
the world. The provision of safe drinking water with respect to pathogens since the
second half of the nineteenth century virtually eliminated the spread of infectious
waterborne diseases, such as typhoid fever and cholera in developed countries.
During the last decades, the attention for chemical quality of drinking water has
grown because the knowledge on chemical compounds and their possible toxic
eﬀects has increased.
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In Europe, millions of people depend for their need of drinking water on surface
waters, such as the Rivers Danube, Meuse, Rhine, and Tagus (Figure 1). These
surface waters are contaminated with thousands of chemical compounds originating
from industry, agriculture, and household uses and their number is still increasing.
This confronts drinking water companies with the challenge and responsibility to
deal with contaminants in their sources and still prepare safe drinking water.
This article gives an overview of classes of chemical pollutants that have been
recently detected in surface waters, so called ‘‘emerging contaminants’’, that are of
concern for the production of drinking water. The article does not include inorganic
compounds as nutrients and metals, but is conﬁned to organic chemicals, i.e.
compounds predominantly composed of the chemical elements carbon, hydrogen,
and oxygen. To keep focus, the review only considers compounds that are detected in
surface waters, and does not pay attention to compounds mainly detected in ground
waters or compounds formed during treatment processes. In addition to the
overview of compounds (section 3), the article discusses the possibility of health risks
(section 4), current legislation, and the position of drinking water companies with
respect to the protection of surface waters, such as drinking water sources (section 5)
and gives an outlook on future possibilities to assess emerging contaminants (section
6). This article describes the drinking water production often with the situation in the
Netherlands as an example. The same applies however for other European countries.
If not, the diﬀerences are described.

Figure 1. Map showing examples of European rivers from where water is abstracted for the
preparation of drinking water.
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Safe drinking water in a contaminated environment
Drinking water production in Europe: historical perspective

Surface water from rivers, creeks, and canals long served as source for drinking
water without any prior treatment. Thanks to the self-purifying capacity of natural
waters, people could sustainably use surface water streams both as source for
drinking water and as means to dispose their waste water. Industrialization,
concomitant expansion of the population living in cities, and increasing population
density in the nineteenth century changed this situation in large parts of Europe.
Human impact on surface water quality often surpassed this self-purifying capacity.
A famous and disastrous example of the consequences of contamination of drinking
water with human waste is the 1854 cholera epidemic in London. London, at that
time the largest city in the world, suﬀered from poor sanitary circumstances. The
cause of this epidemic was mixing of drinking water with waste water in a pumping
well that was used by inhabitants of Broad Street, Golden Square, and adjoining
streets in London (Colwell 1996). From the nineteenth century onwards, growing
knowledge on civil engineering opened the door for wastewater treatment and
drinking water treatment and supply.
In the Netherlands, the ﬁrst drinking water supply was introduced in 1853 with
the installation of a pipeline transporting freshwater ﬁltered by the dunes near
Haarlem to the city of Amsterdam. There, the freshwater was distributed at the price
of ‘‘one cent a bucket’’ (De Moel et al. 2004). Since then, numerous private
companies were founded. Afterwards, drinking water supply became a responsibility
of the government leading to a limited number of supplies covering the whole
country. Similar developments have taken place in surrounding European countries.
In the nineteenth century, drinking water in Europe was almost completely made
from ground water. Nowadays, surface water is increasingly used because of ground
water shortage. Two main systems for the production of drinking water from surface
water currently used are storage in basins followed by extensive treatment and pretreatment, inﬁltration in ground, river banks or dunes, abstraction and limited
puriﬁcation afterwards (De Moel et al. 2004). The production of drinking water by
desalination of brackish (ground) water is expensive and thus applied only in
countries where freshwater is scarce, such as Malta. In contrast to most other
European countries, in the Netherlands, and parts of Germany drinking water is
distributed without prior post-disinfection with chlorine. Currently, 99.8% of the
Dutch households are connected to a drinking water distribution network and 98%
to sewage treatment. At the same time, due to easy availability and use for other
purposes besides drinking, average water consumption per person per day increased
from about 10 l per person per day in 1850 to 120–160 l nowadays throughout
Europe.
2.2.

Sources of contaminating compounds in surface water

Surface water is available in large quantities from rivers, canals, and lakes. Whereas
ground water generally is of high bacteriological and constant chemical quality,
surface water quality varies considerably due to upstream activities, and varying
discharge volumes and ﬂow properties. As rivers often pass several countries,
upstream activities might inﬂuence water quality in other countries downstream,
making surface water quality a transboundary issue.
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Contaminants are introduced by all kinds of human activities, such as
agriculture, shipping, industry, and use of chemicals in households. We can
distinguish incidental spills, structural spills, and diﬀuse emissions (Wuijts and Van
Rijswijk 2008). Incidental spills are unexpected, and may inﬂuence water quality
considerably, albeit usually only temporarily. Examples are shipping accidents,
industrial accidents, and sewage overﬂows. Structural spills, such as the discharge of
eﬄuents of industrial and municipal waste water treatment plants, are often of better
known composition and have a continuous inﬂuence on water quality. Diﬀuse
emissions, such as agricultural and road run oﬀ, are characterized by a strong
seasonal variation and poorly traceable origins (Wuijts and Van Rijswijk 2008),
because of the many possible sources.
At ﬁrst hand, one might think that large incidental spills from point sources such
as a chemical industry plant are most important. And indeed, incidents from the past
have shown disastrous consequences for the aquatic environment. One example is a
ﬁre at the chemical plant Sandoz near Basel in 1986 that led to the poisoning of the
river Rhine between Basel and Koblenz with 20 tons of pesticides and consequently
to an interruption of water intake for drinking water production in the Netherlands
for 9 days (RIWA Vereniging van Rivierwaterbedrijven 2003). Nevertheless,
continuous contamination by structural spills or diﬀuse sources might have an at
least as substantial impact on drinking water production. In contrast to incidental
spills, drinking water companies cannot deal with them by just temporarily
interrupting the intake. Figure 2 shows the most relevant pathways by which
emerging contaminants are introduced in the aquatic environment and might end up
in waters used as source for drinking water production.
Organic compounds such as polyaromatic hydrocarbons, polychlorinated
biphenyls, and organochlorine pesticides were a focus of interest last decades

Figure 2. Schematic representation of a water cycle, showing pathways by which emerging
contaminants are introduced in the surface waters and thus end up in waters used as source for
drinking water preparation.
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and were monitored intensively. Because of their persistent and often lipophilic
nature, they could be present in the environment for a very long time before being
degraded and could accumulate in sediment and in living organisms. They
originated predominantly from diﬀuse sources such as agriculture and from
industries. Maximum allowed concentrations in water distracted for the production
of drinking water and in drinking water itself for these compounds are laid down
in legislation. Nowadays, regulatory measures against application of various
persistent compounds have come into force and have aided to reduce emissions
and environmental concentrations of these compounds. For these reasons, these
compounds gradually have become less relevant for drinking water preparation
(Jones et al. 2005).
2.3. Emerging contaminants
At the same time, large new groups of as yet unregulated contaminants have
attracted attention. These groups of so-called ‘‘emerging contaminants (substances)’’
comprise various compounds used in everyday life, such as human and veterinary
pharmaceuticals, plasticizers, and various industrial additives. Although often less
persistent in the environment than conventional contaminants, their continuous
introduction might lead to negative eﬀects. Therefore, emerging contaminants
belong to the most important chemical contaminants currently found in the
environment (Field et al. 2006).
The term ‘‘emerging contaminants’’ does not necessarily solely cover newly
developed compounds. In fact, the term is used for at least three categories of
compounds attracting the concern of current environmental toxicologists and
chemists. The ﬁrst consists of compounds that are newly introduced into the
environment, e.g. industrial compounds that have only recently been developed.
The second category comprises compounds that, although possibly around for
longer times, have only recently been detected in the environment. The analysis of
emerging contaminants is really challenging for analytical chemists, because of the
diversity in chemical properties, the complexity of matrices, and generally very low
concentrations at which they are found – usually to even low nanogram or picogram
per liter levels. However, major advances in chemical analytical technologies
achieved last decades have widened the scope of compounds that can be detected and
identiﬁed enormously. Current techniques, such as liquid chromatography coupled
with tandem mass spectrometry, hyphenated chemical screening techniques (Ferrer
and Thurman 2003; Houtman et al. 2006a), and biological analysis methods
(bioassays) (Houtman et al. 2004a, 2007) now permit the routine analysis of all kinds
of polar organic chemicals, which could not be observed before with the gas
chromatographic approaches, that led to the early discovery of many persistent and
non-polar organic pollutants. Furthermore, instrumental sensitivity has improved
enormously (Giger 2009; Richardson 2009). Over the last 40 years, a sensitivity gain
of a factor 1000 to even 100,000 has been achieved (de Boer 2010), thus enabling the
detection of most compounds at the concentrations in which they are indeed present
in the environment.
The third category emerging contaminants consist of compounds that, although
possibly known for a longer time, are only recently recognized as potentially causing
adverse eﬀects on ecosystems or humans (Petrovic and Barcelo 2006). This is, for
example, the case with hormones (see section 3).
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How long the contaminants keep their ‘‘emerging’’ status depends largely on the
time needed to assess their persistency and toxicity for humans and wildlife. This
requires time and resource-intensive studies on environmental fate and toxicological
properties. As a result, contaminants may keep their emerging status for several
years (Field et al. 2006).
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3. Classes of emerging contaminants
3.1. Endocrine disrupting compounds
Since the 1990s, evidence has accumulated that certain synthetic and natural
chemicals in the environment can disturb the hormonal (endocrine) system of
exposed organisms by mimicking or blocking the action of hormones (Colborn et al.
1993; Fairley et al. 1996). Exposure might lead to adverse health eﬀects – collectively
referred to as ‘‘endocrine disruption’’ – concerning all kinds of processes in the body
that are controlled by hormones, such as growth, development, fertility, and
reproduction (Colborn et al. 1993; Fairley et al. 1996). Most attention has been given
to estrogenic compounds, i.e. compounds that act as the female sex hormone 17bestradiol. The most notable eﬀect in this respect is the intersexuality of male ﬁsh that
is observed at large scale in the UK (Jobling et al. 1998; Allen et al. 1999a,b; Kirby
et al. 2004) and other countries (Sole et al. 2003; Barnhoorn et al. 2004; Vethaak
et al. 2005; Bjerregaard et al. 2006; Houtman et al. 2007). Intersex male ﬁsh
developed female characteristics, i.e. produced egg yolk sac protein and developed
egg cells in their testes (Jobling et al. 1998).
The human endocrine system is comparable to that of animal vertebrates like
ﬁsh. Therefore, exposure to endocrine disrupting compounds might imply a certain
health risk for humans also. A link between environmental contaminants and
reproductive health of humans has been suggested in terms of declining sperm
counts, increased incidences of other reproductive disorders related with male
infertility, testicular cancer, and breast cancer (Sharpe and Skakkebaek 1993; Wolﬀ
et al. 1993; European Environment Agency 1997), however, a causal relationship has
not been established (Safe 1995, 2000; Daston et al. 2003).
Laboratory research has shown that a large number of diﬀerent chemicals can
exert estrogenic eﬀects (Blair et al. 2000; Legler et al. 2000; Nishihara et al. 2000;
Houtman et al. 2004b), including the natural estrogenic hormones 17b-estradiol,
estriol and estrone, the synthetic estrogenic hormone and contraceptive pill
ingredient 17a-ethynylestradiol, and phytoestrogens like isoﬂavonoides and coumestrol. Furthermore, various pesticides and industrial compounds, such as
alkylphenols, alkylphenolethoxylates, and bisphenol A, which are applied as
surfactants, plasticizers, and raw materials for the production of polycarbonate
plastic, are estrogenic. The latter groups were never intended to act like hormones,
but similarities in their chemical structure with hormones enable them to act
similarly in the body, although generally much higher concentrations are needed to
cause an eﬀect. Picogram to nanogram per liter concentrations of estrogenic activity
have been found throughout the aquatic environment, e.g. in wastewater, surface
water, and sediment (Jobling et al. 1998; Belfroid et al. 1999; Bolz et al. 2001; de
Alda and Barcelo 2001; Petrovic et al. 2002; Houtman et al. 2004b; Peck et al. 2004;
Cespedes et al. 2005; Houtman et al. 2006a; Morteani et al. 2006).
Field investigations have identiﬁed very low concentrations of natural and
synthetic estrogenic hormones as main causes of estrogenic eﬀects in the aquatic
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environment (Desbrow et al. 1998; Houtman et al. 2004b; Gibson et al. 2005;
Sumpter 2005; Houtman et al. 2006a; Houtman et al. 2007; Sumpter and Johnson
2008). They are excreted by humans and livestock and discharged in the environment
with eﬄuents of sewage treatment plants (Kolpin et al. 2002; Legler et al. 2002;
Snyder et al. 2003) or with agricultural run oﬀ (Lange et al. 2002; Johnson et al.
2006; Matthiessen et al. 2006). Only at certain speciﬁc locations, estrogenic activities
were partly or fully caused by high concentrations of alkylphenols (Sheahan et al.
2002; Fenet et al. 2003; Cespedes et al. 2004; Quiros et al. 2005).
Several studies have investigated the presence of estrogens in drinking water.
Fawell et al. (2001) did not detect estrogenic compounds in drinking water prepared
from UK river water. On the other hand, two studies in Southern Germany reported
estrogenic steroid hormones in some drinking water samples at levels to 1.4 ng/l for
ethynylestradiol and 2 ng/l for estradiol, suggesting that estrogenic hormones are not
in all cases completely removed during sewage treatment and water treatment (Adler
et al. 2001; Kuch and Ballschmiter 2001).
In addition to estrogens, research focuses nowadays also on other classes of
hormones and compounds with comparable or opposite activities such as antiestrogens, androgens (male sex hormones), anti-androgens, progestagens (female
pregnancy hormones), glucocorticoids (hormones controlling energy balance and
inﬂammation), and compounds showing thyroid hormone-like activities. Many
hormone-like compounds are used as pharmaceuticals and might enter the
environment via similar routes as estrogens. The amount of, e.g. androgens and
progestagens that is excreted by humans via urine is estimated to be several orders of
magnitude higher than that of estrogens (Shore and Shemesh 2003). The exposure to
androgens has been linked with masculinization of ﬁsh. The exposure to
glucocorticoids is associated with impairment of the immune system, reproduction,
and development. Various hormones are known to be used by ﬁsh as chemical
compounds excreted to communicate with other ﬁsh (reproductive pheromones)
(Chang et al. 2009). The issue of endocrine disruption is even more complex as
mixtures of compounds with diﬀerent endocrine eﬀects might enhance or counteract
each other or act independent of each other (Brian et al. 2005; Houtman et al. 2006b;
Weiss et al. 2009). Several surveys have demonstrated the presence of (anti-)
androgens, glucocorticoids, and thyroid hormone activities in the environment
(Houtman et al. 2004a; Van der Linden et al. 2008; Chang et al. 2009; Weiss et al.
2009). However, thyroid hormone activity was not detected in a survey investigating
drinking water prepared from the French river Seine (Jugan et al. 2009).
3.2.

Pharmaceuticals

Pharmaceuticals are chemical compounds used for the diagnosis, treatment, or
prevention of diseases in humans and animals. It is impossible to imagine our
modern Western society without them; hundreds or thousands of diﬀerent
pharmaceuticals are currently used and distributed including pain killers, antibiotics,
anti-diabetics, b-blockers, lipid regulators (anti-lipemics), anti-depressants, antiepileptics, and X-ray contrast media (Richardson 2008). The use of pharmaceuticals
still rises due to increasing use to prevent instead of to cure diseases, due to applying
them as additives in food products and due to aging of population in WesternEuropean countries (RIWA Vereniging van Rivierwaterbedrijven 2008; Van der Aa
et al. 2009).
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The possibility of emission of pharmaceuticals in the environment has been
recognized in environmental science since several decades. However, its signiﬁcance
remained unnoticed for long, perhaps partly because regulation of pharmaceuticals
is often in the hands of health agencies with limited expertise in environmental issues
(Daughton and Ternes 1999). Since 1990s, implementation of increasingly sensitive
analysis techniques opened the door for multiple investigations that demonstrated
the presence of traces of various classes of pharmaceuticals in surface waters at
nanogram to microgram per liter level (Hilton and Thomas 2003; Hilton et al. 2003;
Stolker et al. 2004; Ellis 2006; Hernando et al. 2006a; Jjemba 2006; Gibson et al.
2007; Kasprzyk-Hordem et al. 2007; Batt et al. 2008; Kasprzyk-Hordern et al. 2008;
Sacher et al. 2008; Gros et al. 2009; Meng 2009; Matamoros et al. 2010; Ter Laak
et al. 2010). Figure 3 shows pharmaceuticals, including X-ray contrast media,
detected in surface water at an intake site of a drinking water treatment plant along
the River Meuse. In the ﬁgure, each bar represents the sum of concentrations of
individual compounds. Up to 10 diﬀerent pharmaceuticals were observed in varying
concentrations over time.
As observed for endocrine disruptors, municipal sewage treatment plants
appeared to play an important role in the introduction of pharmaceuticals in the
environment. Conventional sewage treatment plants purify household waste water
mainly by subsequent application of bacterial degradation of organic matter, and
coagulation/ﬂocculation for the removal of suspended solids and phosphates. In
these processes, which are predominantly optimized for the degradation of waste
of natural origin, organic contaminants are primarily removed by bacterial
degradation and sorption to solids. The past decades have shown that this
treatment is rather inadequate in removing (synthetic) organic contaminants, such
as pharmaceuticals. This results in the detection of pharmaceuticals in eﬄuents
and receiving waters in their original form, or as degradation products

Figure 3. Pharmaceuticals detected in surface water at an intake site of a drinking water
treatment plant along the River Meuse. Bezaﬁbrate is used to treat elevated blood
concentrations of cholesterol (lipid regulator), ibuprofen is used as pain killer,
sulfamethoxazole as antibiotic, metoprolol as b-blocker (treatment of hypertension),
carbamazepin as anti-epileptic, other shown compounds are used as X-ray contrast media.
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(Hilton and Thomas 2003; Gagne et al. 2006; Gomez et al. 2006; Hernando et al.
2006b; Kuster et al. 2008). Besides household sewage, other emission sources of
human pharmaceuticals are waste waters from manufacturers, hospitals, and
disposal of unconsumed drugs via solid waste. It is estimated that up to 65% of
sold pharmaceuticals are never consumed (Ruhoy and Daughton 2008).
Furthermore, large quantities of pharmaceuticals, e.g. antibiotics and inﬂammatory drugs do not pass sewage treatment. They are used in veterinary practice to
treat cattle feedlot and directly contaminate surface water by means of run oﬀ
during rainfall (Daughton and Ternes 1999; Brooks et al. 2009). Several studies
have reported that some pharmaceuticals are not completely removed by drinking
water treatment and are found at trace levels in drinking water (Versteegh et al.
2007; Kuster et al. 2008; Benotti et al. 2009; Cooney 2009).
3.3.

Illicit drugs, non-controlled drugs, and sweeteners

Using similar methodologies as for pharmaceuticals, it was demonstrated that our
environment is also contaminated with drugs with predominantly non-medical
applications. It is estimated that up to 5% of the world population uses illicit
drugs, like cocaine, heroin, cannabinoids (hashish, marijuana), and amphetaminelike stimulants (such as ecstasy) (Castiglioni et al. 2008). In 2005, Zuccato et al.
published a ﬁrst systematic study on the presence of cocaine and its degradation
product benzoylecgonine in surface and waste water samples from the Italian
river Po. The results were interesting not only from an environmental but also
from a societal-forensic point of view; based on the measured concentrations, the
authors calculated that cocaine consumption in the area was considerably higher
than estimated at that time (Zuccato et al. 2005). Since then, several studies have
investigated the presence of cocaine and other illicit drugs as cannabinoids,
amphetamins in surface and waste waters throughout Europe. In addition, also
non-controlled stimulatory compounds, such as caﬀeine from coﬀee, tea, and soft
drinks and nicotine from tobacco were often included in these investigations.
Illicit and non-controlled drugs were structurally found at nanogram per liter
concentrations to low microgram per liter concentrations in waste and surface
waters. Degradation in sewage treatment plants varied considerably between
diﬀerent drugs. The most frequently found compound was benzoylecgonine,
pointing to the use of cocaine (Kasprzyk-Hordern et al. 2008, 2009; Zuccato et al.
2008). A Spanish study concluded that during the production of drinking water
from the Llobregat River illicit drugs were eliminated to undetectable levels,
whereas only traces of caﬀeine and degradation products of nicotine and cocaine
survived treatment (Huerta-Fontela et al. 2008).
One of the newest groups of emerging contaminants are artiﬁcial sweeteners.
These compounds are consumed in large volumes as low-calorie sugar alternatives in
food and drinks. Examples are acesulfame, saccharin, cyclamate, and sucralose
(Richardson 2009). Some of them, such as acesulfame, are heat-stable – and
therefore used for baking purposes – and are very persistent in liquids – and as such
applied in soft drinks with long expiry dates. These properties, combined with the
fact that certain sweeteners are not degraded by the human body but excreted
unchanged, makes sweeteners the next class of compounds that proved to end up
widespread in surface waters after use, as was demonstrated by Scheurer et al. (2009)
in German waste and surface waters.
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Personal care products

Personal care products comprise active ingredients of cosmetics, toiletries, and
fragrances. They are applied as preservative or to alter odor, appearance, touch,
or taste. In most cases, personal care products are not meant for ingestion, but
are applied directly on the human body (Daughton and Ternes 1999).
One group of personal care products consists of compounds used as fragrance,
such as polycylic musks. A second group comprises preservatives like parabenes
applied in shampoos, creams, and toiletries to prevent bacterial decay. Furthermore,
disinfectants like triclosan and clorophene are used on a large scale. Triclosan for
example has been used for decades in a wide variety of consumer products, ranging
from toothpaste and hand soap to toys and socks (Petrovic et al. 2003). In addition,
compounds such as benzophenone in sun screen lotions that block UV light have
gained interest of environmental chemists and biologists. The last examples
mentioned here are alkylated siloxanes, compounds used in soaps, hair-care
products, etc. Personal care products enter the environment via sewage treatment
eﬄuent as a result of showering, washing oﬀ, washing clothes, etc., but are also
directly released in surface waters by recreational activities as swimming and
sunbathing. Personal care products are observed regularly in eﬄuents and surface
waters worldwide (Daughton and Ternes 1999; Kasprzyk-Hordern et al. 2008;
Kuster et al. 2008; Rahman et al. 2009). Some of them can accumulate in exposed
organisms. This was illustrated by our observation of triclosan and clorophene in
bile from bream in the Dutch River Dommel (Houtman et al. 2004b). Some personal
care products are suspected to have potentially adverse potencies, such as estrogenic
hormone-like activity (UV blockers, parabens), developmental toxicity (UV
blockers), and extreme bioaccumulation (musks) (Daughton and Ternes 1999;
Richardson 2009).

3.5.

Nanoparticles

Nanoparticles constitute a rapidly growing research area. They are extremely
small in size with diameters between 1 and 100 nm and have properties that
diﬀer from smaller (molecules) or larger (bulk materials) particles of the same
composition (Wiesner et al. 2009). Besides inorganic compounds, such as titanium
dioxide and nanosilver, and also organic compounds, such as carbon nanotubes
and ‘‘nano-C60’’ are examples of nanoparticles. They can be of natural origin as
well as manufactured and a wide variety of applications is foreseen or already
implemented, for example, in medicine and in food industries. Meanwhile,
questions about their environmental fate and possible human-health risks arise.
Due to their small size, their surface is relatively large and their chemical
reactivity and biological activity remain relatively high. Nanoparticles can enter
the body and cells more easily than larger particles. It is suggested that they
might evoke inﬂammatory responses and DNA damage. However, very little is as
yet known about possible toxic properties of nanoparticles (Wiesner et al. 2009).
Although currently environmental data are scarce, techniques for the analysis of
nanoparticles in environmental samples are developing fast, and it is expected
that monitoring data will become available soon (Isaacson et al. 2009).
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Flame retardants

Flame retardants are a class of chemicals that are widely used in plastics, textiles, and
furnishing foams, such as computers, televisions, clothes, and sofas to slow down
inﬂammation in the event of a ﬁre. As such, they are supposed to have contributed
considerably to the reduction of ﬁre risks (Rahman et al. 2001). In the past, mainly
polybrominated biphenyl and polybrominated diphenyl ethers were used for this
purpose. These compounds are structurally similar to ‘‘conventional’’ contaminants
as polychlorinated biphenyls, and likewise is their behavior in the environment.
Brominated ﬂame retardants are structurally detected in tissues, blood and breast
milk of wildlife and humans (Rahman et al. 2001). This is worrying, as convincing
evidence has been obtained last years that these compounds and their degradation
products have several potentially toxic properties, such as the ability to disrupt the
thyroid, androgenic and estrogenic hormone systems (Legler 2008); toxicity for the
nervous system and they might also be carcinogenic (Richardson 2009). Because of
their low solubility in water, they tend to sorb to sediments in rivers (Rahman et al.
2001) instead of reaching high concentrations in water.
Another class are organophosphate ﬂame retardants, with tributylphosphate and
tris(2-chloroethyl)phosphate as important representatives. Their widespread use may
even increase since many brominated ﬂame retardants have been banned (Reemtsma
et al. 2008). Organophosphate ﬂame retardants, for which toxicity data still are
scarce, are persistent, although better soluble in water than brominated ones, and
several studies have reported their presence in surface and waste waters (Andresen
et al. 2007; Stackelberg et al. 2007; Focazio et al. 2008; Reemtsma et al. 2008; Terzic
et al. 2008).
3.7. Perﬂuorinated compounds
Perﬂuorinated compounds such as perﬂuoroctanoic acid and perﬂuoroctane
sulphonic acid are compounds with extraordinary chemical properties; they repel
water as well as lipids and oil. They are used as water, dirt, or grease repellent
coatings and sprays for leather, textile, and in PTFE (Teﬂon) non-stick cookware.
Concern about perﬂuorinated compounds is growing as they appear to be persistent;
accumulate in organisms and have a wide range of toxic properties, including
developmental interference and carcinogenicity (Skutlarek et al. 2006; McLachlan
et al. 2007). In addition, perﬂuorinated compounds are found in a wide variety of
wildlife species worldwide and in investigated human serum and tissues (Farre et al.
2008; Richardson 2009; Kwadijk et al. 2010). Water appears to be the major
reservoir in the environment and an important medium for their transport
(Prevedouros et al. 2006).
Various studies report the detection of perﬂuorinated compounds in surface
waters throughout Europe (Ahrens et al. 2009; Loos et al. 2009; Kwadijk et al. 2010).
Reported levels at diﬀusely contaminated locations vary between 1 and 50 ng/l.
However, incidentally higher concentrations (to over 1 mg/l) have been found,
suggesting that concerned sites were inﬂuenced by speciﬁc (industrial) sources
(Skutlarek et al. 2006; McLachlan et al. 2007; Kwadijk et al. 2010). Skutlarek et al.
reported the presence of perﬂuorinated compounds in surface water and in drinking
water samples (between lesser than detection limit and 519 ng/l) from the
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Ruhr–Rhine area, concluding that they were not successfully removed during water
treatment (Skutlarek et al. 2006).
3.8. Organic solvents MTBE and ETBE
Several industrially used organic solvents, such as diglyme, triglyme, and diisopropylether are regularly detected in surface waters (RIWA Vereniging van
Rivierwaterbedrijven 2008) (Figure 4). The organic solvents methyl tertiary
butylether (MTBE) and ethyl tertiary butylether (ETBE) are used as fuel additives
to optimize combustion, reduce emissions, and to help prevent engine knocking. As
such, they replaced tetra-ethyl lead, which was in use for this purpose in Europe till
1988. However, MTBE and ETBE have some adverse properties: they disperse
rapidly in the environment due to high volatility and solubility and show poor
biodegradability and are therefore frequently detected in surface waters at the low
mg/l concentrations. Most literature data for MTBE and ETBE are available for the
Rhine catchment area (e.g. refer Van Wezel et al. 2009). Unfortunately, MTBE and
ETBE are not easily removed during drinking water production. MTBE concentrations in drinking water samples supplied by works along the Rhine and the Main are
reported between 510 and 100 ng/l (Kolb and Puttmann 2006). A study in the
Dutch part of the Rhine found low levels (10–28 ng/l) in drinking water
(Morgenstern et al. 2003). Although toxicity is probably low (Swartjes et al. 2004),

Figure 4. Chromatogram showing the results of a screening analysis of surface water from
the Amsterdam Rhine Channel. Each peak denotes a diﬀerent compound present in the
sample. This sample simultaneously contained diglyme and triglyme (organic solvents),
tributylphosphate, tri(chloropropyl)phosphate and tri(2-butoxyethyl)phosphate (ﬂame
retardants), tramadol and carbamazepin (pharmaceuticals), and benzothiazole (industrial
compound). The ﬁgure shows that surface water is contaminated with a mixture of multiple
emerging contaminants at low concentrations.
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they are of concern as low mg/l concentrations can already negatively aﬀect water
taste and odor (Fischer et al. 2005; RIWA Vereniging van Rivierwaterbedrijven
2008; Van Wezel et al. 2009).
3.9. Complexing agents
Complexing agents are organic compounds that can bind metals. An example used in
common products as soap and toothpaste is EDTA. Other examples are 1Hbenzotriazoles, used as coating to protect metals in contact with ﬂuids against
corrosion, e.g. in engine coolants, aircraft de-icers, or anti-freezing liquids, and for
silver protection in dish washing liquids. They are soluble in water, resistant to
biodegradation and poorly removed in waste water treatment (Weiss et al. 2006). As
a consequence, they have been found in surface and drinking water (Hogenboom
et al. 2009). One complication of complexing agents is that, once emitted in the
environment, they have the ability to detach heavy metals from sediments and keep
them dissolved in the aqueous phase. This hampers the eﬃcient removal of metals
during drinking water production and, moreover, enhances their bioavailability for
aquatic organisms.
3.10. Pesticides
Pesticides, such as herbicides, fungicides, insecticides, plant growth regulators,
bactericides, and defoliants have been a topic of concern for surface water quality for
decades. Extensive use in agricultural practice and industrial emission during their
production are important sources of pesticides and their residues in the aquatic
environment.
After the Second World War, introduction of relatively non-polar and very
persistent pesticides, such as chlordane, aldrin, and DDT, enabled impressive
increases in food production and crop security. However, their bioaccumulation
potential led to detrimental eﬀects on the environment, particularly on birds, as was
demonstrated in 1962 by Rachel Carson. Her bestseller ‘‘Silent Spring’’ (Carson
1962) has been of tremendous help to launch the environmental movement.
Pesticides registered nowadays are more polar and less persistent (Kuster et al.
2009). After application on the ﬁeld, they contaminate surface waters by drift, run
oﬀ, drainage, and leaching. Meanwhile, they undergo degradation by hydrolysis,
oxidation, biodegradation, or photolysis. For some compounds, degradation
products can be present at greater levels in the environment than the parent
pesticide. Currently registered pesticides include hundreds of diﬀerent compounds,
such as glyphosate, triazines, organophosphorus herbicides, thiocarbamates, and
chlorophenoxy acetic acids, of which the latter are used in highest volume worldwide
(Petrovic et al. 2003).
Because pesticides have been in use for a long time, the European Union sets
limits for pesticides in drinking water: 100 ng/l for individual compounds and
500 ng/l for the sum of pesticides (Council of the European Communities 1998). A
maximum concentration for total pesticides in surface water intended for abstraction
of drinking water is set that varies between 1 and 5 mg/l depending on the method of
water treatment (Directive 75/440/EEC).
The presence of pesticides in European surface waters is intensively investigated
and monitored (e.g. Petrovic et al. 2003; Rodrigues et al. 2007; Kuster et al. 2009;
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Loos et al. 2009; Palma et al. 2009; Vryzas et al. 2009). The occurrence of pesticides
in drinking water was investigated for water prepared from the Llobregat River and
reported to be undetectable (Lopez-Roldan et al. 2004) or below 100 ng/l (Kuster
et al. 2008).

Downloaded By: [Houtman, Corine Jantien] At: 14:15 28 September 2010

4.

Is there a health risk related to emerging contaminants?

The above listing of emerging contaminants shows that numerous compounds used
in everyday life in Europe are released into the aquatic environment. Therefore,
depending on their fate in the environment and during drinking water preparation,
there might be a possibility that humans are exposed to emerging contaminants
through drinking water abstracted from contaminated surface waters. As a matter of
deﬁnition, information about related health risks is not yet suﬃciently available for
contaminants still in their ‘‘emerging’’ stage and further research is warranted.
Risk assessment of emerging contaminants for humans includes assessment of
the exposure dose and assessment of the dose at which possible adverse health eﬀects
can occur. From the latter, benchmarks representing safe doses that are assumed to
be safe are derived. Subsequently, the ratio between exposure dose and benchmark
determines if there is a risk related to the exposure.
4.1. Exposure assessment
The ﬁrst step in risk assessment is to investigate the extent to which exposure takes
place. Typical for emerging contaminants are the low concentrations (nanograms to
micrograms per liter) in which they are detected in the environment. Acute toxicity
for most of these compounds is tested and observed only at relatively high doses, and
not expected at low environmental concentrations (Schriks et al. 2009). However, the
case of estrogenic hormones in the environment disrupting the endocrine systems of
ﬁsh has shown that exposure to low concentrations can lead to subtle but severe
adverse eﬀects.
In contrast to ﬁsh and other aquatic organisms, exposure to emerging
contaminants by direct exposure to surface waters is only of minor importance for
humans. More common exposure routes for humans include oral administration
(hormones, pharmaceuticals, illicit drugs), food consumption (additives, noncontrolled drugs, sweeteners, traces of contaminants in vegetables and meat), direct
application on the body (personal care products), exposure via inhaled air and
exposure to drinking water. Given the multiple routes, the relevance of drinking
water as exposure route depends on fraction drinking water contributes to the total
dose. The contribution of drinking water can diﬀer between compounds and
depends, for example, on the concentrations in drinking water relative to those in
other matrices, exposure volumes, on eﬃciency of uptake after exposure.
For many contaminants, exposure via drinking water is estimated to be low
compared to that by other routes. For example, exposure assessments published for
PFOA and PFOS in Germany and for estrogenic hormones in the USA concluded
that the contribution of drinking water for the general population was only in the
order of 0.7–2% of the total daily intake of the general population (Fromme et al.
2009; Caldwell et al. 2010). Another example is pharmaceuticals. In contrast to many
known polluting compounds, they are intentionally designed to exert at low
concentrations a speciﬁc biological eﬀect in the body. Especially for this class of
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contaminants, eﬀects might thus be expected at low concentrations. Exposure to
drinking water is likely life-long and may extend to over 80 years. Using current
environmental concentrations, the ‘‘worst case’’ assumption of no removal at all
during drinking water production, and an estimated consumption of 2 l of water per
day, it can be calculated that for most pharmaceuticals the dose that might be
obtained by life-long consumption of drinking water is lower than the dose obtained
from a single medical treatment with the same pharmaceutical (Webb et al. 2003). It
is therefore often concluded that traces of pharmaceuticals in drinking water likely
do not represent an acute health risk problem (Daughton and Ternes 1999; Webb
et al. 2003; Versteegh et al. 2007; Johnson et al. 2008). However, although exposure
assessment calculations do indicate the relative signiﬁcance of drinking water as
exposure route, one should be aware that as such they do not give an indication of
the likeliness of adverse health eﬀects other than the therapeutic one.
4.2.

Risk assessment

To assess the health risks of exposure to emerging contaminants via drinking water,
doses (or concentrations) determined in the exposure assessment step are compared
with toxicity-based benchmarks that represent estimates of exposure that are assumed
to be safe. These benchmarks are derived from toxicity data. Examples of such benchmarks are the acceptable daily intake (ADI), provided by the World Health Organisation (World Health Organisation 2006), and the Threshold of Toxicological Concern
(TTC) as proposed by an International Life Sciences Institute expert group (Kroes
et al. 2000, 2004). Whether or not drinking water exposure exceeds these benchmarks
indicates whether the exposure may be associated with adverse health risks.
In applying such benchmarks for emerging contaminants in drinking water,
several aspects have to be taken into account. Vulnerability for certain eﬀects might
diﬀer between gender, and also during life stages, such as growth, pregnancy, or
older age. As emerging contaminants are not incidentally released in drinking water
sources, but are continuously present, exposure might continue life-long. Long-term
eﬀects might follow diﬀerent biological mechanisms and occur at much lower
concentrations than acute eﬀects. Therefore, also possible other eﬀects than the
acute (therapeutic) one have to be investigated, as well as the possible consequences
of exposure to mixtures. Another important aspect is namely the fact that in the
environment more than one contaminant is present at the same time and location.
Real-life exposure seldom is to a single compound, but in general to a mixture.
Compounds in a mixture might act independently or might enhance or inhibit each
other’s eﬀects. Such combined behavior makes predictions of health risks of
exposure even more complex. Figure 3 exempliﬁed the presence of more
pharmaceuticals at the same time. In reality, the composition of surface water is
even more complex, as contaminants other than pharmaceuticals – ﬂame retardants,
solvents, etc – can be detected in the same sample, as is shown in the chromatogram
showing the results of a screening analysis of a water sample from the River Rhine in
Figure 4.
Generally, toxicity benchmarks deal with mentioned aspects by applying safety
factors to estimated safety values, e.g. a factor 10 for sensitive populations as applied
in the ADI.
Caldwell et al. (2010) performed a risk assessment using ADI and TTC values for
estrogenic hormones potentially present in drinking water in the USA and concluded
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that they do not cause adverse eﬀects in the general US population even not in
sensitive subpopulations (Caldwell et al. 2010).
For most emerging contaminants, however, toxicological data are incomplete
and therefore benchmark values are not available (e.g. Webb et al. 2003). To deal
with this problem, the TTC approach took as starting point that even for
compounds for which toxicity is not known in detail a safe exposure could be
estimated. The TTC distinguishes between classes of compounds, such as genotoxic
compounds (TTC ¼ 0.15 mg/person/day) and several groups of non-genotoxic
compounds (with 1.5 mg/person/day as most strict TTC within the latter class.)
Assuming a daily drinking water consumption of 2 l and a contribution of 10% of
the exposure by drinking water, Van der Hoek et al. (2008) derived drinking water
guidance limits from the TTC values of 10 ng/l for genotoxic compounds and 0.1 mg/
l for non-genotoxic compounds.
Although our toxicological knowledge keeps growing, the aspects mentioned
show the complexities we are confronted with and describe the uncertainties that still
exist regarding the assessment of potential health risks of emerging contaminants.
5.

Dealing with emerging contaminants in drinking water sources

Surface waters have multiple stakeholders: industries, governments, drinking water
companies, and consumers. The quality of surface waters has to be protected to
safeguard the sustained use for all functions. This section discusses how governments
and drinking water companies deal with emerging contaminants in drinking water
sources and shows the necessity of involvement of various stakeholders.
5.1.

The role of governments

Public water supply is regulated by international and national legislation. In Europe,
legislation given by the European Committee is becoming increasingly important.
On the one hand this is a positive development; emerging contaminants cross
national borders and so should measures to regulate them. On the other hand,
international legislation implies a time-consuming process and dealing with
compromises. As a consequence, lists of regulated compounds do not represent
adequately the emerging contaminants we are faced with these days, as many of the
listed compounds are no longer in use or only in limited quantities as soon as an act
becomes operative.
Nowadays national legislation is often an implementation or a sharpening of the
European legislation. Concerning emerging substances, several European acts are of
concern.
The Drinking Water Act 98/83/EEC describes the minimum quality requirements
that apply to drinking water. A number of substances are given speciﬁed
requirements. Unfortunately, concerning the previously mentioned substances
hardly any of the emerging contaminants is mentioned in this act.
The Water Framework Directive 2000/60/EC aims to safeguard the quality of
European surface and ground waters. It has as a general principle that standards for
compounds should be related to their eco(toxico)logical eﬀects. Article 7 of the
Directive explicitly links improvement of water quality to drinking water aims. The
protection level of surface and ground water should be such that reliable drinking
water can be prepared sustainably and that it is aimed to enable reduction of the
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required level of puriﬁcation treatment required in time. A number of priority compounds are named, but in this list none of the here named emerging substances is
present.
From section 4, it is clear that numerous emerging contaminants have been
produced and applied in Europe for many years and sometimes in very high
amounts. Yet there is insuﬃcient information on the hazards that they pose to
human health and the environment. To improve the protection of the human health
and the environment, the European Commission enforced the REACH Regulation
(Registration, Evaluation, Authorization of Chemicals; EC 1907/2006) in 2007.
REACH gives a greater responsibility to manufacturers to better and earlier assess
hazards and risks of their produced compounds, and to identify and implement
measures to protect the humans and the environment. REACH thus provides a
legislative basis to investigate toxic properties of compounds before they are applied
or emitted into the environment instead of after their emerge as contaminants (Field
et al. 2006), however the potential of compounds to end up in drinking water is not
considered in the investigations.
Besides legislation, also collaboration and discussion initiatives such as the
International Commission for the Protection of the Rhine (ICPR) and the
International Meuse Commission (ICM) aim to protect the sustainable use of
surface waters. They provide a platform to discuss and solve disputes between
polluters upstream and users downstream a river.
5.2.

The position of drinking water companies

Drinking water companies aim to produce safe and irreproachable drinking water at
reasonable costs. Application of the precautionary principle requires that, as long as
health risks related to long-term exposure to mixtures of low concentrations of all
kinds of emerging contaminants cannot fully be excluded, the produced drinking water
should contain as less as possible contaminants. Moreover, compounds (like MTBE),
which are currently considered not very toxic, are considered unwanted in principle.
Drinking water companies intensively monitor the quality of their sources and
the performance of the treatment processes. It appears that conventional treatment
steps, suitable for the removal of ‘‘conventional’’ contaminants, do not completely
remove the often less lipophilic and less environmentally persistent emerging
contaminants. Drinking water companies develop and introduce expensive and
advanced treatment technologies to achieve maximum puriﬁcation of drinking
water. Treatment and puriﬁcation techniques have, however, their technical
limitations. Removal is not always 100%, is selective in nature and advanced
treatment methods may lead to the creation of other unwanted chemical compounds.
Therefore, preparation of chemically safe and irreproachable drinking water should
preferably be enabled by prevention of the emission of emerging contaminants in the
environment instead by technological improvements. To this aim, drinking water
companies endorse political measures to prevent pollution at the source and to
counteract the current shifting of responsibility for surface water quality from
polluters to users like themselves. This is done by the publication of the Danube,
Meuse and Rhine Memorandum 2008, collectively formulated by drinking water
companies using these rivers as their sources (International Association of
Waterworks in the Danube Catchment Area et al. 2008). It formulates the most
important principles of sustainable use of surface waters necessary for drinking
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water production and provides maximum concentrations of emerging contaminants
in surface waters that should not be exceeded. It was composed as aid and
orientation for politicians, governments, and policymakers in industry and water
management.
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6.

Outlook

Rapid improvements in chemical analysis techniques during the last decades have led
to the discovery of all kinds of emerging compounds in surface waters at
concentrations that could not be observed earlier. The detection of those compounds
demonstrates the impact that the widespread use of chemicals in our modern society
has on the environment and casts on us the responsibility to seek for ways to deal
with their presence in the environment and in the present and future drinking water
sources. This requires prolonged and joint eﬀorts of the scientiﬁc community and
water sector.
Further developments in chemical screening techniques will deﬁnitely lead to the
discovery of still other classes of compounds in the environment (Sumpter 2009). For
newly discovered compounds, assessing possible health risks is a ﬁrst priority.
In addition, innovative biological test methods (e.g. bioassays and genomics
techniques) enable the measurement of biological (mixture) eﬀects even of unknown
compounds in water samples. These methods can be used to detect the presence of
compounds with a wide scope of speciﬁc eﬀects, such as genotoxicity or hormonelike activity, even if these compounds yet cannot be detected with chemical
techniques. Furthermore, these tools provide a means to ﬁnd answers to the
important issue of relevance of exposure to mixtures and as such help to better
investigate possible risks of low concentrations of emerging contaminants in
drinking water sources.
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