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The dynamic behavior of the two fluorescent whitening
agents (FWAs) that are currently used in laundry detergents
in Switzerland (DAS 1, a diaminostilbene, and DSBP, a
distyrylbiphenyl) has been evaluated quantitatively during
1 year for Greifensee, a small lake in Switzerland, by
using a one-box model and simulation software (MASAS)
for modeling organic pollutants in lakes. Both the one-
box model and the one-dimensional simulation were based
on (i) independently evaluated processes affecting the
fate of FWAs and (ii) measured FWA concentrations in the
lake. The relevant processes were derived from literature
data and from measurements in the lake and in its
tributaries. Besides loading from tributaries, only photo-
degradation (responsible for 53% and 81% of the
elimination of DAS 1 and DSBP, respectively), sorption/
sedimentation (20% and 9%), and flushing (27% and 10%)
were found to be relevant for FWAs in Greifensee. In
particular, no evidence was found for other degradation
processes such as biodegradation or hydrolysis. During

1 year, concentration depth profiles were measured above
the deepest point of the lake in intervals of 4 weeks. The
measured FWA concentrations were between 50 and 120
ng L7 (DAS 1) and between 10 and 110 ng L~* (DSBP),
with maximum values in the thermocline during summer.
Evidence was found that these maximum values originated
from subsurface loading occurring in summer at levels of
4—8mdepth. This study is one of the first field validations
for photochemical degradation rates measured in the labora-
tory.

Introduction

Laundry detergents contain several synthetic chemicals and
are important potential sources for the pollution of natural
waters. They are applied in large amounts and discharged
almost quantitatively to municipal and industrial waste-
waters. For example, worldwide consumption of a major
detergentingredient, the linear alkylbenzenesulfonates (LAS),
reached 2.8 x 10° t per year in 1995 (1). It is therefore
important to know the behavior and the effects of individual
detergent components during sewage treatment and after
release to the aquatic environment.
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FIGURE 1. Structures of the FWAs included in this study. DAS 1,
4.4'-bis[(4-anilino-6-morpholino-1,3,5-triazin-2-yl)amino]stilbene-2,2'-
disulfonate; DSBP, 4,4'-bis(2-sulfostyryl)biphenyl.

Several studies have been performed to determine the
concentrations of specific detergent compounds in various
compartments of the aquatic environment. These monitor-
ing studies have provided important information on the
occurrence and distribution of detergent-derived chemicals
in sewage treatment plants, rivers, and lakes. However, the
data collected in such studies rarely provide quantitative
information on the various processes that determine the fate
of a given compound in the system being considered.
Investigations focusing on the determination of in situ rates
of transport, mixing, and transformation processes as well
as on the quantification of the inputs of specific organic
chemicals to natural waters are (for detergent ingredients as
well as for other anthropogenic pollutants) still rather scarce.
Two recent studies of organic pollutants in surface waters
evaluated the dynamic behavior of tetrachloroethene (PER),
atrazine, and nitrilotriacetate (NTA) in Greifensee, a small
lake in Switzerland (2, 3). The main processes affecting the
fate of these chemicals in this lake are gas exchange (PER),
biodegradation (NTA), and flushing (all three). Another
process that might influence the fate of chemicals in natural
waters (photodegradation) was studied recently with asimilar
approach in a river (4). In the study presented here,
photodegradation has been investigated in a lake together
with sorption/sedimentation using fluorescent whitening
agents (FWAs, Figure 1) as probe substances. FWAs are
degraded photochemically (5), and they sorb onto particles.
A recent study of FWAs in the benthos of Greifensee (6)
demonstrates that sorption/sedimentation is relevant in
natural systems.

FWAs have the potential to extend our knowledge of the
behavior of detergent chemicals in surface waters. They are
rather reactive (photolysis, sorption). In contrast to most
other detergent ingredients, the consumption of FWAs is
known relatively precisely, and individual substances can be
determined reliably (7). Two compounds are currently used
as FWAs in Swiss laundry detergents: DAS 1 (a diamino-
stilbene) and DSBP (a distyrylbiphenyl). Normally, FWAs
make up an average mass of 0.1% of the total detergent. In
1995, a total of 59 t of DAS 1 and DSBP were consumed in
Switzerland (8—10). Both DAS 1 and DSBP absorb UV light
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[AELE 1. Characteristic Data of Greifensee, the Investigated
ake

volume?a (m3) 1.51 x 108
surface area? (m?) 8.49 x 106
max deptha (m) 32.6
mean depth? (m) 17.8
mean residence time of water? (yr) 11
mean throughflow of water, @2 (m3 d-1) 3.7 x 10°
mean epilimnion depth (summer)2 (m) 5
particulate organic carbon? (g m=3) 0.2—-2.7
settling velocity of particles? (m d—1) 0.5-2.5

catchmenta (km?) 160

inhabitants in catchment?@ 100 000
typical Eddy diffusion coefficients (K;)
thermocline April—June (cm? s™1) 0.04—0.07
thermocline July—October (cm? s71) 0.001-0.01
hypolimnion whole year (cm? s—1) 0.01-0.1

aRef 2. PR. Illi and B. Ribi, EAWAG.

with amaximum at 350 nm with a molar extinction coefficient
of 60 000—70 000 M~ cm™1 (5) and emit blue visible light at
a maximum wavelength of 430 nm with a fluorescence
quantum yield of 0.3 (DAS 1) and 0.8 (DSBP) (11). This blue
fluorescence constitutes the function of FWAs in detergents
(whitening the fabrics; 12), and it can also be exploited for
theiranalytical determination. The sulfonate groups increase
the water solubility of the otherwise hydrophobic FWAs, and
the large carbon structures cause an affinity for cellulose
surfaces.

During textile washing, FWAs partly remain in the washing
liquor and hence are discharged to sewers for treatment in
municipal sewage treatment plants (STPs). FWAs are partly
retained on the activated sewage sludge due to adsorption.
The nonretained fraction of FWAs, approximately 20% of the
consumed FWAs, reaches surface waters (13—15), where
FWAs are photodegraded in the photic zone. In samples of
Greifensee, e.g., half-lives amount to several hours under
summer noonsunlightinthetop 1.5cm (5). Below the photic
zone, FWAs can be assumed to be persistent because
biodegradation has not been observed (16, 17). Concentra-
tions that have been found in surface waters were always far
below the predicted no effect concentrations (PNEC)
(18—20).

The goal of this work was to quantitatively evaluate
experimental data derived from several field investigations
conducted at Greifensee using literature data and computer
simulation. In particular, we wanted to evaluate the extent
to which photochemical degradation rates determined in
laboratory experiments can be used to explain the behavior
of chemicals in natural waters.

Experimental Section

Greifensee, the Study Site. Greifensee is a small eutrophic
lake located 10 km east of Zurich, Switzerland (Table 1; for
a figure, see ref 2). Itis a holomictic and dimictic lake with
regular overturn in December and March. Regular succes-
sions of oxic (winter/spring) and anoxic conditions (summer/
fall) are observed in the hypolimnion of the lake. A long-
term data set of particulate organic carbon (POC), temp-
erature, oxygen, pH, and global radiation were available (21,
22). Water gauge recordings for the main tributaries Aabach
and Aa as well as for the outflow Glatt were received from
the Water Pollution Control Agency of Zurich.

The relatively high population density in the catchment
of Greifensee causes a significant input of anthropogenic
chemicals into the lake. The effluents of seven sewage
treatment plants (STPs) are discharged into Greifensee either
directly or indirectly via the two major tributaries, Aa and
Aabach. The only outflow of the lake is the Glatt River.
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Sampling and Chemical Analyses. Between April 1995
and April 1996, a total of 14 vertical sample profiles (13—16
depths) were collected above the deepest point of the lake
inintervals of 4 weeks. Concentration profilesat this location
were assumed to be representative for the whole lake, because
ingeneral, horizontal mixing in Greifensee is fast as compared
to elimination processes (2). After collection in a stainless
steel sampling bottle (Friedinger, Lucerne, Switzerland), the
lake water was transferred immediately into 1-L amber glass
bottles and transported to the laboratory, and analysis was
started within 2 h. The two main tributaries, Aa and Aabach,
were sampled with time-proportional portable samplers
(Manning Products, Texas). Based on water gauge record-
ings, flow-proportional 1-day-averaged samples were ob-
tained and analyzed, thus recording the discharge of four of
the STPs. The effluents of the other three STPs (discharging
directly into Greifensee) were sampled continuously over 24
h periods using flow-proportional sampling devices. One-
day composite samples from both tributaries and STPs were
collected on 13 days in 500-mL amber glass bottles, repre-
senting different seasons, weekdays, and water discharges.
After collection, samples were stored in the dark, transported
to the laboratory, and analyzed within 2 days.

The FWAs were extracted from samples of 200 mL (lake
water) and 50 mL (rivers and STPs) by solid-phase extraction
(C18 Empore disks; Varian, Harbor City, CA). After separation
by reversed-phase HPLC (column: Hypersil ODS, 3 um, 100
mm x 2.1 mm i.d. with precolumn; Hewlett-Packard),
individual FWAs were irradiated in the column eluent with
a UV lamp (254 nm, 5 s) and detected with fluorescence
(excitation, 350 nm; emission, 430 nm; Hewlett-Packard,
1046A). Recovery rates were 87—88%, and standard devia-
tions (n = 8) were 1-12%. Both DAS 1 and DSBP could be
determined down to concentrations of 3 ng L™ (7).

Cylindrical sedimentation traps (78 cm length and 9 cm
diameter; 23) were exposed mid-lake at 10 and 30 m depth
during the whole investigation period (April 1995—April 1996).
The particulate material in the traps was collected every 4
weeks and was subsequently freeze-dried, extracted in
methanol, and analyzed by HPLC (same procedure as for
aqueous samples).

Chemicals. FWAs for calibration, all present as E- or E,E-
isomers and technical grade as well as the internal standard
(technical grade), were obtained as sodium salts from Ciba-
Geigy AG (Basel, Switzerland) with purities of 97% (DAS 1)
and 90% (DSBP). 4,4'-Bis(5-ethyl-3-sulfobenzofur-2-yl)-
biphenyl, a research compound, was used as an internal
standard. This compound has not been applied as a FWA
and therefore does not appear in environmental samples
but shows fluorescence in the same wavelength region as
the FWAs. Ammonium acetate (analytical grade) was
purchased from Merck ABS AG (Basel, Switzerland). Tet-
rabutylammonium hydrogen sulfate (TBA) was purchased
from Fluka AG (Buchs, Switzerland). All solvents (HPLC
grade) were purchased from FEROSA (Barcelona, Spain) and
were used as received.

Mathematical Simulation Model. The measured data
were evaluated using the computer software MASAS (24)
(Modeling of Anthropogenic Substances in Aquatic Systems),
which allows the construction of mathematical models for
describing the dynamic behavior of chemicals in lakes. The
lake was described by a vertical, one-dimensional model of
32 boxes that assumed complete mixing within every box
and within the epilimnion. However, near point sources
(e.g., inflows of streams or STPs), pollutant concentrations
may have been somewhat higher; these parts of the lake
were not the focus of this study. In contrast, vertical mixing
below the epilimnion was explicitly described as a turbulent
diffusion process with time- and depth-dependent diffusion
coefficients. These coefficients (Table 1) were computed



TABLE 2. One-Box Model for Greifensee

DAS 1 DSBP
min max av contribution® (%) min max av contribution® (%)

loading from inflow (g d—1)2 67 239 114 97 313 156
95% conf int (g d~1) +27 +32
outflow (River Glatt) (g d—1)2 12 69 29 27 4 36 16 10
sedimentation (g d—1)2 4 65 21 20 4 75 14 9
photodegradation (g d—1)2 9 98 56 53 34 231 129 81
total FWA in the lake (kg) 10.1 15.3 12.7 6.6 10.8 8.6
change within one period (gd™%) 76 +52 0 —-72 +54 -5

2 ndividual values for every period were used for the one-box model and for the computer simulation (minimum and maximum given as
examples). The average is given only for information and was not used for calculations. ® Contribution to total FWA reduction averaged over the

whole year (April 1995—April 1996).
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FIGURE 2. Correlation of the total daily sewage in the catchment
of Greifensee and the total daily FWA loads measured at the outlets
of three STPs and the two tributaries discharging FWAs into
Greifensee. Lines show the linear correlations: DAS 1 (crosses,
dashed line) = 3.05Q — 33.3 (r? = 0.94); DSBP (circles, solid line)
= 3.82Q — 28.2 (r? = 0.95). 95% confidence intervals: + 27 (DAS
1), + 32 (DSBP).

from independently measured temperature profiles by the
heat budget method (25). For lake throughflow, outflow data
were used. A more thorough description of MASAS is given
in ref 24.

Results and Discussion

This study is based on a research concept with three parts,
as reflected in the text below: First, every relevant process
was evaluated independently. In particular, reliable pa-
rameters were determined for FWA boundary fluxes (input
from STP effluents, elimination by flushing, sorption/
sedimentation, and gas exchange) and for the degradation
of FWAs. Second, FWA concentration profiles were
measured in the lake during 1 year. Third, the mathematical
model was set up based on the two previous steps.
Evaluation of Boundary Fluxes: Loading and Elimina-
tion by Flushing and Sorption/Sedimentation. To assess
the loading of FWAs into Greifensee for every day of the year
investigated, total daily loads were measured on 13 days (sum
of the three STPs and two tributaries discharging to Grei-
fensee; measurements in two smaller tributaries showed no
measurable FWA concentrations). These total daily loads
were correlated with the total daily sewage (sum of the water
that was treated in all STPs of the catchment) (Figure 2). The
correlation determined by linear regression showed good
linearity with correlation coefficients of 0.94 and 0.95 for
DAS 1 and DSBP, respectively. This indicates that the FWA
mass in sewage is reduced more efficiently during sewage

treatment when less water is treated (based on the assump-
tion that the daily FWA mass discharged to STPs is constant).
This observation can be explained as FWAs are eliminated
from sewage treated in STPs exclusively by sorption onto
sewage sludge (13). Sludge is diluted during rainy periods,
which leads—in combination with the constant sorption
coefficient—to higher loads in the effluent. The correlation
equations were assumed to be representative for the entire
investigated year since samples were collected on all days of
the week, in all seasons, and under dry as well as rainy
conditions. Calculated loadings ranged from 67 to 239gd
(average 114 g d™*) and from 97 to 313 g d~* (average 156 g
d~%) for DAS 1 and DSBP, respectively. Confidence intervals
estimated with the standard deviation were 4 27 g d~* (DAS
1) and & 32 g d~* (DSBP) (Table 2). The values obtained by
this procedure were directly used in the model.

Three boundary fluxes may eliminate FWAs out of a lake,
namely, flushing, sorption/sedimentation, and gas exchange.
Flushing and sorption/sedimentation were evaluated with
measurements in the lake. The product of the average FWA
concentration in the top 5 m of the lake and the actual outflow
of River Glatt was used as elimination by flushing providing
values between 12 and 69 g d~* for DAS 1 (average 29 g d %)
and between 4 and 36 g d~* for DSBP (average 16 g d1). The
FWAs collected in the two sediment traps (10 and 30 m) were
used to estimate the sedimentation of FWAs above and below
10 m, respectively. These values were between 4 and 65 g
d~!for DAS 1 (average 21 g d') and between 4 and 75gd
for DSBP (average 14 g d™1). The opposite flux, from the
sediment into the water, was neglected as the FWA con-
centrations were more or less constant in the hypolimnion
throughout the year. The third possible boundary flux, gas
exchange, is predicted to be rather unimportant as the FWAs
investigated have great molecular weights (>500) and are
present in aqueous solutions primarily as anions. A com-
parison of the boundary fluxes (Table 2) shows that a
degradation of FWAs in Greifensee is occurring because the
measured concentrations are not increasing as expected from
the boundary fluxes only. A simple one-box model was
therefore established to estimate possible degradation pro-
cesses.

One-Box Model: Evaluation of Degradation Rates. Pho-
todegradation of FWAs in natural waters has been observed
by Kramer (26), who reported degradation rates for the upper
2 m box of Greifensee, measured with filtered water and
based on the assumption of cloudless days and complete
mixing within the box considered. To evaluate daily pho-
todegradation rates for the investigated period, these maxi-
mum rates had to be reduced on account of clouds, reflection
at the air—water interface, and particles in the water. The
daily flux of photons (400—800 nm) reaching the earth near
Greifensee was used as a measure for the clouds. Therefore,
the photodegradation rates reported by Kramer et al. for
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FIGURE 3. One-box model for DAS 1 (left) and DSBP (right). The
model was established for 13 periods of 4 weeks and is shown for
the two periods in July 1995 and January 1996.

May 15 were attributed to May 22, 1995, the day with the
biggest flux of photons during the investigation, assuming
this day to be cloudless. The photodegradation rates for all
other days were calculated proportionally to the respective
photon fluxes on the basis of the rates of May 22. The new
rates were subsequently reduced by a factor corresponding

to the fraction of light reflected at the air—water interface
(6%, constant throughout the year; 27) and by a factor
corresponding to attenuation by particles in the water. This
factor was estimated by calculating the reduction of visible
light from the lake surface to 1 m depth. On May 30, 1995,
this reduction was smallest and completely attributed to
dissolved organic matter (assumption: no particles in the
lake after the precipitation of lime occurring in May). The
additional reduction of visible light on the other days
throughout the year was attributed to particles in the water
(reduction of 5—29%). By the help of these converted
photodegradation rates and the FWA mass in the top 2 m
box of Greifensee (estimated from concentration measure-
ments above the deepest point of the lake), the amount of
FWAs degraded photochemically was calculated for every
4-week period of the investigation. The values were between
9 and 98 g d~* (average 56 g d*) for DAS 1 and between 34
and 231 g d* (average 129 g d™?) for DSBP.

Besides photodegradation, other degradation processes
may occur in Greifensee, namely, biodegradation or hy-
drolyses, although they are expected to be negligible as they
have not been observed to date (16, 17). Nevertheless, the
data evaluated above allows for the development of a simple
one-box model, comparing the change of total FWA mass in
the lake with the sum of all processes affecting FWA
concentrations. With this one-box model, it is possible to
estimate whether degradation processes other than photo-
degradation have to be considered for Greifensee. This
comparison was made for 13 periods of 4 weeks each between
April 3, 1995, and April 2,1996. For 10 out of the 13 periods,
for each DAS 1 and DSBP the difference between measured
and modeled mass change in the lake is smaller than the
confidence intervals estimated for the FWA loading into the
lake (as examples, the results for July and January are shown
inFigure 3). Only during two periods (DAS 1, December and
February; DSBP, June and December) the FWA mass in-
creased too strongly in the one-box model, thus giving
evidence for an additional degradation process. Neverthe-
less, biodegradation and hydrolysis can be expected to be
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FIGURE 4. Vertical DAS 1 concentration profiles (dots, scale at the top of graph) and temperature (dotted lines, scale at the bottom of
graph) measured above the deepest point of Greifensee in 1995/1996. Solid lines: computer simulation with fitted sedimentation velocities

(starting April 3, 1995), model A with depth loading.
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FIGURES. Sedimentation velocities of particles in Greifensee (July).
Dots: calculated assuming a constant particle flux. Base of the
calculations: measured POC in the water column and measured
sedimentation rates from sedimentation traps. Line: corrected with
a correction factor in order to achieve the measured depth profiles
with the computer simulation, model A.

faster in summer than in winter. Since no evidence can be
found for these processes in May, July, and August, the
observed differences are probably due to other factors. Itis
remarkable that the differences are observed in periods with
heavy rainsonly. Therefore, it may be possible that the input
of FWAs into Greifensee is overestimated in our model during
heavy rains. We can imagine two reasons for this. First, the
correlation between the sewage treated and the FWA input
into Greifensee may only be linear up to a certain discharge
of sewage. Second, a part of the FWAs discharged into
Greifensee may not origin from STPs but from sewage sludge
that was previously applied to farm fields. Rain may then
wash out the FWAs from the fields and discharge them into
Greifensee via the rivers. These two cases would lead to an
overestimation of the FWA input into Greifensee.

No explanation can be given for two cases where the FWA
mass decreased too strongly in the one-box model (DAS 1,
August; DSBP, March). In these cases, our model seems to
be simplified too much, neglecting processes that are not
known to us. However, the general agreement of simulation

results with the observations in the lake indicate that our
assumptions are correct for the major part of the year
investigated. The field validation of photodegradation rates
is especially remarkable and indicates that biodegradation
and hydrolysis are negligible in Greifensee. Concerning the
velocity of photodegradation, it is interesting to note that
the DAS 1 mass in the whole lake is reduced by 2—24% within
28days (DSBP, 11-61%). Both DAS 1and DSBP are therefore
not readily photodegradable in Greifensee following the
definition about degradability given by an EC directive (28).
Note that this statement is somewhat arbitrary, as the EC
directive does not specify the “aquatic environment”. Ifonly
the photic zone of Greifensee is considered as aquatic zone,
as was done by Kaschig et al. (29), DAS 1 (in spring and
summer) and DSBP (throughout the year) are readily
photodegradable. However, we think it is more appropriate
to define the whole lake as aquatic environment.

Seasonal Variation of Measured FWAs in Greifensee.
Figure 4 shows typical vertical concentration profiles of DAS
1 (dots) determined above the deepest point in Greifensee.
As indicated by the temperature profiles (dotted lines), the
lake was stratified between May and November, followed by
complete overturn in winter. In winter, with less sunlight
and less particles in the lake, total FWA concentrations
generally increased. In summer, DAS 1 concentrations
exhibit a maximum in the thermocline, whereas concentra-
tions in the epilimnion and in the hypolimnion are distinctly
lower. These findings are consistent with the assumption
that DAS 1 is eliminated from the water column primarily by
two processes, photodegradation in the epilimnion and
sorption/sedimentation. We formulated two hypotheses
about the origin of these peaks: (i) They are a consequence
of subsurface loading of the FWAs (model A). Subsurface
loading has been observed for another detergent component,
NTA (2). Insuch a situation, a part of the water discharged
to the lake surface through tributaries and STPs is transported
immediately to the depth with the corresponding temper-
ature (and density). During the summer, this theoretical
intrusion depth is 4—8 m from the lake surface. During
winter, the temperature in the lake is always smaller than in
the tributaries, thus giving no evidence for a subsurface
loading. (ii) A second possibility is that the peaks in the
thermocline are caused by particle dynamics (model B)
because part of the sinking particles are dissolved in the
thermocline, thus transporting FWAs from the epilimnion to
the thermocline.

32-Box Model: Computer Simulation. Two simulation
models were established and calibrated with DAS 1, model
A with subsurface loading and model B without subsurface
loading. Subsequently, the models were adapted to DSBP
to test their validity. Only substance specific values such as
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FIGURE 6. Vertical DAS 1 concentration profiles (dots, scale at the top of graph) and temperature (dotted lines, scale at the bottom of
graph) measured above the deepest point of Greifensee in 1995. Solid lines: computer simulation with fitted sedimentation velocities

(starting April 3, 1995), model B with all loading at the lake surface.
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FIGURE 7. Vertical DSBP concentration profiles (dots, scale at the top of graph) and temperature (dotted lines, scale at the bottom of
graph) measured above the deepest point of Greifensee in 1995. Solid lines: computer simulation with fitted sedimentation velocities
(starting April 3, 1995); top: model A with depth loading; bottom: model B with all loading at the lake surface. Note the failure of model
B, confirming that subsurface loading is required to explain the observed behavior of DSBP.

photodegradation rates or loading were exchanged for the
values obtained for DSBP. In that way, an independent
control was achieved. As sorption/sedimentation is only
responsible for 9—20% of the FWA reduction in Greifensee,
this process was roughly estimated. Depth profiles of
particulate organic carbon measured in the lake were used
together with apparent solid—water distribution ratios (Kg)
calculated from FWA concentrations in particles (collected
in the sedimentation traps) and in the lake water of the
corresponding depth (10 and 30 m) at the end of the collection
period (log K4 for both DAS 1 and DSBP, 3.9 + 0.2). In both
models, sorption coefficients of DAS 1 were kept constant.
To take into account nonsinking particles, differences in Kq
values from one season to another or in different water layers,
and different sedimentation velocities, a correction factor
was included in the model. Due to constraints of the
simulation software used, this factor was included in the
sedimentation velocity. Asshown in Figure 5 there is a good
qualitative agreement with both calculated and adapted
sedimentation velocities being highest between 10 and 25 m
lake depth. While the quantitative differences are small in
the epilimnion, sedimentation velocities had to be increased
by a factor of about 2 in the hypolimnion. The same
observation was also made by Bloesch and Sturm (30), who
increased the hypolimnetic particle settling velocity by a
mean factor of 3 to 3 m d~* for a lake model of a lake similar
to Greifensee. Subsurface loadings for model A were applied
from June to October with increasing depths from 4—6 m to
6—8 m, corresponding to the depths with the same tem-
perature as the tributaries. Best results with the simulation
model were obtained by assuming between 10% (June and
October) and 40% (July/August) of the total loadings to enter
the lake in the mentioned depths. Figures 4 (model A) and
6 (model B) indicate that both models can simulate the
measured depth profiles of DAS 1.

To examine the validity of the two models, the same
parameters determined for DAS 1 were used to simulate the
behavior of the second investigated FWA, DSBP. While model
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FIGURE 8. Seasonal variation of the total DAS 1 and DSBP mass
in Greifensee in 1995/1996; dots represent the measured total mass
(black, DAS 1; white, DSBP; calculated from the concentration
profiles and the corresponding water volumes); lines represent the
results of the computer simulation, model A (solid, DAS 1; dashed,
DSBP).
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A (with depth loading, Figure 7, top) reproduces the profiles
of DSBP very well, model B (without depth loading, Figure
7, bottom) is not able to simulate the behavior of DSBP.
Obviously transport by particles alone cannot explain the
increase of FWA concentrations in the thermocline. Asecond
process (depth loading) must be involved. Inadditiontothe
validation of the model with DSBP, the measured and the
modeled seasonal variation of the total FWA amount in the
lake were compared, as a control, showing good cor-
respondence for model A (Figure 8). Thus, the photochemical
degradation rates measured in the laboratory could be
confirmed in our model.

Acknowledgments

We thank the Swiss Chemical Industry in Basel, Switzerland,
for financially supporting J.M.S., Hewlett-Packard for the
donation of the HPLC equipment within the Rhine Basin



Program, and Ciba-Geigy for providing the FWA reference
compounds. We acknowledge J. Bloesch, H. R. Burgi, R.
Eganhouse, G. Goudsmit, H. Kramer, P. Krebs, and two
anonymous reviewers for their help during the preparation
of this manuscript. In addition, we thank H. Bihrer, R. llli,
and B. Ribi for their help during sampling and for providing
ancillary data.

Literature Cited

(1) Ainsworth, S. J. Chem. Eng. News 1996, 74 (4), 32—54.

(2) Ulrich, M. M.; Mdller, S. R.; Singer, H. P.; Imboden, D. M;
Schwarzenbach, R. P. Environ. Sci. Technol. 1994, 28, 1674—
1685.

(3) Midller, S. R.; Berg, M.; Ulrich, M. M.; Schwarzenbach, R. P.
Environ. Sci. Technol. 1997, 31, 2104—2113.

(4) Kari, F. G.; Giger, W. Environ. Sci. Technol. 1995, 29, 2814—
2827.

(5) Kramer, J. B.; Canonica, S.; Hoigné, J.; Kaschig, J. Environ. Sci.
Technol. 1996, 30, 2227—2234.

(6) Stoll, J. M. A,; Poiger, T. F.; Lotter, A. F.; Sturm, M.; Giger, W.
In Molecular Markers in Environmental Geochemistry; Egan-
house, R.P., Ed.; ACS Symposium Series 671; American Chemical
Society: Washington, DC, 1997; pp 231—241.

(7) Stoll, J. M. A.; Giger, W. Anal. Chem. 1997, 69, 2594—2599.

(8) Eugster, H. Mifa, Frenkendorf, Switzerland, personal com-
munication, 1997.

(9) Gehri, K. Erfassung der in der schweizerischen Wasch- und
Reinigungsmittelindustrie verwendeten wichtigsten Rohstoffe im
Jahre 1995; Verband der Schweizerischen Seifen- und Waschmit-
telindustrie (SWI): Zurich, Switzerland, 1995.

(10) SWI (Verband der Schweizerischen Seifen- und Waschmit-
telindustrie). Jahresbericht 1995; SWI: Zurich, Switzerland, 1995.

(11) Canonica, S.; Kramer, J. B.; Reiss, D.; Gygax, H. Environ. Sci.
Technol. 1997, 31, 1754—1760.

(12) Anliker, R.; Mller, G. Fluorescent Whitening Agents; Coulston,
F.,Korte, F., Eds.; EQS Environmental Quality and Safety, Suppl.
Vol. IV; Georg Thieme Publishers: Stuttgart, 1975.

(13) Poiger, T.; Field, J. A.; Field, T. M.; Siegrist, H.; Giger, W. Water
Res. In press.

(14) Poiger, T. Ph.D. Thesis, ETH Zurich, No. 10832, 1994.

(15) Ganz, C. R.; Liebert, C.; Schulze, J.; Stensby, S. J. Water Pollut.
Control Fed. 1975, 47, 2834—2849.

(16) Kaschig, J., Ciba Geigy AG, Basel, personal communication, 1996.

(17) Dojlido, J. R. EPA-Report 600/2-79-163, 1979.

(18) Richner, P.;Kaschig, J.; Zeller, M. Presentation at the 7th Annual
Meeting of SETAC—Europe, Amsterdam, 1997.

(19) Burg, A. W.; Rohovsky, M. W.; Kensler, C. J. Crit. Rev. Environ.
Control 1977, 7, 91-120.

(20) Zinkernagel, R. In Fluorescent Whitening Agents; Anliker, R.,
Miiller, G., Eds.; EQS Environmental Quality and Safety, Suppl.
Vol. IV; Georg Thieme Publishers: Stuttgart, 1975; pp 129—142.

(21) Liechti, P. In Schriftenreihe Umwelt (Gewa&sserschutz); BUWAL:
Bern, Switzerland, 1994; pp 131—-138.

(22) Buhrer,H.,EAWAG, Dubendorf, personal communication, 1997.

(23) Rosa, F.; Bloesch, J.; Rathke, D. E. In Handbook of techniques
for aquatic sediments sampling, 2nd ed.; Mudroch, A., MacK-
night, S. D., Eds.; CRC Press: Boca Raton, FL, 1994; pp 97—129.

(24) Ulrich, M. M.; Imboden, D. M.; Schwarzenbach, R. P. Environ.
Software 1995, 10, 177—198.

(25) Imboden, D. M,; Eid, B. S. F.; Joller, T.; Schurter, M.; Wethel,
J. Schweiz. Z. Hydrol. 1979, 41/5, 177—-189.

(26) Kramer, J. B. Ph.D. Thesis, ETH Zurich, No. 11934, 1996.

(27) Sauberer, F. Mitt. Int. Ver. Limnol. 1962, 11, 1-77.

(28) European Community Commision Directive 93/21/EEC (67/
548/EEC, 18th ATP) OJ No L110/20, April 27, 1993.

(29) Kaschig, J.; Hochberg, R.; Zeller, M. Presented at the 4th World
Surfactant Congress, Barcelona, 1996.

(30) Bloesch, J.; Sturm, M. In Sediments and Water Interaction; Sly,
P. G., Ed.; Springer-Verlag: New York, 1986; pp 481—490.

Received for review November 7, 1997. Revised manuscript
received March 25, 1998. Accepted April 1, 1998.

ES9709886

VOL. 32, NO. 13, 1998 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 1881



