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Occurrence and Fate of Organic Micro-
polliutants in the Environment: Regional
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Abstract: Research activities at the plant protection chemistry group of the Federal Research Station in
Wadenswil, Switzerland, are primarily focused on the environmental behavior of pesticides and, in some cas-
es, other organic micropollutants. Many old and modern pesticides are chiral and there is growing interest
from registration authorities and companies in the different biological activity and environmental behavior and
impact of individual stereocisomers. The environmental behavior of chiral pesticides is thus one of our main
areas of research. We use monitoring data (e.g. surface waters, wastewater) to establish regional mass
balances of a chemical (e.g. in the catchment area of a lake). Mass balances often indicate possible sources
and presence of elimination processes such as (bio)degradation, sorption/sedimentation, and volatilization.
Elimination processes are further investigated in model systems in the laboratory, including batch incuba-
tions in soil and water under different regimes (light/dark, sterile/non-sterile), to distinguish between biotic
and abiotic (photolysis, hydrolysis) processes. Environmental models are then used to rationalize the chemo-
dynamics of micropollutants in natural systems, integrating data from monitoring and model systems. In
some cases, it is possible to use the data for source apportioning of pollutants in the environment, and for
monitoring (or prediction) of the effectiveness of pollution prevention measures. In the following report, three
examples will be presented which illustrate the general approach outlined above to study the environmental
occurrence and behavior of organic micropollutants. These examples include the chiral herbicide mecoprop
and the chiral pharmaceutical drug ibuprofen, as well as the ubiquitous natural compound caffeine.

Keywords: Caffeine - Chiral pesticides - Enantioselective analysis - Ibuprofen - Mecoprop -
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Introduction

Pesticides belong to those chemicals that
are tightly regulated in most countries [1].
Due to their high biological activity and in-
tentional release into the environment, im-
proper quality and use may pose unaccept-
able risks to man and the environment [2].
Pesticides therefore need a sales permit
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(registration) which is granted only after a
thorough risk—benefit evaluation. The plant
protection chemistry group at the Federal
Research Station in Widenswil (FAW) is
strongly involved in the registration pro-
cess for pesticides in Switzerland. The
Swiss registration authority, as a decentral-
ized system, is led by the Federal Office of
Agriculture, whereas most of the technical
aspects are evaluated and assessments are
prepared by experts at our and other agri-
cultural research stations. Our research
group deals with the ‘chemical’ aspects of
the registration dossiers such as quality and
composition of pesticide active ingredients
and formulations, the environmental be-

havior and fate, and certain aspects of max-
imum residue limit (MRL) setting (plant
metabolism); the latter in cooperation with
the Federal Office of Public Health.

Beside the registration activities, our
group carries out research in the areas of
pesticide analysis, environmental monitor-
ing, and environmental behavior and fate.
The work is not directly linked to current is-
sues in registration, yet aims at answering
some of the open questions left in many of
the dossiers. Of particular interest in this
context are stereochemical aspects [3].
Many synthetic pesticide active ingredients
are chiral and consist of two or more
stereoisomers (enantiomers, diastereo-
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mers). Data on fate and effects of stereo-
isomers are still rare, partly because of lack
of legal requirements and suitable analyti-
cal methods.

Even though many chiral pesticides are
still marketed as racemic mixtures, there is
an increasing trend for the substitution of
such pesticides by the enantiopure com-
pounds (so-called ‘chiral switch’) [1].
These developments improve the environ-
mental profile of pesticides because they
significantly reduce the amount of chemi-
cal deployed in the environment by omit-
ting what is somewhat loosely termed ‘iso-
meric ballast’, thereby reducing the poten-
tial environmental risk while maintaining
the desired activity.

Balancing benefits with possible risks
of chiral compounds gets increasingly com-
plex because the assessment of fate and
side-effects must include additional aspects
such as different degradation rates or
racemization. Understanding the environ-
mental behavior of individual stereoiso-
mers is mainly based on enantioselective
analytical methods. Conventional analyti-
cal techniques based on gas chromatogra-
phy (GC) or high-performance liquid chro-
matography (HPLC) do not allow distinc-
tion between enantiomers. To achieve
separations of enantiomers, so-called ‘chi-
ral selectors’ are added to the stationary (in
some cases also to the mobile) phase. Inter-
actions between enantiomers and chiral
selector are very specific and difficult to
predict. As a consequence, the selection of
a suitable separation system for chiral com-
pounds is often based on trial and error
and, therefore, requires a fair amount of
practical experience and access to a wide
range of enantioselective HPLC and/or GC
columns. In addition, reference compounds
of single stereoisomers are needed. Howev-
er, such compounds often are not commer-
cially available and must be prepared e.g.
by semi-preparative enantioselective chro-
matography starting with the mixtures.

The last decades have seen a growing
awareness of the possible adverse effects of
micropollutants. To minimize risks for hu-
man or environmental health associated
with micropollutants in the aquatic envi-
ronment, reduction of contamination at the
source is often necessary or desirable.
However, depending on the chemical of in-
terest, there are often multiple sources pos-
sible. In the case of pesticides, these
sources include agricultural use of the com-
pound, but also other sources such as pri-
vate households or industry. Agricultural
use may give rise to contamination from
correct use, but also from accidental input
(e.g. overspray of open water, runoff from
cleaning of spraying equipment, accidental

spills, etc.). If reduction of contamination is
necessary, measures should be taken at the
true source or, if multiple sources are pres-
ent, where they are most (cost) effective.

Source apportioning is thus a key issue.
Chiral compounds are particularly interest-
ing in this respect, as they consist of mix-
tures of isomers which are transported in
the environment in the same way (same
partitioning behavior, solubility, volatility,
etc.), but their composition reflects their
initial composition as altered by environ-
mental (biological) processes. They thus
exhibit something like a ‘built-in’ label. In
the following we present three examples of
our research efforts in the area of environ-
mental chemistry and source apportioning.
The first example of the herbicide meco-
prop illustrates many aspects of the envi-
ronmental behavior of chiral compounds
in soil and how this behavior affects the
composition of residues in natural waters.
At the same time it clearly illustrates that
pesticides also may have significant non-
agricultural sources.

Micropollutants regularly detected in
ground- and surface waters include a num-
ber of chemicals besides pesticides, includ-
ing industrial and household chemicals and
increasingly also pharmaceuticals and per-
sonal care products [4]. The chiral pharma-
ceutical compound ibuprofen, the second
example, was consistently detected in sur-
face water samples collected for the moni-
toring of pesticides. Its ubiquitous occur-
rence in natural waters and wastewater
samples, as well as its enantiomer composi-
tion and the simultaneous presence of its
principal metabolites in raw wastewater in-
dicated human consumption and subse-
quent excretion, rather than industry, as its
source in the environment.

Caffeine, the third example, as a natural
component of coffee and tea, as well as
many other food items, is consumed in sig-
nificant quantities by a majority of the pop-
ulation. Therefore, its suitability as a chem-
ical marker for wastewater contamination
of surface waters was investigated in de-
tail. It was shown that, despite efficient
elimination in wastewater treatment plants
(WWTPs), caffeine is present in surface
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waters at concentrations up to 250 ng/l and
that its concentration in lakes, when nor-
malized for the throughflow of water (dilu-
tion), correlates with the population in the
catchment areas, indicating its suitability as
a marker compound.

Mecoprop

Mecoprop is an important selective her-
bicide belonging to the family of phe-
noxyalkanoic acids. Some compounds, in-
cluding mecoprop, are chiral and it was rec-
ognized some time ago that for these
compounds only the (R)-enantiomers show
herbicidal activity [5]. Since 1986 products
containing the pure (R)-enantiomers have
replaced the previously used racemic prod-
ucts in Switzerland and products containing
the racemate were deregistered [1]. Never-
theless, there are still many countries where
the racemic products are on the market. The
structure and absolute configuration of
mecoprop enantiomers are shown in Fig. 1.

Mecoprop is degraded in soil with faster
dissipation of the (S)-enantiomer, as shown
with incubation of the racemic compound
(at pH £7) [6-8]. In addition, incubation of
the pure enantiomers, (R) and (S), in the
same soil also revealed some formation and
subsequent dissipation of the respective op-
posite enantiomer [6]. This enantiomeriza-
tion (or chiral inversion) process, after
some time, led to a composition of meco-
prop in soil of R > § independent of the ini-
tial composition at the beginning of the ex-
periment and did not occur in sterilized soil
indicating that it is biologically mediated
[9]. In another study with alkaline soils (pH
>7.5), mecoprop was shown to be degrad-
ed with opposite enantioselectivity [10].
Reevaluation of all these literature data
suggested that enantioselectivity of meco-
prop degradation in soil may be correlated
with soil pH [11]. Residues of mecoprop af-
ter application of the enantiopure com-
pound to neutral and acidic soils are thus
expected to be enriched in the (R)-enan-
tiomer. If residual mecoprop is subsequent-
ly transferred from agricultural fields to
surface waters via surface runoff, residues
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Fig. 1. Structure and absolute configuration of mecoprop enantiomers.
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in water are also expected to be enriched
with the (R)-enantiomer. As pesticide loss
from fields via surface runoff occurs prima-
rily with fresh, mostly unaltered residues,
the latter is expected to be true even for
alkaline soils.

When water samples from various
Swiss lakes were analyzed for the presence
of mecoprop, both enantiomers could be
detected at low levels. However, there were
differences in the enantiomer composition
between these lakes [12]. In Fig. 2 we show
GC-MS SIM chromatograms of mecoprop
analyzed in the methyl ester form using
an enantioselective GC column, thus
demonstrating the presence of both enan-
tiomers in two lakes, the Baldeggersee
and the Greifensee. In the Baldeggersee,
residues of mecoprop showed a composi-
tion with clear excess of the (R)-enan-
tiomer, which is in agreement with the
agricultural use of enantiopure (R)-meco-
prop and its behavior in soil as outlined
above. In the Greifensee, however, meco-
prop residues were racemic or even slight-
ly enriched with the (S)-enantiomer, point-
ing to an additional (‘racemic’) source of
mecoprop in the tributary of this lake. It
was also noted that mecoprop in the tribu-
tary of Greifensee was mainly associated
with effluents of WWTPs [13][14]. Meco-
prop in WWTP effluents was racemic or en-
riched with the (S)-enantiomer. The source
of mecoprop in wastewater was later iden-
tified as an additive to bituminous mem-
branes used for the sealing of flat roofs. The
additive, an ester of mecoprop, prevents
perforation of the membranes by roots of
plants [13]. When the roof is wet, the ester
is slowly hydrolyzed and racemic meco-
prop is released and discharged during rain
events.

Apportioning of these sources of meco-
prop (agricultural use versus flat roofs) in
lakes is complicated by the fact that the
compound is chirally unstable in soil. A
quantitative apportioning similar to that
done in a previous study on metolachlor
[15][16] is thus challenging and requires
careful evaluation of the impact of possible
enantiomerization processes on the enan-
tiomer composition of residues in lakes.
Enantiomerization of mecoprop in soil, as
discussed above, should have some, but
limited influence on the enantiomer com-
position in surface runoff. Presuming that
pH values of soils in the catchment areas of
different lakes in the Swiss midland region,
on average, are similar, enantiomer compo-
sition of mecoprop residues in surface wa-
ters originating from agricultural runoff
should thus vary little between different
lakes.
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Fig. 2. El SIM chromatograms showing elution of (R)- and (S)-mecoprop (m/z 228) as methyl
esters in samples from lakes Baldeggersee (a) and Greifensee (b). Concentrations (sum of (R)-
and (S)-enantiomers) in these samples were 20 and 41 ng/l, respectively. Note the different
enantiomer composition, expressed as enantiomeric excess, ee = ([(R)]-[(S))/((R)]+[(S)]) in the

two lakes.

Laboratory incubations indicated that
mecoprop may be chirally unstable in sur-
face waters and that enantiomerization oc-
curs with preferential formation of (S)-
mecoprop [12]. Such an enantiomerization
in surface waters would have a strong im-
pact on the enantiomer composition of
mecoprop, with increasing preference for
the (S)-enantiomer as the residence time in
the water body increases. However, meco-
prop residues in some lakes with long wa-
ter residence time such as the Baldeggersee
(filling time, =5 years) and the Sempacher-
see (15 years), are enriched with the (R)-
enantiomer, indicating that enantiomeriza-
tion of mecoprop in natural waters may be
negligible compared to other elimination
processes. These differences between field
data and data obtained under more artificial
conditions in the laboratory may need some
further investigation.

Further indication for the considerable
chiral stability in natural waters is obtained
from monthly data on mecoprop concentra-
tions and enantiomer composition in the
Baldeggersee at different depths, deter-
mined in 1999 (Fig. 3). The Baldeggersee,
like most Swiss midland lakes, is stratified
during the warmer months (April-Novem-
ber) with formation of a well-mixed surface
water compartment (epilimnion, depth, =5
m) and a hypolimnion which is only very
slowly mixed with the overlaying water.
Mecoprop concentrations in the epilimnion
increased during April and May due to sea-
sonal input to this layer after application of
mecoprop in the field. Concentrations in the
hypolimnion remained constant, because
there is no significant input of mecoprop to
this compartment and apparently no degra-
dation.

Likewise, the chiral composition of
mecoprop residues, expressed as enan-

tiomer excess, ee = ([((R)]-[(D/([(R)]+
[($)]), in the hypolimnion during stratifica-
tion remained constant (Fig. 3c), indicating
that mecoprop is also enantiomerically sta-
ble in this compartment over a period of
several months. In contrast, the enantiomer
composition in the epilimnion decreases
from May to August, and then increases
again from September to December, almost
to the same value as in spring. This varia-
tion in enantiomer composition could be
due to input of mecoprop with varying
composition or due to microbial conversion
or a combination of both.

To rationalize these findings, a comput-
er model was constructed on the basis of a
model used for the simulation of the herbi-
cide metolachlor in the same lake [15][16].
The model included flushing as the only
elimination process for mecoprop in the
lake and it was assumed that no enan-
tiomerization or degradation of mecoprop
occurred during the simulation period. Sim-
ulated concentrations of mecoprop enan-
tiomers in the lake were fitted against meas-
ured data by variation of the monthly input
and the resulting values are plotted in
Fig. 3. Mecoprop input, calculated with this
model occurred primarily from March to
November. There are two input peaks in
April/May and November consistent with
spring and fall application of mecoprop in
agriculture, respectively. During these
peaks, input is predominantly from the (R)-
enantiomer. Inbetween these peaks, input
seems to be closer to racemic, indicating
that mecoprop is from a different source,
probably from runoff from flat roofs during
this time. It should be noted that it is possi-
ble to rationalize the observed variations of
mecoprop concentrations and enantiomer
composition solely based on variation of
mecoprop enantiomer input to the lake and
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Fig. 3. Total concentration (a), concentration of (R)- and (S)-enan-
tiomers (b), and enantiomer composition, expressed as enantiomer
excess (ee, panel c) of mecoprop residues in surface (full circles) and
deep water (open circles) from the Baldeggersee in 1999 (circles,
measured values; lines, modeled data). Modeled monthly input of
mecoprop between sampling events is shown on panel (d). Concen-
tration increases due to input only to the surface water (stratified
lake). Vertical mixing at the end of the year eliminates concentration
differences between surface and deep water.

[12]{13]). Mecoprop from agricultural uses
(right-hand side) should be the pure (R)-
enantiomer as applied in the field or a mix-
ture enriched in (R)-mecoprop as observed
after some degradation/enantiomerization
in soil. The corresponding maximum range
of values (shaded area) is fairly large.
Therefore, we also plotted a ‘best estimate’
(bold line) considering the observed pre-
dominance of (S)-mecoprop in WWTP ef-
fluents as well as the fact that surface runoff
of mecoprop from fields occurs primarily
with fresh, unaltered residues in soil.
Using the plot in Fig. 4, the relative con-
tribution of the two major mecoprop
sources can be estimated for different lakes.
The Sempachersee and the Baldeggersee
are located in rural areas receiving little wa-
ter from residential areas. The enantiomer

without introduction of (enantioselective)
degradation and/or enantiomerization pro-
cesses to the model. This result supports the
assumption that these processes may be less
important or even negligible, not only in the
hypolimnion, but in the lake as a whole. It
is, however, not a proof for the absence of
such processes. Direct evidence for their
presence or absence would be difficult to
obtain and would require regular determi-
nation of mecoprop concentrations and
enantiomer composition not only in the
lake, but also in tributaries over an extend-
ed period of time.

Considering the limitation discussed
above, apportioning of the contributions of
different sources to the overall input of
mecoprop to different lakes, solely based
on the enantiomer composition of its
residues in these lakes, is somewhat tenta-
tive, but will nevertheless be attempted as
follows. In Fig. 4 we plot enantiomer com-
position as a function of contribution of
roof runoff and agriculture (runoff and
drainage from fields, also including input
from private households using mecoprop in
gardening). Mecoprop from roof runoff
(left-hand side in Fig. 4) may be racemic or
slightly enriched in (S)-mecoprop as ob-
served in many WWTP effluents, with ee
values in the range of —0.2 to 0 (see also

composition of mecoprop residues, on av-
erage, is in the range of ee = 0.6-0.7, corre-
sponding to a relative contribution of agri-
cultural input of =75%. The Greifensee, on

0.9- Baldeggersee,
0.8 Sempachersee

0.7
0.6 -
0.5
0.4
0.3
0.24 Greifensee
0.1
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T
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% Contribution from agriculture

Fig. 4. Relationship between contribution of different sources (racemic
mecoprop from roof runoff vs. agricultural) to the overall input of meco-
prop to surface waters and enantiomer composition of mecoprop
residues. The shaded area represents the range of expected values, the
bold line indicates the ‘best estimate’, which is then used to relate the
average enantiomer composition of mecoprop residues in selected
lakes to the estimated contribution of the different sources.
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the other hand, receives much more water
from residential areas and ee values of
mecoprop residues are in the range of —0.1
to 0, corresponding to only 10-20% agri-
cultural input. The latter finding is consis-
tent with data from continuous monitoring
of mecoprop in WWTPs and tributaries of
the Greifensee [14]. The data thus indicate
that herbicide input to surface waters from
non-agricultural sources may be significant
and, in some cases, may exceed that from
agricultural application.

Ibuprofen

In recent years, reports on the occur-
rence of pharmaceutical compounds in the
environment have received much attention
(see e.g. [4]). Among the top-selling phar-
maceuticals is ibuprofen (IB; (rac)-2-[4-
isobutylphenyl]propionic acid, Fig. 5), a
non-steroidal anti-inflammatory (NSAID),
analgesic and antipyretic drug, widely used
in the treatment of rheumatic disorders,
pain, and fever [17]. It has an estimated an-
nual global production of several kilotons,
and it is the third-most popular drug in the
world [18]. It is an important non-prescrip-
tion drug and has a relatively high thera-
peutic dose (200-1200 mg/d). IB is chiral
(Fig. 5). The desired pharmacological ef-
fects reside almost exclusively in the (S)-
enantiomer, yet the racemic compound was
used as the drug until recently when the
enantiopure form of IB has become avail-
able as well [19]. It has been shown that in
humans and other mammals the inactive
(R)-(-)-IB undergoes extensive (unidirec-
tional) chiral inversion to yield the active
(8)-(+) compound [17]. It is excreted to a
significant degree (70-80% of the thera-
peutic dose) as the parent compound (free
or conjugated) or in the form of metabolites
[17]. Its physico-chemical properties sug-
gest a rather high mobility in the aquatic en-
vironment.

COOH

Fig. 5. Structure of the pharmaceutical drug
ibuprofen. The asterisk indicates the chiral
center.

IB and its principal metabolites were
consistently detected in raw wastewater
from various WWTPs [20]. The concentra-
tions of IB in WWTP influents (1-3.3 ug/l)
correspond to inputs, normalized for the

population serviced by these plants, of
0.28-1.1 mg person~! d~!. These inputs are
in good agreement with overall estimated
consumption of IB, assuming some metab-
olization in man and degradation in the
sewer system. The residual IB in these sam-
ples showed a predominance of the (S)-
enantiomer (ee = 0.7-0.8; as an example,
see Fig. 6¢), similar to human urine (ee =
0.9; Fig. 6b) and in contrast to the drug it-
self (Fig. 6a). The widespread occurrence
of IB in WWTP influents, the concurrent
presence of the principal human metabo-
lites, and the data on the enantiomer com-
position of IB thus clearly point to inputs
from human therapeutic use of the drug,
rather than (‘racemic’) input from industri-
al sources or from drugs which were direct-
ly disposed off by consumers.

In WWTP effluents, IB was detected at
much lower concentrations (=2-81 ng/l)
whereas the concentrations of metabolites
were below the detection limit, indicating
that these compounds are degraded ex-
tensively during wastewater treatment
(96-99.9% removal of IB). Residual IB in
WWTP effluents showed a different enan-
tiomer composition (Fig. 6d) than in influ-
ents and indicated that (S)-IB is somewhat
faster degraded than (R)-IB. The simultane-
ously detected pharmaceutical compound
clofibric acid (CA), which is more persist-
ent than IB, was not degraded and became
enriched in WWTP effluents relative to IB
(Fig. 6¢ and 6d).
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Even though emissions of IB with treat-
ed wastewater are small, IB was consistent-
ly detected in water samples from different
lakes receiving WWTP effluents at concen-
trations of up to 8 ng/l. Concentrations
found in lakes, in some cases, were higher
than expected from the input loads calcu-
lated from concentrations in WWTP efflu-
ents, pointing to a possible significant con-
tribution of untreated wastewater (such as
from overflow during rain events) to over-
all input. This point will be discussed fur-
ther in the section on caffeine below.

Caffeine

As the previous sections have illustrat-
ed, pollution of natural waters may result
from various domestic, industrial, or agri-
cultural activities. Suitable markers that al-
low a distinction of these different sources
of pollution would therefore be very useful.
Wastewater authorities of the Canton of
Zurich, Switzerland were particularly inter-
ested in a suitable chemical marker for do-
mestic wastewater and initiated a research
project aimed at identification and charac-
terization of such a compound. A potential-
ly suitable compound that fulfills the basic
requirements for a good chemical marker,
i.e. source-specificity and uniform, con-
stant and high consumption to permit its an-
alytical quantification after dilution/dissi-
pation in the environment, is caffeine
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Fig. 6. EI SRM chromatograms showing elution of ibuprofen (upper chromatograms, transition
220*—161"%) and of ibuprofen and clofibric acid (lower chromatograms, combined trace of tran-
sitions 220*—161* and 228*—169%), analyzed as methyl esters on an enantioselective
OV1701-heptakis(2,6-O-dimethyl-3-O-pentyl)-B-cyclodextrin column. Racemic ibuprofen (IB)
used as the pharmaceutical drug (a), ibuprofen extracted from urine after use of the drug (b),
ibuprofen and clofibric acid (CA) extracted from WWTP influent (c) and effluent (d) (adapted

from [20]).
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Fig. 7. Concentration of caffeine in Swiss lakes during circulation
plotted versus population in the catchment area per throughflow of

1o water. Lakes sampled at their outflow, between January and April
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0.2 0.3
Population per water throughflow [person™ m3 d]

[21-24]. Caffeine (Fig. 7) is a constituent
of a variety of beverages (coffee, tea,
caffeinated soft drinks) and of numerous
food products (chocolate, pastries, dairy
desserts). Coffee, tea, cocoa, and cola con-
tain about 100, 50, 10, and 40 mg of caf-
feine per serving, respectively [25].

As a consequence of its substantial con-
sumption, caffeine previously has been de-
tected in wastewater, surface and ground-
water worldwide [21-24][26]. To investi-
gate the suitability of caffeine as a chemical
marker of domestic wastewater, we deter-
mined its occurrence in various WWTP in-
and effluents, rivers and lakes, established
a regional mass balance in the catchment
area of lake Greifensee, and determined the
processes relevant for the fate of caffeine in
surface waters [27].

Concentrations in influents of 13
WWTPs in the area of Zurich, Switzerland,
ranged from 7 to 73 pg/l, corresponding to
normalized input loads of 16 + 4 mg per-
son~! d-!. The loads of caffeine in untreat-
ed wastewater correspond to =5% of the es-
timated per capita consumption and reflect
consumption, metabolism, and excretion of
the compound, but also caffeine from bev-
erages and foods that were poured out di-
rectly, as well as potential degradation in
the sewer system. As caffeine is extensive-
ly metabolized in the human liver so that
only 0.5-10% of the parent compound is
excreted via urine [22][23], the loads in un-
treated wastewater are within the expected
range.

Caffeine concentrations in the effluents
of WWTPs were considerably lower
(0.03-9.5 ug/l) than in corresponding influ-
ents, indicating an elimination of >80%,
primarily assigned to microbial degradation
[28]. In the vast majority of WWTPs, caf-
feine removal was >99.3% and average
loads in treated wastewater amounted to

0.06 £ 0.03 mg person~! d~!. In the remain-
ing WWTPs, however, the elimination was
less efficient (80.9-97.3%) with effluent
loads of 0.29-4.4 mg person! d~!. These
installations differ from the other WWTPs
with respect to their lower sludge age (< 5
d vs. > 5 d), which is likely to be the reason
for a less efficient degradation of caffeine.

Despite its generally efficient elimina-
tion in WWTPs, caffeine was ubiquitously
found in Swiss lakes and rivers at concen-
trations of 6-250 ng/l, except for remote
mountain lakes (<2 ng/l). The compound
was also detected in surface water from the
Mediterranean Sea off the Spanish coast (5
m, 4-5 ng/l), but not in deeper water from
the same location (150 m, <2 ng/l). Caf-
feine concentrations in lakes of the Swiss
midland region varied from 6 ng/l to 164
ng/l and correlated with the population in
the respective catchment areas, when nor-
malized for the throughflow of water (dilu-
tion) (Fig. 7), pointing out the suitability of
caffeine as a quantitative anthropogenic
marker. Deviations from the correlation
may indicate varying consumer habits, ad-
ditional inputs, or a differing elimination
behavior in WWTPs or lakes.

The different possible elimination pro-
cesses of caffeine in lakes besides flushing
which include biological, chemical, and
photochemical degradation were therefore
characterized using batch incubation stud-
ies with fortified lake water and different
regimes (dark/light, sterile/non-sterile).
The combined results from the different in-
cubations indicated that caffeine is chemi-
cally stable in lake water. The compound is
degraded by indirect photolysis which,
when extrapolated to natural systems, does
not contribute much to the overall removal
in a lake (strong attenuation of sunlight
with depth in the lake), except for shallow
ponds. Finally, the data indicated slow bio-

2001 (Ca was sampled in July). Ca = Lago Cadagno, Gr = Greifensee,
Ha = Hallwilersee, Pf = Pfaffikersee, Se = Sempachersee, Vi = Vier-
Gr waldstattersee, Wa = Walensee, Zu = Zirichsee (adapted from [27]).

logical degradation of caffeine with rates in
a similar range to those of flushing in many
lakes.

In Lake Zurich, vertical concentration
profiles of caffeine were measured from
March to November, 2001. During this
period, considerable temporal and spatial
variations of caffeine concentration were
observed, pointing to varying input of
caffeine to the lake. To estimate this input,
a model was constructed which included all
processes relevant for the behavior and fate
of caffeine in the lake, i.e. flushing, indirect
photolysis, and biodegradation. As shown
in Fig. 8a, measured concentrations could
be fitted reasonably well, particularly when
biodegradation was included in the model.
The monthly caffeine inputs calculated in
this way ranged from 12 to 60 kg (Fig. 8);
the total amount of caffeine in the lake
ranging from 120 to 170 kg. Monthly caf-
feine inputs to the lake appeared to be cor-
related with rainfall during the same period,
suggesting that direct input of untreated
wastewater during rain events, when the ca-
pacities of WWTPs are exceeded, may con-
tribute significantly to caffeine input in this
lake.

Because of the efficient elimination of
caffeine in WWTPs, even small volumes of
untreated wastewater significantly increase
the input of caffeine to the lake. A mass
balance in the catchment area of the
Greifensee confirmed that direct inputs of
untreated wastewater are an important
source for caffeine in natural waters. Mea-
surements in WWTPs from this region in-
dicated that via treated wastewaters aver-
age loads of = 0.06 mg person~! d~! are dis-
charged to the lake (neglecting losses
between WWTPs and lake). Caffeine loads
exported from the lake, estimated from con-
centrations at the outflow of the lake and
water discharge data, ranged from = 0.21 to



ENVIRONMENTAL ANALYSIS

498

100
g 80+
c
Q
T 60-
c
[0}
2
g 40
[0}
£
[0
H(G 20‘
(@)
0 16
S 6- b =
IS L 12 8
3 =1
2, o
(@)} T _— o
E -8 E
= | S
s | 2
- <
2 & L4 3
D o
= ] >
S o
H=
0 0
Mar Apr May Jun Jul Aug Sep Oct

Fig. 8. (a) Monthly concentrations of caffeine in the Zirichsee, 2001 (population 330,000), epi-
limnion (5 m) and hypolimnion (130 m). Curves represent simulated data, solid line without
biodegradation, dashed line with biodegradation, see text. (b) Caffeine input loads (light bars
without biodegradation, sum of light and dark bars with biodegradation) and precipitation
events (number of days per month with > 5 mm of precipitation, circles) (adapted from [27]).

0.30 mg person—! d-!, and were thus 4-5
times higher than the expected input via
treated wastewater. Using these exported
loads, as well as caffeine concentrations
and loads in untreated and treated waste-
water, respectively, and considering losses
from the lake by degradation, the fraction of
direct discharges of untreated wastewater in
the catchment area of the lake was estimat-
ed to range from 1 to 4%. The relatively
wide range of estimated direct discharges
results from the uncertainty in estimated in
situ biodegradation rates in the lake. If these
in situ biodegradation rates could be deter-
mined more precisely, caffeine could be
used not only as a marker for domestic
wastewater contamination in general, but
also as excellent marker for discharge of
untreated wastewater to natural water sys-
tems. A corresponding project is currently
under way.
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