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Micropollutant-loaded powdered activated ==
carbon released from waste water treatment
plants: a risk for sediment-dwelling organisms?
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Abstract

Background: In order to protect aquatic environments and to reduce the presence of micropollutants in the global
water cycle, wastewater treatment plants (WWTPs) often implement an additional treatment step. One of the most
effective measures is the use of powdered activated carbon (PAC) as an adsorbent for micropollutants. This method
provides sufficient elimination rates for several micropollutants and has been successfully employed in many WWTPs.
Despite this success, there might be a drawback as the retention of the PAC in the WWTP can be challenging and
losses of micropollutant-loaded PAC into the aquatic environment may occur. Upon emission, micropollutant-loaded
PAC is expected to settle to the benthic zone of receiving waters, where sediment-dwelling organisms may ingest
these particles. Therefore, the present study investigated possible adverse effects of micropollutant-loaded PAC from
a WWTP as compared to unloaded (native) and diclofenac-loaded PAC on the sediment-dwelling annelid Lumbriculus
variegatus.

Results: Native PAC induced the strongest effects on growth (measured as biomass) and reproduction of the anne-
lids. The corresponding medium effective concentrations (ECs,) were 1.7 g/kg and 1.8 g/kg, respectively. Diclofenac-

loaded PAC showed lower effects with an ECg, of 2.5 g/kg for growth and ECs, of 3.0 g/kg for reproduction. Although
tested at the same concentrations, the micropollutant-loaded PAC from the WWTP did not lead to obvious negative

effects on the endpoints investigated for L. variegatus and only a slight trend of a reduced growth was detected.

Conclusion: We did not detect harmful effects on L. variegatus caused by the presence of MP-loaded PAC from a
WWTP which gives an auspicious perspective for PAC as an advanced treatment option.

Keywords: Oligochaete, Environmental impact, Advanced wastewater treatment, Lumbriculus variegatus, Sediment
toxicity

Background

The occurrence of micropollutants (MPs) in aquatic
environments is of growing concern worldwide due to
their persistence and their potential harmful effects on
aquatic organisms. Individually, as well as in mixtures,
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MPs exhibit a variety of toxic effects on organisms as
well as on communities of freshwater biota [1-3]. MPs
comprise mainly pharmaceuticals, personal care prod-
ucts, hormones, surfactants, industrial chemicals and
pesticides [4] and are primarily discharged into surface
waters by wastewater treatment plants (WWTPs) [5]. In
order to reduce the release of these MPs into freshwa-
ter bodies, many WWTDPs are currently upgrading their
treatment protocols by applying additional treatment
steps [6]. There are various possible options and the two
techniques that are mainly applied are advanced oxida-
tion processes (i.e., ozonation) or adsorption on activated
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carbon (AC) [7]. Application of ozonation is intended
to mineralize MP and thereby to reduce their toxic
potential. However, several MPs cannot be completely
degraded which can result into undesired transforma-
tion products that can exhibit even a higher toxicity than
the original MP [7-9]. The advantage in using adsorption
techniques for MP elimination is the physical removal of
MPs from the wastewater instead of their degradation [6,
10].

The use of powdered activated carbon (PAC) as an
adsorbent has already been successfully implemented in
several WWTPs [11-14]. PAC can be applied in a con-
tact reactor after the biological treatment followed by
its separation with sedimentation and filtration [10, 12,
15]. Moreover, it is possible to optimize the use of the
PAC’s binding capacity by recirculation of PAC within
the WWTP [11, 16]. Several studies reported success-
ful removal rates of 80% and more for many investigated
MPs [11-14]. Furthermore, corresponding to the reduced
MP concentrations in the effluent a significant reduction
of toxicological effects in the form of improved inverte-
brate health, reduced genotoxicity and positive ecological
changes were described by Peschke et al. [3], Stalter et al.
[17] and Triebskorn et al. [14], respectively. Nevertheless,
there is a drawback which is associated with the reten-
tion of PAC in the WWTP. The complete separation of
PAC from the effluent appears to be challenging in order
to prevent losses of MP-loaded PAC into the aquatic
environment via the effluent [15, 18, 19]. Therefore, it is
possible that adverse effects are associated with the intro-
duction of MP-loaded PAC into the receiving waters with
yet unknown ecological consequences. In previous stud-
ies, PAC from a WWTP did not cause negative effects
to two filter-feeding invertebrates, the pelagic Daphnia
magna [20] or benthic Corbicula sp. [21], which might be
partly explained by sedimentation of PAC. It is expected
that PAC from WWTP after entering receiving waters
will mainly deposit in the sediment and therefore pose
a risk to endo-benthic organisms rather than to pelagic
or epi-benthic species. Accordingly, the question arises if
sediment-dwelling organisms are negatively affected by
the presence of MP-loaded PAC.

So far, only ecotoxicological studies on PAC in sedi-
ments in connection with sediment remediation by addi-
tion of unloaded activated carbon at contaminated sites
are available. These studies showed that activated carbon
can lead to a reduction in reproduction and growth in the
sediment inhabiting annelid Lumbriculus variegatus [22—
24]. Field application of PAC was shown to have a gen-
eral negative effect on the benthic community structure
with reduction in species abundance and biomass [25,
26]. Moreover, it was discovered that particles smaller
than 100 pm are ingested by L. variegatus and that the
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powdered form of activated carbon was significantly
more toxic than larger particles [27]. This underlines the
need to assess possible adverse effects of MP-loaded PAC
from WWTPs.

Therefore, the aim of the present study is to investi-
gate possible harmful effects of MP-loaded PAC from
WWTPs and to evaluate whether the release of MP-
loaded PAC poses an ecological risk for sediment-
dwelling organisms. For this approach, sediment—water
toxicity experiments according to OECD guideline 225
[28] were conducted in which individuals of L. var-
iegatus were exposed to micropollutant-loaded PAC
from a WWTP as compared to unloaded (native) and
diclofenac-loaded PAC. L. variegatus was chosen because
it plays an important role in aquatic ecosystems and it is
frequently used in eco-toxicity testing for risk assessment
[29-31]. Moreover, by using annelids several uptake
routes are covered, i.e., via the sediment (ingestion and
direct contact) and via the pore and overlaying water
[32].

Materials and methods

Test substances

In order to examine possible adverse effects to the sed-
iment-dwelling annelid L. variegatus, sediments were
spiked with different types of PAC as shown in Table 1. In
order to have an intermediate test substance between the
unloaded PAC and the MP-loaded PAC from the WWTP,
PAC was loaded with the well-known micropollutant
diclofenac.

The activated carbon used for the experiments, PAC
Norit® SAE Super [average particle size of 15 pum, total
surface area (B.E.T.) of 1150 m?/g, Cabot Corporation,
USA], was supplied by the wastewater treatment plant
in Diillmen, North Rhine-Westphalia, Germany (capac-
ity of 55,000 population equivalents, operated by the
Lippeverband). Acquisition of the MP-loaded PAC
(PACynyrp) as well as preparation of the other two PAC
types is described in detail in Woermann and Sures [20].
Briefly, unloaded PAC was freeze-dried (Heto PowerDry
LL3000, Thermo Electron Corporation) and either used
as PAC .. in the exposure experiments or was loaded in
the laboratory with diclofenac (DCF, Cayman Chemical
Company, USA). For this approach, 1 g PAC was added

Table 1 Types of PAC used for exposure of Lumbriculus
variegatus

PAC type Group name

Micropollutant-loaded PAC from WWTP PACywe
Native, unloaded PAC PAC
Diclofenac-loaded PAC

native

PAChcr
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to 200 mL of a 0.4 g/L DCEF solution and agitated for 24 h
which resulted in a loading of 80 mg DCF per g PAC. The
MP-loaded PAC (PACy1p) was collected from the sedi-
mentation basin of the treatment plant in Diilmen dur-
ing 2 weeks in April 2017. PACpp and PACyyp Were
freeze-dried as well to establish the same condition for
each PAC type.

Test organism

The tests were conducted with the annelid Lumbricu-
lus variegatus similar to the procedure described by
Kontchou et al. [31]. Briefly, individuals of L. variegatus
used to establish an own culture originally came from
the Department of Aquatic Ecotoxicology at the Goethe
University Frankfurt am Main, Germany. The culture was
kept in a climate chamber at a temperature of 20£1 °C
with a 16:8 h light:dark cycle. The worms were grown in
15 L glass aquaria containing a small layer of prewashed
quartz sand (Baumit GmbH, Germany) as sediment and
reconstituted water as described in the OECD guideline
225 [28]. Aquaria were constantly aerated and worms
were fed twice a week with ground TetraMin flakes (Tetra
GmbH, Germany) following the renewal of overlying
reconstituted water.

The sensitivity of the worms to harmful substances
was validated using pentachlorophenol (PCP, 99% pure,
Sigma-Aldrich, USA) as recommended by the OECD
guideline. Briefly, adult worms were removed from the
culture and kept in clean reconstituted water for 24 h.
A stock solution of 5 mg/L PCP was prepared in recon-
stituted water and diluted to 2500, 1000, 500, 250, 100
and 50 pg/L, respectively. The pH of the dilutions was
adjusted to a value between 6.4 and 7 with 0.1 M NaOH.
Reconstituted water without PCP was used as the nega-
tive control. For each concentration, ten replicates were
performed in 30 mL beakers comprising one adult worm.
The experiment was run for 96 h under the same light
and temperature conditions as the culture. After the ter-
mination of exposure, mortality of worms was recorded.

General test design

The exposure experiments were designed following the
sediment—water toxicity test as described in the OECD
guideline 225 [28]. For this approach, synchronized
individuals of L. variegatus were exposed to the test
substances spiked into the reconstituted sediment in a
series of at seven concentrations along with a negative
control. Each PAC compound was tested in concentra-
tions of 0.5, 1, 1.5, 2, 3, 4 and 5 g/kg dry weight (dw). The
control sediment was prepared without PAC addition.
These test concentrations were chosen based on prelimi-
nary testing (data not shown) and in order to cover the
EC;, as recommended by the OECD guideline. For each
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concentration and control, four replicates were prepared
containing ten synchronized annelids resulting in 32 test
beakers per exposure experiment.

Synchronization

Fourteen days prior to the start of the PAC expo-
sure experiments, adult worms were synchronized as
described in OECD 225 guideline [28]. After cutting the
worms in two pieces, the posterior ends were used for the
experiment while the anterior segments were returned
to the culture. The posterior segments were cultured in
a separate tank for 14 days for head development. They
were kept under the same conditions as the normal cul-
ture, but without food supply and renewal of overlying
water. Head development was evident after 7 to 8 days
when worms burrowed into the sediment. After 14 days
of growth, the worms were assumed to be of equal devel-
opmental stage and ready for exposure.

Test sediment preparation

Artificial sediment used in this study was prepared fol-
lowing OECD 225 guideline and contained quartz sand
(size 0—-1 mm, Baumit GmbH, Germany), kaolinite clay
(VWR International, Belgium), peat (Floragard GmbH,
Germany) and nettle powder (Folia urticae; Heinrich
Klenk GmbH & Co. KG, Germany) at a ratio of 75%,
20%, 5% and 0.5% dry weight, respectively. Prior to use,
the sand was properly washed with deionized water
and dried at 70 °C. A dry mass of 20 g air-dried peat
(<0.5 mm particle size) was weighed into an 800 mL
glass beaker followed by addition of 200+20 mL deion-
ized water (approximately 10 mL per gram of peat dry
weight). The suspension was properly homogenized by
stirring with a spatula and pH adjusted to between 5
and 5.5 using CaCO; (98%; Acros Organics, Belgium).
The suspension was incubated for 48 h at room tem-
perature on a shaker (Celltron, Infors HT, Switzerland)
at a speed of 120 rounds per minute (rpm) in order to
establish a stable microbial content in the peat suspen-
sion. After 48 h incubation, the pH of the suspension
was measured and adjusted with CaCOj if required to a
final value of 6£0.5. The residual dry components, e.g.,
sand (300 g), clay (80 g) and nettle powder (2 g) were
mixed together before adding the respective amounts of
PAC, v PACpcr and PACyrp. The peat suspension
was then added to the dry mixture and the sediment was
thoroughly homogenized. Formulated sediment samples
were used immediately and no storage was required.
The treatments were distributed into 300 mL glass beak-
ers and reconstituted water was added to achieve a 1:4
sediment:water ratio. The setup was aerated with the
help of glass Pasteur pipettes and equilibrated for 24 h at
20+£1 °C with a light:dark circle of 16:8 h.
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Sediment-water toxicity test

The test was carried out in order to obtain data for the
endpoints reproduction (increase in number of worms)
and growth (increase in dry biomass) and were con-
ducted according to the OECD guideline 225 [28].
Following the equilibration phase, water parameters
(temperature, oxygen, pH and electrical conductivity)
were checked and ten worms from the synchronized
batch were carefully added to each exposure vessel. In
order to obtain the initially inserted biomass, a sample
of reference worms from the synchronized batch were
collected and stored at —80 °C. The experiments were
run for 28 days in a static exposure and water param-
eters were recorded every week. Moreover, the water
level was refilled regularly with deionized water to com-
pensate for losses due to evaporation and to keep the 1:4
sediment:water ratio. On the last day of exposure, water
characteristics were recorded and the ammonium con-
tent was measured using the Aquamerck® Ammonium
Test (Merck KGaA, Germany). Worms were carefully
extracted, counted and frozen at — 80 °C for subsequent
lyophilization (Heto PowerDry LL3000, Thermo Electron
Corporation) and determination of dry weight (Labor
AEG-220, Shimadzu, Japan). Additionally, at the end of
the exposure photos were taken to visualize the moving
activity of the test animals within the sediment.

Statistical analysis

The calculation and statistical analysis of the obtained
data was performed with the program GraphPad Prism
version 5.00 for Windows (GraphPad Software, San
Diego California USA). The calculated effects of the end-
points reproduction and growth were plotted against the
log-transformed exposure concentrations. A nonlinear
regression analysis was carried out with a logistic four-
parameter model with variable slope. In this analysis, the
EC, values (half maximum effective concentration) were
calculated for reproduction and growth inhibition. More-
over, to investigate significant differences between con-
trol and exposed treatments Kruskal-Wallis test with the
subsequent Dunn’s multiple comparison test was applied.
The significance level was set to a =0.05.

Results

Validity of the toxicity tests

The performed reference tests with pentachlorophenol
(PCP) in a 96 h water only exposure resulted in LCq,
value of 198.5 pg/L which was within the range of pre-
vious studies [33, 34]. The validity criteria according to
OECD guideline 225 [28] for the tests were also met, as
the average number of worms in the control increased by
a factor of at least 1.8 except in the PAC, . test group
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where the number of worms only increased by a factor of
1.35. The dissolved oxygen concentration during the test
was always above 30% of air saturation value at test tem-
perature and the pH of the overlying water was between
6 and 9. Also, the measured ammonium concentration
in the overlying water at the end of the test was below
0.5 mg/L in all treatments. The obtained TOC value was
1.81+0.1% of the sediment dry weight.

PAC exposure

Following exposure to PAC ., strong effects on the
reproduction of the worms could be detected (Fig. 1). In
the two highest tested concentrations the worms did not
reproduce at all and only the ten initially inserted worms
were recovered. The Kruskal-Wallis test resulted in a sig-
nificant difference (H=26.2, p=0.0005) and the post hoc
test revealed that the two highest concentrations were
significantly different to the control group.

A similar trend was found in the experiments with
PACpp, where not even all ten worms could be recovered
in the two highest concentrations at the end of the expo-
sure (Fig. 2). The Kruskal-Wallis test displayed a signifi-
cant difference to the control (H=20.2, p=0.006) which
could not be confirmed by the post hoc test. In general,
the worms reproduced less in the exposure with PACy ¢
including the negative control. Therefore, the validity cri-
terion for this test was not met. It is also obvious that the
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Fig. 1 Concentration-response curves for EC determination of
reproduction (top) and growth (bottom) of Lumbriculus variegatus
after 28 days of exposure with PAC, e Using the nominal
concentrations; circle symbols represent means with standard
deviations of the four beakers; dashed lines show 95% confidence
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Fig. 2 Concentration-response curves for EC determination

of reproduction (top) and growth (bottom) of Lumbriculus

variegatus after 28 days of exposure with PACpc¢ using the nominal
concentrations; circle symbols represent means with standard
deviations of the four beakers; dashed lines show 95% confidence
bands (could not be determined for the reproduction inhibition). This
test was not valid according to the OECD guideline 225 regarding the
reproduction in the control

standard deviations between the four replicates are com-
paratively high with regard to reproduction.

The worms that were exposed to PACyyyp did not
show any negative effects with respect to reproduction
(Fig. 3). The reproduction at the two highest concentra-
tions was even higher than in the control, but not sig-
nificantly (H="7.26; p=0.402). However, the standard
deviations were found to be high as well.

The concentration—response curves for the growth
inhibition (based on dry weight gain) give a similar pic-
ture. For PAC,_ ;.. and PACp . they show the typical sig-
moid curve for concentration response relations (Figs. 1
and 2). The worms in these two groups show a very clear
and significant effect concerning growth. According to
the statistical analysis, significant differences to the con-
trol were detected for 4 and 5 g/kg PAC,_,;;,. and for 5 g/
kg PACpcp (PAC,, .0 H=28.97, p=0.0002; PACpqp:
H=28.59, p=0.0002). In these highest concentrations
they did not only gain less weight than the worms from
the control, but instead they even lost weight over the
exposure period of 28 days when compared to the ini-
tial dry body weight. The tested individuals from the
PACyyrp experiment did not show significant differ-
ences (H=8.725, p=0.2732) compared to the control
with regard to growth. Nevertheless, a trend is visible

150+

1004

50+

Growth Inhibition (%)

-50- log nominal PACy,y1p conc. (mg/kg)

Fig. 3 Concentration-response curves for EC determination of
reproduction (top) and growth (bottom) of Lumbriculus variegatus
after 28 days of exposure with PAC,y7p Using the nominal
concentrations; circle symbols represent means with standard
deviations of the four beakers; dashed lines show 95% confidence
bands

that the animals exposed to the higher concentrations
grew less than the control (Fig. 3). It should also be noted
that the standard deviations are particularly lower for the
endpoint growth in contrast to the endpoint reproduc-
tion in all treatments. The corresponding EC;, values to
all the graphs are given in Table 2.

The EC;, values confirm the patterns of the concen-
tration response curves. PAC . showed the highest
adverse effects as the lower values of PAC ;. in com-
parison to PACpp indicate. Consequently, PACp is
less harmful and PACyp was not found to have any
effects at all during the experiments. In general, EC val-
ues for the endpoint growth are slightly lower than for
reproduction indicating a slight tendency towards higher

Table 2 Calculated ECg, values of reproduction and growth
inhibition with corresponding 95% confidence intervals (in
parentheses) from the tests with Lumbriculus variegatus (please
note that the values are given in g/kg and not in mg/kg as usual)

Test substance EC;, reproduction EC;, growth inhibition

inhibition
PAC 4tive 1.8 g/kg (1.6 t0 2.0) 1.7 g/kg (1.6 t0 1.8)
PAChcr 3.0g/kg (nd) 2.5g/kg (2.11029)
PACywp nd. nd.

n.d. not determinable
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sensitivity for the endpoint growth. Further to these
evaluations, it was observed during the exposures with
PAC, ive and PAC; that the worms in the two high-
est concentrations did not burrow as deep as the animals
in the other concentrations and the control (Fig. 4a, b).
These animals resided only in the top layer of the sedi-
ment, whereas all other test animals burrowed through
the whole sediment. The worms in the PACy,rp expo-
sures moved through the whole sediment even at the
highest concentration of 5 g/kg and no avoidance behav-
ior was observed (Fig. 4c).

Discussion

The aim of the present study was to investigate possible
negative effects of MP-loaded PAC to L. variegatus as a
representative for sediment-dwelling organisms. With
the chosen test-setup, chronic effects on reproduction
and growth could be observed. Generally, it was noticed
that growth was the more sensitive endpoint than repro-
duction and that the variation was also lower. This can
be explained by the type of reproduction of L. variegatus
which only reproduce asexually by fragmentation under
laboratory conditions. After termination, some test ves-
sels contained many small worms, whereas in other rep-
licates fewer but larger individuals were found that had
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not yet fragmented at that time. The biomass between
the replicates was more equal which explains the lower
standard deviation for the endpoint growth (gain of bio-
mass). Therefore, growth was found not only to be the
more sensitive, but also the more robust endpoint in
the present study. Moreover, these results indicate that
the exposure period of 28 days may not have been long
enough for the asexual reproduction to have been com-
pleted in all test beakers. Therefore, it is possible that the
presence of PAC may have delayed the reproduction.
Regarding the toxicity of PAC ;.. PACpc and
PACyyrp results of the present study are in line with
the results from previous studies where exposure experi-
ments were conducted with Daphnia magna [20] and
Corbicula sp. [21]. Similarly, PAC, ;. induced the
strongest effects, whereas PACyyrp did not lead to
any negative responses [20, 21]. The evaluation of toxic
mechanism was not within the scope of this study, how-
ever, possible explanations will be discussed briefly based
on the obtained results and current knowledge. The
strong effects, especially on growth, caused by PAC ..
indicate either direct toxic effects or reduced nutrient
availability during the exposure treatments. In studies
conducted to assess toxicity of activated carbon amend-
ments in sediments of contaminated sites, similar effects

Control

5 g/kg

————

Fig. 4 Photo documentation of the test vessels from Lumbriculus variegatus exposure experiments after 28 days. Depicted are the test sediments of
the negative control and three selected concentrations from exposures with @ PAC, ,ive: B PACocr and € PACy 1 (the overlaying water phase is not
shown due to reasons of space). Pictures were brightened in PowerPoint to increase visibility
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on L. variegatus were found. For example, Nybom et al.
[27] detected a significant decrease in biomass already
at a concentration of 0.05% PAC in artificial sediment
(dw). The ECs, value on biomass described by Nybom
et al. [27] was 0.35% (corresponding to 3.5 g/kg) which
is comparable to the EC;, values calculated for PACp ¢
and PAC . in the present study (2.5 g/kg and 1.7 g/
kg on biomass, respectively). Furthermore, the eges-
tion rate of the worms was investigated which is directly
related to sediment ingestion and it was observed that
the worms tried to avoid the AC exposure by a reduced
or even terminated ingestion of the sediment. The same
trends were reported by Abel et al. [22], Nybom et al.
[35], Jonker et al. [24] and Han et al. [23]. In the present
study, egestion and ingestion were not directly measured,
but it was observed that the worms in the higher concen-
trated PAC ;. and PACp, - treatments were less active
and stayed in the upper layer of the sediment (see Fig. 4a,
b). Therefore, the reduced biomass can most likely be
explained to a great extent by avoidance of sediment
ingestion and an associated reduced food uptake. Con-
versely, it can be concluded that during the PAC\yrp
exposure, food uptake by the worms was not affected as
they burrowed through the whole sediment and did not
show avoidance behavior.

An explanation why PACy,wp did not lead to any
negative effects regarding the reproduction and growth
nor any avoidance behavior might be due to the applica-
tion and processing of PAC during its residence in the
WWTP. Its use could possibly have smoothed the sur-
face of the PAC and led to less sharp particles. In stud-
ies of Abel et al. [22] and Nybom et al. [35], it was found
that the exposure with AC led to a decreased microvilli
layer inside the gut wall in L. variegatus which can pos-
sibly be explained by damage due to sharp AC particles.
This mechanical damage may as well have played a role
in the observed avoidance behavior in the higher con-
centrations of PAC ;. and PACpyp. Moreover, in the
previous study conducted by Woermann and Sures [20]
it was observed that PAC .. and PAC,p did adhere
to the cuticle of the daphnids, which led to obstruction
of movements of D. magna. This could also be the case
for L. variegatus and explain why the worms moved less
in these treatments. Jonker et al. [24] suggested that AC
could adsorb skin constituents (e.g., mucus) which could
lead to the impairing effects.

Additionally, it is very likely that PAC adsorbs nutri-
ents [36, 37] both externally from the sediment and also
internally within the intestine of the annelids. Conse-
quently, the high capacity of free binding sites of PAC ..
would be responsible for the observed adverse effects.
This would also explain why PACyp did not show any
inhibitory influence as the PAC was probably efficiently
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loaded during its application in the WWTP. This hypoth-
esis is underlined by the fact that PAC - whose adsorp-
tion capacity has not been exploited was less harmful
than PAC_ ;.. The minor negative tendency on the bio-
mass that was detected in the higher concentrations with
PACrp may be explained by a reduced food intake
with increasing amounts of PACyyp in the sediment
and that PACy,rp has no nutritional value. Generally,
evaluation of detailed toxic mechanisms of the different
PAC types applied was not the objective of this study, but
should be addressed in future studies.

As a last point, it should be highlighted that the experi-
mental setup was designed to test at a concentration
range in which adverse effects will occur. Therefore, the
tested concentrations are rather high and probably orders
of magnitude higher than what would be expected to be
reached in the aquatic environment. Still in the present
study, no negative effects were induced by PACyyp in
L. variegatus. The exact amount of PAC being released
from WWTPs is to date still unknown as is the envi-
ronmental fate and both topics should be the subject of
future research. Up to now, leakages are considered to
be small [38]. However, in standard operation also small
amounts of PAC that are continuously released may set-
tle in waters with low disturbance and will accumulate
over time in sediments. Therefore, it is important to keep
losses as low as possible through optimization efforts.
Overall, it should be emphasized that the results of this
study strongly support that PAC emissions from WWTPs
are not associated with negative consequences for sedi-
ment-dwelling organisms.

Conclusions

The present study investigated possible adverse effects of
native PAC, DCF-loaded PAC and MP-loaded PAC from
a WWTP in a sediment—water test system with L. var-
iegatus. The annelids exposed to PAC .. and PACqp
showed a reduced gain in biomass and a reduced repro-
duction. Moreover, it was observed that L. variegatus
avoided sediments spiked with high amounts of PAC. In
contrast to that, L. variegatus did not show any negative
effects when exposed to sediment spiked with PAC gy rp,
although very high concentrations were tested that
would widely exceed expected values in the environ-
ment. Therefore, together with the results from previous
studies with D. magna [20] and Corbicula sp. [21] the
present study indicates that leakages from WWTPs are
unlikely to pose a hazard for aquatic organisms. How-
ever, it is desirable to perform more research with more
sensitive endpoints and longer exposure periods in order
to ensure safe handling and avoid negative consequences
for aquatic wildlife. In conclusion, the results of the pre-
sent study are an important contribution for the risk
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assessment of PACyrp and give a good perspective for
PAC as a safe removal option for MPs in WW TPs.
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