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potentially removable during treatment if they are highly degradable
(e.g., anti-inflammatory ibuprofen) or if they associate with the segre-
gated particles (e.g., disinfectant triclosan). However, the removal of
some ATCs in these categories is erratic and inefficient and many ATCs
will be released into and accumulate in the aquatic environment
(Malaj et al., 2014; Schwarzenbach et al., 2006).

Secondly, the overview of Luo et al. (2014) confirmed that the ma-
jority of ATCs investigated in wastewater streams belongs to the
PPCPs grouping; all of which are “down the drain” compounds. Various
studies established a clear link between the production amounts, the
usage pattern and the occurrence of PPCPs in WWTPs (Choi et al.,
2008; Kasprzyk-Hordern et al., 2009). In identifying WWTPs as the
main pathway of these ATCs to the environment, PPCPs became a
major focus of studies on ATC removal potential by conventional treat-
ments (e.g., Behera et al., 2011; Gracia-Lor et al., 2012). Nevertheless,
there are other classes of ATCs that find their way to WWTPs, for in-
stance industrial chemicals such as the plasticizer bisphenol A. Such
industrial chemicals are released into wastewater streams on the
manufacturing level (here: during the production of plastics or
resins) and, later on, after usage in households (e.g., Kasprzyk-Hordern
et al., 2009).

It seems useful to distinguish ATCs into product classeswith targeted
features since their utilization purpose strongly determines whether
they end up in WWTPs. Consequently, this type of classification is im-
plemented in laws and regulations (e.g., Medicinal Products Act/The
Drug Law, Federal Law Gazette 2011 or REACH Registration, Evaluation,
Authorization and Restriction of Chemicals, Regulation EC No 1907/
2006). However, much more important is the actual behaviour of
each ATC substance, which varies significantly within one product
class and depends on their physico-chemical properties that determine

elimination, possible transport and environmental impact (see also
Section 3.3.).

5.2. Often neglected but important: stormwater runoff and combined sewer
overflow

As mentioned above, WWTPs are a continuous conduit of ATCs
discharged with the sewage from households and industry. However,
during rain events, WWTPs connected to a combined sewer system
face not only PPCPs or industrial chemicals but also other ATC classes:
incoming pesticides such as mecoprop which are generally used in
“weed-and-feed”-type lawn fertilizer, on facades or in roof greening as
well as organo-phosphorous compounds, PAHs and benzothiazoles
from e.g., tire abrasion and road wear (Koeleman et al., 1999; Singer
et al., 2010). This rather distinct entry of ATCs from surface runoff
poses a huge challenge for conventional treatment. Although these
ATCs from surface runoff can be partially eliminated within the
WWTP, all overall it leads to a greater variety of ATCs discharged
into the receiving waters by WWTPs' effluents.

The bigger problem concerns heavy rainfalls that induce the over-
flow of filled sewer basins (Luo et al., 2014, Fig. 5). In this case, ATCs
from surface runoff as well as from sanitary and industrial sewage are
directly discharged into the receivingwater bodies. This direct emission
of untreated contaminatedwater into the aquatic environment is highly
undesirable. ATCs in surface runoff from streets or building/roofs are
then accompanied by airborne pollutants from traffic and industrial
emissions that are washed out by rainfall from the atmosphere
(Singer et al., 2010); most of them being in the upper ecotoxicological
range (e.g., Malaj et al., 2014). Along with the washout of pesticides
from agricultural activities (e.g., Wittmer et al., 2010), the aquatic

Fig. 5. Exposure pathways of ATCs into the aquatic environment (WWTP: Wastewater treatment Plant; SWDV: Stormwater Detention Vault). Note: the term biosolids represents here
both, the use of WWTP sludge (strict sense of the word biosolids) and biowaste (organic waste from compost or digestate) for fertilizing fields.
Graph by Demet Antakyali (Grontmij GmbH).

95S.U. Gerbersdorf et al. / Environment International 79 (2015) 85–105

2"34"3.153%&"#&)$06&
7(80&9(#0&:;<&=>?@A>&
BCA@>D&



<'$66")."#($##,&/$0"*(2/0'($##"##/).(%/#3(
$##,&/$0"*(2/0'("-"%./).(&,)0$-/)$)0#(

or indirectly, human health. Produc-
tion of drinking water from highly
polluted raw water may be tech-
nically feasible and even necessary
in regions of extreme water scarcity.
In general, however, purification is
much easier and much more cost-
effective if the raw water already
meets high quality standards. Addi-
tional exposure routes to waterborne
pollutants may cause health risks,
e.g., direct skin contact or contami-
nation of aquatic food sources (e.g.,
fish) and agricultural products. Hence,
any measures taken to prevent the
chemical pollution of surface and
groundwater resources will not only
improve ecosystem health, but will
also benefit both the production of
clean water and safe food for human
consumption.

Assessment of Micropollutants in
Aquatic Systems
The assessment of whether or not a
particular compound is a pollutant is
based upon an understanding of its
exposure, i.e., its input, distribution
and fate in a defined system, and of
the effect(s) that the compound has
on organisms, including humans, due
to its presence in the system. Figure
1 illustrates the key features and
commonalities between exposure and
effect assessment. Quantification of
the pertinent processes that determine
a compound’s transport, fate, and
effect in aquatic systems is a pre-
requisite for modeling the risks of
new and existing chemicals, for designing
mitigation strategies, and for adapting manu-
facturing practices accordingly.

To date, it has been common practice, in
particular in European legislation, to divide the
risk assessment of chemicals rather strictly into
exposure and effect assessment, even though,
particularly on a molecular level, there is con-
siderable overlap. Therefore, a lot of synergy
can be realized as research groups specialized
in exposure assessment increase their coop-
eration with colleagues in the field of effect
evaluation. Given the enormous complexity of
ecosystems, it is not possible to capture in de-
tail every process related to the behavior of
micropollutants. Relevant processes must be
described at an appropriate level of complexity
to provide appropriate answers to the questions
asked. The level of complexity may vary from
case to case, but the goal is to make a model as
simple as possible and as comprehensive as
necessary for the problem in hand.

Exposure assessment in the (aquatic) envi-
ronment has hinged primarily on analytical

measurements of single chemical compounds
or of bulk parameters (e.g., total organic halo-
gens) in samples from various environmental
compartments—water, sediments, soils, air (11)—
as well as from organisms of different trophic
levels within a food chain (12). Such mea-
surements provide important information on
the temporal and spatial extent of pollution by
known chemicals and can also uncover un-
expected contamination (see examples and
references in Table 2). However, such phenom-
enological inventories are of limited value,
because they usually do not allow one to draw
any generalizable conclusions on the com-
pound’s behavior in the environment. Pertinent
compound- and system-specific properties and
reactivities such as adsorption to solid phases,
partitioning between solid and aqueous phases,
or the formation of complexes in solution, as
well as of abiotic and biological transforma-
tions, need to be understood and quantified.
Such molecular insights are a prerequisite for
reliable exposure assessments of chemical com-
pounds in complex macroscopic systems.

In recent years, much progress has been
made in the description of complexation and
phase-transfer processes of inorganic and or-
ganic micropollutants at the molecular level
(13, 14). These new approaches place the great
variability of compound and system properties
in a much more unified and thus generalizable
context. However, there are still many gaps to
fill, for example, regarding the compound prop-
erties of polar as well as ionizable organic
chemicals and of those with a high number of
functional groups. Previous research focused
mainly on apolar and monopolar compounds
like PCBs (polychlorinated biphenyls), PAHs
(polycyclic aromatic hydrocarbons), chlorinated
solvents, or chlorinated pesticides like DDT or
lindane. The modern polyfunctional and often
ionizable pesticides, biocides, drugs, and personal-
care products, to which attention has more re-
cently turned, require more sophisticated models
that additionally account for specific complex-
ation or ionic interactions with other reactants.
In addition, the physical form of pollutant (dis-
solved, colloidal, or particulate) will influence

Fig. 1. Consistent exposure and effect assessment is possible if processes in the environmental system and in
the organisms (biological system) are treated with the same modeling structure and tools. Within this concept,
pollutants interact with environmental and biological systems according to their intrinsic physicochemical
properties and reactivities, yielding a characteristic pattern of environmental and internal exposure
concentrations for each pollutant. Final exposure and effect assessment according to this concept will always
be subject to uncertainty due to inherent variability and complexity of both environmental and biological
systems. Quantification and explicit communication of irreducible uncertainties therefore need to be an
integral part of exposure and effect assessment.
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