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• The passive samplers collected bioavail-
able and bioaccessible chemicals from
the WWTP sludge samples.

• The sampler extracts were acutely and
chronically toxic to water flea.

• The sampler extractswere cytotoxic and
genotoxic.

• The sludge treatment such as
composting and digesting diminished
the toxicity.

• Effect-based methods should be part of
the risk assessment of sludge recycling.
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PDMS sheets were deployed in studying bioavailability of selected chemicals and to assess the toxicity of PDMS
extract (D. Magna, umuC and NRR) and sludge filtrate (A. fischeri). Selected chemicals (PAHs, TCS, mTCS, active
pharmaceutical ingredients) were analyzed from PDMS extract and sludge samples. PDMS extracts showed cy-
totoxicity and genotoxicity when deployed in digested sludge but only cytotoxicity in secondary sludge. All
PDMS extracts presented toxicity for D. Magna. A. fischeri indicated potential toxicity in all sludge filtrates ex-
cept for composted samples. Detected chemical concentration levels did not explain the toxicity of the samples
judged by the reported toxicity thresholds. Bioavailability and bioaccessibility determination in conjunction
with effect-based methods could improve the risk assessment of sludge as biosolids.
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Sewage sludge is an inevitable byproduct produced in wastewater treatment. Reusing nutrient-rich sludge will
diminish the amount ofwaste ending in soil dumping areas andwill promote circular economy. However, during
sewage treatment process, several potentially harmful organic chemicals are retained in sludge, but proving the
safety of processed sludge will promote its more extensive use in agriculture and landscaping.
Environmental risk assessment of sludge requires newmethods of characterizing its suitability for various circu-
lar economy applications. Bioavailable and bioaccessible fractions are key variables indicating leaching, transport,
and bioaccumulation capacity. Also, sludge treatments have a significant effect on chemical status and resulting
environmental risks. In this study, the concentrations of polyaromatic hydrocarbons (PAHs), triclosan (TCS),
triclocarban (TCC), methyl triclosan (mTCS), and selected active pharmaceutical ingredients (APIs) were deter-
mined in different sludge treatments and fractions. Passive samplers were used to characterize the bioavailable
.
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and bioaccessible fractions, and the sampler extracts along the sludge and filtrate samples were utilized in the
bioassays.
The TCS and PAH concentrations did not decrease as the sludge was digested, but the contents diminished after
composting. Also, mTCS concentration decreased after composting. The API concentrations were lower in
digested sludge than in secondary sludge.
Digested sludge was toxic for Aliivibrio fischeri, but after composting, toxicity was not observed. However, for
Daphniamagna, passive sampler extracts of all sludge treatmentswere either acutely (immobility) or chronically
(reproduction) toxic. Secondary and digested sludge sampler extracts were cytotoxic, and secondary sludge ex-
tract was also genotoxic. The measured chemical concentration levels did not explain the toxicity of the samples
based on the reported toxicity thresholds.
Bioassays and sampler extracts detecting bioavailable and bioaccessible contaminants in sludge are
complementing tools for chemical analyses. Harmonization of these methodswill help establish scientifically
sound regulative thresholds for the use of sludge in circular economy applications.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Numerous chemicals are released to the environment from industry,
agriculture, and households. A large proportion of such chemicals end
up in wastewater, and many organic contaminants can be detected in
wastewater treatment plant (WWTP) effluents and sludge. Even
chemicals banned in the European Union (EU) are present in sewage
as some imported products can still contain them (Fransson and
Molander, 2013; Vestergren et al., 2015). When imported clothes, for
instance, are used andwashed in their destination countries, the coating
chemicals and pesticides can end up in the WWTPs and even in the ef-
fluents or sewage sludge.

Sewage sludge is an inevitable byproduct produced in thewastewa-
ter treatment process. During the sewage treatment process, numerous
nutrients and organic materials are retained in the sludge and recycling
them as a fertilizer can promote sustainability. Unfortunately, sludge
also collects many harmful substances, especially hydrophobic organic
substances like PAHs, PCBs, and phthalates (Aparicio et al., 2009), and
lists of the chemicals of most concern have been presented
(e.g., Clarke and Smith, 2011). The use of sewage sludge for landscaping
or as a fertilizer in agriculture has been under debate for decades. The
benefits of sewage sludge reuse are not readily accepted (LeBlanc
et al., 2009; Christodoulou and Stamatelatou, 2016), although most of
its risks for human health are considered minor (Smith, 2009; Clarke
and Smith, 2011; Eriksen et al., 2009). One concern is the accumulation
of contaminants in crops, which is still insufficiently studied (Wu et al.,
2015). Generally, publications imply low accumulation of personal care
products and pharmaceuticals in plants (e.g., Hundal et al., 2008; Pannu
et al., 2012; Bloem et al., 2017) and low risk for humans (Prosser et al.,
2014), but wastewater-treatment-induced metabolites and their back-
transformation in plants may complicate the risk assessment (RA) of
biosolid-borne contaminants (Fu et al., 2018). The desorption of
chemicals from sludge and their leaching into surface and ground wa-
ters may also be a threat (Mantis et al., 2005; Milinovic et al., 2014;
Lapen et al., 2008; Topp et al., 2008; Wu et al., 2015), exposing a larger
area and other matrices for contaminants.

In the EU, the treatment, collection, and discharge of urban waste-
water are controlled by the European Commission (EC) Urban Waste
Water Directive 91/271/EEC (EC, 1991), and Sewage Sludge Directive
86/278/EEC (EEC, 1986) encourages the reuse of sludge with minimum
environmental risks. In 2000, the Joint Research Report of the EC sug-
gested limit values for organic contaminants in sludge, such as a
6 mg kg−1 limit for the sum of nine PAHs (EC, 2000). In the EU, there
are still regulative limits but only for heavy metals in reused sewage
sludge, and the regulation does not involve the monitoring of organic
substances in effluents or sludge (EEC, 1986). For example, according
to the number of studies, APIs are not entirely removed or degraded at
WWTPs and can end up in the environment via sludge reuse
(Radjenovic et al., 2009; Jelic et al., 2011; Chen et al., 2013; Martín
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et al., 2015). Monitoring and regulating of only a few and single com-
pounds is not enough to assess the risk posed by complex mixtures.
Obtaining an analytical fingerprint of complex samples may be expen-
sive, and the analytical fingerprintmay be non-informative of the actual
potential toxicity (e.g., due to additive and synergic effects). Therefore,
the usage of bioassays provides a more direct and pragmatic response
to the requirement of conducting environmental risk assessment.

While international guidelines and limit values are lacking, countries
have very different policies concerning the reuse of sewage sludge.
Some countries, such as Denmark and Germany, have set national
limit values for organic contaminants in sludge for agricultural use
(Project on Urban Reduction of Eutrophication (PURE), 2012). In
Sweden, it has been proposed that only high-quality sludge is permitted
to be used in agriculture, but the government's decision regarding this
matter is still being awaited (SOU, 2020; Svenskt Vatten, 2020). In the
Netherlands and Switzerland, the application of sewage sludge on agri-
cultural soil is not allowed. In Finland, 40% processed sewage sludgewas
used as a fertilizer in agriculture in 2016, and 50% in landscaping
(Vilpanen & Vilpanen and Toivikko, 2017). The use of sludge in agricul-
ture is regulated according to the amount of nitrogen and phosphorus
present in the sludge (FIWA, 2013). In practice, maximum application
is limited to 30 t/ha every 5 years. Although sludge products are exten-
sively used in Finland, the country's food industry is restricting their use
in contract farming, and many farmers fear that sludge application
would contaminate their properties (YLE News, 2018).

To assess the environmental and public health effects of chemicals in
sludge, there is an urgent need to develop novel and readily applicable
methods of assessing the risk posed by sewage sludge reuse. Sewage
sludge contains an enormous amount of different chemicals and their
transformation products, and if examining all of them were possible, it
would be laborious and very expensive. Sludge is a complex matrix,
and some harmful chemicals therein may remain below the method's
limit of quantification (LOQ), which incorrectly implies that the sub-
stance is not present in the sample. However, harmful chemicals can
produce negative effects even at concentrations below their analytical
detection limits (the “something from nothing” phenomenon; Silva
et al., 2002), and a mixture of chemicals can have an unexpected toxic
impact because different compounds can contribute to one another's
adverse effects.

The safe application of biosolids on agriculture and on landfills re-
quires knowledge of ecotoxicological risks and of the desorption and
subsequent leaching risks of sludge-associated substances (Kapanen
and Itävaara, 2001; Alvarenga et al., 2007; Topp et al., 2008; Natal-da-
Luz et al., 2009). The sludge that remains after the conduct of different
treatments has been observed to induce toxic effects in various end-
points of ecotoxicity tests. For example, anaerobically digested munici-
pal WWTP sludge was observed to be harmful for earthworms
(mortality), water fleas (immobility), and bacteria (luminescence)
(Alvarenga et al., 2007), and municipal WWTP sludge with different
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shares of industrial influents showed the acute toxicity (Vibrio fischeri),
genotoxicity (Salmonella typhimurium), and estrogenic, androgenic, and
dioxin-like activity (yeast-cell-based assays) of different extracts
(Kapanen et al., 2013). However, the pilot-scale composting of a sludge
sample diminished the estrogenic and androgenic activities below the
detection limits, and the dioxin-like activity and genotoxicity were
also significantly decreased (Kapanen et al., 2013). Composting has
been found to decrease toxic responses (Lopez et al., 2010), but aging
plays a role in the responses and does not always follow the hypothesis
“longer composting, less toxic” (Kapanen et al., 2013). The same has
been observed with the soil-sludge contact time (Malara and
Oleszczuk, 2013). Some sludge treatments conducted prior to
composting often induce negative responses. Of these, Microtox or its
equivalent (Vibrio fisheri) appears to be one of the most common test
types (e.g., Mantis et al., 2005; Giannakis et al., 2020) among the aquatic
standard tests (e.g., Malara andOleszczuk, 2013; Chiochetta et al., 2014)
and the terrestrial plant (e.g., Ramirez et al., 2008; Moreira et al., 2008)
and invertebrate tests (e.g., Moreira et al., 2008).

As evidences of the potential risks of sludge application in agricul-
ture have piled up, Huguier et al. (2015) have proposed a biotest battery
for assessing the contaminant-associated risks of organic waste, includ-
ing solid-phase testing with terrestrial plants and invertebrates and
eluate-phase testswith bacteria and aquatic invertebrates. Plant growth
and earthworm avoidance or reproduction tests are deemed the most
sensitive and relevant for organic wastes, although other factors, such
as ease of implementation and cost effectiveness, may also guide the
test selection. One should not forget environmental realism either and
consider using also other soil specific endpoints as performance of mi-
crobial communities (e.g. Sullivan et al., 2006; Hazard et al., 2014).

The multiple bioassay types and variable sample treatments (solid
amendments, extracts, and eluates) call for harmonization of sludge as-
sessment. The test circumstances (nutrients, color, and dissolved or-
ganic matter [DOM]/dissolved organic carbon [DOC]) most likely also
play a significant role in both in-vivo and in-vitro tests (Kapanen et al.,
2013; Li et al., 2013). Aside from these sample-related biological- and
analytical-detector-specific reactions, the substance distribution within
a matrix and sorption-related matters also matter (e.g., Nkinahamira
et al., 2019). The conventional, exhaustive chemical analysis of sludge
samples provides their total concentrations, including the readily bio-
available (freely dissolved), dissolved but bound (e.g.., to, DOM)), and
particle-bound fractions of a compound. The exhaustive extraction-
based concentration, however, does not relate very well to the possible
toxic potencies of sludge. Bioavailable and bioaccessible fractions are
more indicative of the hazards of harmful organic chemicals and the
possibility of their transferring from the matrix to the biota (Reid
et al., 2000; Cornelissen et al., 1997; Gouliarmou and Mayer, 2012).
These fractions should thus also be considered in the RA of organic
wastes.

Passive sampling can be used to study the bioavailable, freely dis-
solved fraction of chemicals. A number of equilibrium passive sampling
devices have been developed tomeasure freely dissolved chemical con-
centrations (Cfree) in soil and sediment (Fernandez et al., 2009; Smedes
et al., 2009;Mayer et al., 2014;Mäenpää et al., 2015; Jahnke et al., 2012)
and also in sludge (Sjoeholm et al., 2018). One of such devices includes a
thin polymer layer of polydimethylsiloxane (PDMS) that acts as a re-
ceivingphase in a nondepletive fashion. A great innovation is jars coated
with thin, multiple-thickness silicone (Reichenberg et al., 2008), which
allows the easy detection of a sample's equilibrium status. It also reveals
a thermodynamics-based chemical activity that can be used to analyze
the direction of chemical diffusion (Reichenberg et al., 2008; Gobas
et al., 2018).

Bioaccessibility, on the other hand, can be detected with depletive
passive samplers. Silicone-based sorptive sinks have been used to mea-
sure the accessibility of PAHs in soils and particulate matter (Mayer
et al., 2000, 2011; Gouliarmou and Mayer, 2012; Allan et al., 2016).
This approach is based on the principle of a larger mass of a sink versus
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the sorptive phase in a source. Accessibility estimations can reveal the
fraction of contaminants available for biodegradation,mobility between
phases (sludge as a fertilizer in agricultural soil), and biomagnification
in soil or sediment systems.

Passive sampling has also been combined with bioassays either as
sampler extracts or passive dosing (Muller et al., 2007; Vermeirssen
et al., 2009; Booij et al., 2013; Li et al., 2013; Vrana et al., 2015;
Vethaak et al., 2017; Sonavane et al., 2018). Bioassays integrate the ef-
fects of all substances and complement chemical analysis. The combina-
tion of passive samplers and bioassays among the effect-based tools is
an efficient means of including mixture toxicity evaluation into RA
schemes. The main aim of this study was to widen the application of
bioassay-based tools in characterizing the potential toxicity of sludge-
based biosolids by considering the bioavailability and bioaccessibility,
and to apply the latter as an operational fraction in selected bioassays.
To the best of the authors' knowledge, this study was the first to have
utilized passive sampler extracts to identify the ecotoxicological risks
of WWTP sludge.

In this study, theRA ofWWTPsludgewas investigated by (1) analyz-
ing the common contaminants in the total extractions of secondary and
digested sludge samples as well as in the PDMS passive sampler ex-
tracts, and (2) performing different bioassays with sludge, filtrate, and
sampler extracts of secondary, digested, and composted sludge. The
sampler extracts were subjected to a chronic daphnid reproduction
test and to genotoxic and cytotoxic in-vitro tests to assess their specific
toxicological effects. The secondary sludge and its filtrate were studied
directly with a luminescence bacteria assay. The polyaromatic hydro-
carbon (PAH), triclosan (TCS), triclocarban (TCC) and methyl triclosan
(mTCS) concentrations were determined in the sludge and in the
PDMS passive samplers. The contents of the active pharmaceutical in-
gredients (APIs) were determined in the aqueous and solid fractions
of sludge to study their partitioning in sewage sludge.

2. Materials and methods

2.1. Sludge samples

The sludge samples that were used in this study were collected in
2015–2016 from twoWWTPs (Table 1). WWTP1 treats the wastewater
of 160,000 inhabitants, and about 7% of the sewage that it treats is in-
dustrial wastewater from the chemical, metal, food, and forest indus-
tries as well as waters from laundries, waste management, and power
production. The average wastewater discharge in 2015–2016 was
40,000 m3 d−1. The treatment process used is simultaneous biological
and chemical precipitation. Biologically degradable organicmatter is re-
moved, ferric salt is added for precipitation, and the water is clarified
with sedimentation. A schematic overview of the treatment process
employed at WWTP1 has been provided in Lindholm-Lehto et al.
(2018).

The first sample was taken from secondary sludge (A), and the sec-
ond sample was taken after mesophilic anaerobic digestion at 38 °C
(B) (Table 1). At theWWTP, digested sludge is further aerated to disable
the bacteria. After the addition of polymer, the sludge is dried and pre-
pared for composting. The third sample was taken at the beginning of
composting (C), and about 50% of the sludge was digested and origi-
nated fromWWTP1. The rest of the composted material included undi-
gested sludge from smaller WWTPs and woodchips. The fourth sample
was taken after three weeks of composting (D).

WWTP2 treats the sewagewaters of 6000 inhabitants, and the treat-
ment procedure that it employs is similar to the one employed by
WWTP1. The average discharge of WWTP2 in 2015–2016 was
1133 m3 d−1. The samples were taken from secondary sludge (E) and
composted sludge (F). The composted sample consisted of sludge
from septic tanks and cesspools, whichwas dried at the site before sam-
pling (Table 1). The dry weights of the samples were determined from
the weight losses of five replicate samples kept at 105 °C overnight.



Table 1
Sewage sludge samplesand the conducted chemical analysis and ecotoxicological tests.

ID Sample Dry weight (%) Type Chemical analysis Ecotoxicological tests

A WWTP1,
secondary

0.50 ± 0.05 Solid sludge PAHs, TCS, TCC, mTCS, APIs n.d.
Filtrate APIs Luminescent bacteria
PDMS PAHs, TCS, TCC, mTCS (bottles) Daphnia chronic, genotoxicity, cytotoxicity (sheets)

B WWTP1,
digested

1.6 ± 0.6 Solid sludge PAHs, TCS, TCC, mTCS, APIs n.d.
Filtrate APIs Luminescent bacteria
PDMS PAHs, TCS, TCC, mTCS Daphnia chronic, genotoxicity, cytotoxicity

C WWTP1,
before composting

29 ± 1 Solid sludge PAHs, TCS, TCC, mTCS Luminescent bacteria
Filtrate APIs n.d.
PDMS PAHs, TCS, TCC, mTCS Daphnia chronic

D WWTP1,
after composting

51 ± 1 Solid sludge n.d. Luminescent bacteria
Filtrate APIs n.d.
PDMS – Daphnia chronic

E WWTP2,
secondary

0.08 ± 0.01 Solid sludge PAHs, TCS, TCC, mTCS n.d.
Filtrate APIs Luminescent bacteria
PDMS PAHs, TCS, TCC, mTCS Daphnia chronic

F WWTP2,
after composting

20 ± 1 Solid sludge PAHs, TCS, TCC, mTCS Luminescent bacteria
Filtrate n.d. n.d.
PDMS PAHs, TCS, TCC, mTCS Daphnia chronic

n.d. = not determined.
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The timing of the sampling did not consider the retention time at the
WWTPs and hence, the samples did not represent exactly the same
material.

2.2. Chemicals and materials

The analytical-standard carbamazepine (CBZ), diclofenac (DCF), ibu-
profen (IBU), ketoprofen (KET), and naproxen (NAP) (purity 98%) that
were used in this study were purchased from Alfa Aesar (Karlsruhe,
Germany). The solutions of TCS and TCC in methanol and mTCS in
nonane, as well as their mass-labeled surrogates (13C12-TCS 13C13-TCC
and 13C12-mTCS), were purchased from Wellington Laboratories
(Guelph, ON, Canada). The commercial PAH mixture including 18
PAHs (PAH-Mix 9 in cyclohexane), benzo[e]pyrene, perylene, and deu-
terated PAHs (PAH-Mix 24 in hexane: naphthalene D8, acenaphthene
D10, phenanthrene D10, chrysene D12, and perylene D12) were from
Dr. Ehrenstorfer (Augsburg, Germany). The β-nicotinamide adenine di-
nucleotide (NADPH tetrasodium salt) was obtained from AppliChem
(Panreach, Germany). Fluka Analytical liquid chromatography–mass
spectrometry (LC-MS)-grade methanol, ammonium acetate, and aceto-
nitrile were used for LC eluents and/or the extraction of TCS and TCC
from the sludge and water samples, and pesticide residue analysis-
grade hexane and cyclohexane were used for the extraction of PAHs
and mTCS. The HPLC-grade methanol that was used for the extraction
of passive samplers and the dichloromethane (for organic residue anal-
ysis) that was used for pharmaceutical analysis were produced by J. T.
Baker. The acetone (SupraSolv) was produced by Merck. The water
that was used in the analyses was ultra-high-quality (UHQ) water
(Millipore, Bedford, MA, USA). The PDMS sheets were SSP-M823 (Spe-
cialty Silicone Products, Ballston Spa, NY, USA), and the PDMS paste
that was used for the coated bottles was Silastic Medical adhesive sili-
cone, Type A (Dow Corning, USA).

2.3. Passive samplers

2.3.1. PDMS sheets for the toxicity tests
PDMS passive samplers were cut from a larger SSP-M823 silicone

sheet (Shielding Solutions Limited, UK) and were shaken for 2 h in n-
hexane, 2 h in acetone, and 2 h in methanol. The samplers were then
rinsed with UHQ water and dried in an oven at 105 °C for 2 h. They
were then stored in UHQwater and were weighted before deployment.
The sheets that were used for the toxicity test extracts had 6 × 6 and
4 × 4 cm sizes and 254 and 356 μm thicknesses, respectively. One
4

sheet was deployed in one sample flask. The sludge sampler design
was not intended to be nondepletive and to have access only to the
freely dissolved fraction of contaminants. Instead, the mass of a PDMS
sampler in a sludge bottle was designed to have access to the bioacces-
sible fraction (Reichenberg andMayer, 2006). This is an important frac-
tion of a contaminant as it determines the potentially desorbing fraction
available for diffusion and long-range transport. The setup imitated a
sludge amendment to soil where desorption and diffusion of contami-
nants from amore concentrated sludge fraction to amuch larger receiv-
ing soil phase is expected, such aswith the aid of rain or irrigationwater.
This sorptive bioaccessibility extraction (Bartolome et al., 2018) can be
characterizedwith the sorption capacity ratio (SCR) (Hilber et al., 2017).

SCR ¼ KPSmPS

KOCmOC
ð1Þ

where KPS is the partition coefficient between the passive sampler (PS)
and water,mPS is themass of the sampler, KOC is the organic carbonwa-
ter partition coefficient of the chemical of concern, andmOC is the mass
of organic carbon in the sludge sample. Ratios above 1 would indicate
depletive sampling. The ratios were calculated for ten PAHs. The KPS

was taken from Smedes et al. (2009), the KOC was taken from
Hawthorne et al. (2006), and the organic carbon contents in our sludge
samples were assumed to be the same as that in a Swedish digested
WWTP sludge (344 mg kg−1 dw; Svahn and Bjorklund, 2015).

The dry weight of the sludge varied between the treatments
(Table 1), and additional UHQ water was needed in samples C, D, and
F to obtain slurry. The total amount of sludge slurry was 900 g (fresh
weight) per bottle containing one PDMS sheet fixed with an iron wire
to keep its surface open and to maximize its contact with the sludge.
Three replicate sample bottles were deployed for both PDMS thick-
nesses in this study. Extracts from sheets with 254 μm thicknesses
were used in the genotoxicity (UmuC) and cytotoxicity (NRR) assays,
and those with 356 μm thicknesses were used for the D. magna chronic
tests. The bottles containing PDMS samplers were shaken in a dark,
temperature-controlled room at 18 °C for 28 days. After the deploy-
ment, excess biofouling was gently removed, and the sampler was
placed in a glass bottle and stored in a freezer (−20 °C) until extraction.
The samplers were extractedwith 12mLmethanol in an ultrasonic bath
for 5min. The extractionwas continued through the shaking of the sam-
pler in a bottle overnight. The methanol was then transferred to a new
bottle, and the extraction process was repeated. The extracts were
then combined and evaporated to a volume in which the ratio of the
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PDMS mass to the methanol volume was 9:5. The ratio was kept equal
in all the samples, and the methanol extract was applied in biotests.

2.3.2. Silicone-coated glass bottles
A known amount of PDMS paste (Silastic, Medical Adhesive Silicone

Type A, Dow Corning) was weighted and diluted in pentane to produce
PDMS paste, whichwas used to coat the inner walls of a 1 L glass bottle.
An appropriate volume of this PDMS solution was transferred to a hor-
izontally rotating 1 L glass bottle, and the bottlewas rolled for 15min to
make the solvent evaporate. Only the vertical walls of the bottle were
coatedwith PDMS (Reichenberg et al., 2008). The diameter of the bottle
was 9 cm, and the walls were coated at a 14 cm height, producing a
396 cm2 PDMS-coated area. A few drops of UHQ water were added to
the bottom of the bottle to facilitate polymerization reaction, and the
bottle was made to stand open without a cap for at least 5 days to dry
the PDMS. The PDMS bottles were prepared with three different thick-
nesses (5, 9, and 18 μm),with three replicates of each. The PDMS bottles
were cleaned by treating them sequentially with n-hexane, acetone,
and UHQ water, each for 60 min.

The PDMS-coated bottles filled with 900 g (fresh weight) sludge
were shaken in a dark, temperature-controlled room at 18 °C for
28 days. Previously, a 3 wk. equilibrium time had been enough for the
PAHs in the sludge samples (Sjoeholm et al., 2018). This applies also
to our study as the surface area-volume relationship was about the
same as Sjoeholm et al. (2018) had. After the deployment, the sludge
was removed from each bottle, and the bottle was quickly rinsed with
UHQwater, dried with tissue paper, and stored in a freezer until analy-
sis. Before the analysis, internal standards were added into the PDMS-
coated bottles, and the samplers were extracted with 75 mL methanol
by shaking the bottles for 24 h. The methanol extract was removed
and evaporated to 10mLwith a rotary evaporator. Half of themethanol
extract was taken for TCS and TCC analysis and was evaporated to dry-
ness with an EZ-Envi centrifugal evaporator (Genevac, Ipswich, UK).
The dried extract was then reconstituted to 0.5 mLmethanol and trans-
ferred to 2mL amber glass vials for instrumental analysis. The other half
of the methanol extract was taken for PAH and mTCS analysis and was
concentrated to 1 mL under nitrogen stream. The extract was cleaned
with a solid phase extraction (SPE) cartridge (Biotage, ISOLUTE EPH,
5 g). The SPE cartridge was conditioned with 20 mL hexane. The meth-
anol extract was added to the cartridge, and the aliphatic compounds
were removed with 12 mL hexane. The PAHs and mTCS were eluted
with 20mL dichloromethane. 1 mL cyclohexanewas added as a solvent
keeper, and dichloromethane was evaporated gently under
nitrogen flow.

The biologically available, freely dissolved concentration (Cfree) was
calculated using the equation that was used by Reichenberg et al.
(2008), as shown below (Eq. (2)), and the Ksilicone,water partition coeffi-
cients for Silastic silicone were obtained from Smedes et al. (2009)
and Pintado-Herrera et al. (2016). The missing KPDMS,water values of 1
and 2 methylnapthalene were determined by plotting the partition co-
efficients of Smedes et al. (2009) with the ones of Yates et al. (2007),
who had determined 1 and 2 methylnapthalene with different PDMSs
(Altesil).

Cfree ¼
CPDMS

Ksilicone,water
ð2Þ

The equilibrium was validated by plotting the mass of the PDMS
(x) against the mass of the measured chemical (y) in the PDMS
(Table S1). The determination coefficients (R2) should approach 1 if
the PDMS samplerswere in equilibriumand did not have problems aris-
ing from abrasion or depletion. The R2 values ≥0.6were deemed accept-
able (Schmidt et al., 2017; Sjoeholm et al., 2018), and only such R2

values were reported. The CPDMS determined as the amount of chemical
in the sampler divided by themass of the sampler (mg kg−1) is a direct
indication of a chemical activity in an equilibrated system and can be
5

used to compare the activity changes during the sludge treatments
(Sjoeholm et al., 2018). A positive activity ratio between the treatment
processes will suggest an increase of the freely dissolved concentration
and thus a potential for increased availability of a substance in a numer-
ator treatment.

2.4. Chemical analysis of sludge and water samples

For TCS and TCC analysis, 5–50mL liquid sludge (drymatter content
<10%) (samples A, B, E, and F), 100mL test water from theD.magna test
(A and B), or 0.3 g solid sludge (C, D, and F) was spiked with internal
standards. The liquid sludge samples were extracted with Bakerbond
Speedisks® (C18, J. T. Baker). The disks were conditioned with 20 mL
methanol followed by 15 mL UHQ water. The water samples were ex-
tracted with Oasis HLB SPE cartridges (6 cc, 200 mg, Waters), which
were conditioned with 5 mLmethanol and UHQwater. When the sam-
ples had passed through them, the sample bottles were washed twice
with 10 mL UHQwater. The disks and cartridges were dried under vac-
uum, and the analytes were eluted from the disks with 10mLmethanol
and from the cartridges with 6 mL methanol. The solid sludge samples
were extracted twice with 5 mL acetonitrile in a shaker for 20 min,
and the extracts were combined. All the extracts were evaporated to
dryness with a centrifugal evaporator, after which 0.5 or 1.0 mLmetha-
nol was added.

For PAH andmTCS analysis, 100–300mL liquid sludge (samples A, B,
E, and F), 500 mL test water from the D. magna test (A and B), or 2–5 g
solid sludge (C, D, and F) was spiked with internal standards. The liquid
sludge andwater sampleswere extractedwith 25mL hexane on amag-
netic stirrer for 1 h. The solid sludge was extracted with 30 mL acetone/
hexane (v/v, 1/2) by shaking the samples for 1 h. Cleaning of the ex-
tracts before PAH and mTCS analysis was conducted as described for
PDMS-coated bottle extracts.

The APIs were determined from the aqueous and solid parts of two
replicate sludge samples. Sludge samples A and B (900 g sludge fresh
weight) in the 1 L glass bottle were kept in a temperature-controlled
room at 18 °C for 14 days. The aqueous and solid phases of the sludge
were separated through centrifugation (15 min at 3000 rad min−1).
The sampling procedure, sample treatment, and analysis methods are
described in Lindholm-Lehto et al. (2015, 2018). The APIs were deter-
mined in the solid sludge and aquatic phases after the centrifugation
of the sludge.

2.5. Instrumental analysis

TCS and TCC were analyzed with Acquity ultra-high-performance
liquid chromatograph (UPLC) coupled with Xevo TQ MS with
electrospray ionization (Waters, Milford, MA, USA). 7.5 μL of the sample
was injected into an Acquity UPLC® BEH C18 column (1.7 μm, 1.2 × 50
mm;Waters). The LC eluents were 0.2mMammonium acetate inwater
(A) and methanol (B). The analytes were separated with the following
4-min gradient: initial 50% B, held for 0.5 min > 70% B by
1.0 min > 99.9% B by 3.0 min, held for 0.6 min > 70% B by 4.0 min.
The eluent flow rate was 0.4 ml min−1, and the column temperature
was 40 °C. The mass spectrometer was operated in multiple reaction
monitoring mode with the following mass transitions: TCS 287 > 35,
289 > 35, and 13C12-TCS 299 > 35, TCC 313 > 160 and 313 > 126,
13C13-TCC 326 > 166.

ThemTCSwas analyzedwith a Thermo Scientific gas chromatograph
(GC; Trace 1310 GC Ultra) connected to a TSQ Quantum XLS Ultra MS.
The GC was equipped with a TriPlus RSH autosampler (CompiPal, CTC
Analytics AG) fitted with a Zebron ZB-SemiVolatiles column (length
30 m, i.d. 0.25 mm, and film 0.25 μm). Helium was used as a carrier
gas. 2 μL of the sample was injected with a programmed temperature
vaporizing injector at 250 °C, and the oven program was as follows:
90 °C for 2 min, ramp from 90 to 250 °C at 10 °C min−1, ramp from
250 to 320 °C at 25 °C min−1, and hold time 3 min at 320 °C. Single
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reactionmonitoring (SRM)modewas used in themass spectrometer to
identify the mTCS.

The PAHswere analyzed with a GC (Varian CP-3800) equippedwith
a mass spectrometer (Varian 1200). An autosampler (CompiPal, CTC
Analytics AG) fitted with a ZB-5MS (length 30 m, i.d. 0.25 mm, film
0.25 μm, Zebron) column and with helium as carrier gas was used.
1 μL was injected (split/splitless injector, 1177, Varian) at 250 °C. The
oven program was as follows: 60 °C for 2 min, ramp from 60 to 190 °C
at 15 °C min−1, ramp from 190 to 250 °C at 4 °C min−1, ramp from
250 to 270 °C at 10 °C min−1, ramp from 270 to 300 °C at 4 °C min−1,
ramp from 300 to 320 °C at 20 °C min−1, and hold time 5 min at
320 °C. Selected ionmonitoring (SIM)modewas used in themass spec-
trometer to identify the PAHs. Blank samples were prepared in each
sample batch. A silicone-coated bottlewas also checked for background,
and no backgroundwas detected. Mass-labeled internal standardswere
used to correct the losses in the sample pretreatment and due to the
matrix effects.

The APIs were analyzed and quantified through LC-MS/MS as de-
scribed by Lindholm-Lehto et al. (2015).
2.6. Ecotoxicological tests

2.6.1. Toxicity of sludge filtrate to Aliivibrio fischeri
The inhibitory effect of the sludge samples as such (Table 1) was

studied with a standard or kinetic luminescent bacteria test using
BioTox Kit™ following the ISO standards (ISO 11348-3, ISO 21338). In
colored and murky samples, using a kinetic test is advisable, and in
this study, both the standard or kinetic luminescent bacteria test proce-
dures were used depending on the sample. The samples were prepared
according to the sample type, and all the sludge samples were analyzed
(Table 1: A-F). The secondary (A and E) and digested (B) sludge samples
were tested with a standard luminescent bacteria test. The samples
were centrifuged at 4000 rpm for 5 min to remove the suspended
solid particles. The required pH range was 6–8.5, and for the samples
with pH values outside this range, the pH values were adjusted to
pH 7 ± 0.2 with 2 M NaOH or HCl. The dissolved oxygen saturation of
the samples was above 3 mg L−1, and the samples with less oxygen
were aerated for at least 3 min. Finally, solid NaCl was added to create
a 2% NaCl environment.

More solid sludge samples (C, D, and F) were tested through a ki-
netic luminescent bacteria test where the sample acted as a reference
to itself. The maximum signal was measured right after bacteria dis-
pensing, and it was compared with the signal after the incubation
time (Lappalainen et al., 2001). The samples were extracted by
weighing 2 g of sludge (freshweight) and adding 7mL of the extraction
solution (2% NaCl and 5 μg L−1 NaHCO3). The pH and dissolved oxygen
were checked and adjusted as described above. UHQ water was then
added up to a 10 mL total volume, and the solution was then mixed
with a vortex mixer for 5 min. After mixing, the solution was allowed
to settle for 2 min, and the supernatant was collected as the sample.
For the standard and kinetic tests, dilution series were prepared using
a 2% NaCl solution, which was also used as the control sample. The 2%
NaCl solution was prepared by dissolving 9 g NaCl (included in the
BioTox Kit™) in 450 mL UHQ water.

The freeze-dried bacteria (A. fischeri) were added to a reconstitution
solution (included in the BioTox Kit™) and were stabilized at +4 °C for
30 min. The bacteria suspension was then equilibrated in a cool bath
(15 °C) for 30 min. An A. fischeri test was executed according to the
aforementioned ISO standard method. In brief, 250 μL bacterial suspen-
sion for each concentration was transferred to test tubes and was stabi-
lized at 15 °C for 15min. After the baseline luminescence wasmeasured
from the bacterial suspension using Sirius L Single Tube Luminometer,
250 μL of the sample was added to the tubes. After mixing, the samples
were incubated in a cool bath (15 °C), and the luminescence was mea-
sured after exactly 15- and 30-min contact in the duplicate samples.
6

In the kineticmethod for the colored samples, the luminescencewas
continuously measured for 5 s, and the bacterial suspension was added
exactly after 15 and 30min. Two replicatesweremeasured from theun-
diluted sample and dilutions of 1/2, 1/4, 1/8, and 1/16 in both methods.
The results were shown as EC50 values, and they were calculated ac-
cording to the ISO (2007, 2010) standards.

2.6.2. Chronic toxicity of the PDMS extract to D. magna
For theD.magna 21-day reproduction test, the test waterwas spiked

with themethanol extract of the PDMS sampler. The testwas performed
as a modification of ISO 10706:2000 (ISO (International Organization
for Standardization), 2000b) without media renewal because the nor-
mal water replacement schedule was not possible due to the small vol-
ume of the extract. The extract was evaporated to a low volume to
increase the concentrations of the substances and to minimize the
amount of methanol in the test. D. magna was cultured in M7 water
(OECD, 2008) with neutral pH 7.8 ± 0.2 at 20 ± 2 °C with a 16/8
light/dark photoperiod. The tests were conducted in M7 water without
Fe-EDTA. For the test, neonates (less than 24 h old) were randomly se-
lected from 3- to 4-week-old adults (3rd to 8th brood). The neonates
were individually placed on 600 mL glass flasks containing 200 mL of
the test solution (M7 + 200 μL PDMS extract) with ten replicates, and
the reproduction was recorded for 21 days. The experiments were per-
formed in four separate sets, each with a control (0 control; M7 only)
and a solvent control (200 μL methanol in 200 mLM7). The first set in-
cluded extracts of the secondary and digested sludge ofWWTP1 (A and
B in Table 1). In the second set, the same extracts were used, but they
were first diluted to half, 40 μL of which was mixed with 200 mL M7
(1:10 dilution). The third set had extracts of the WWTP1 sludge before
and after composting (C and D), and the fourth set had extracts of the
secondary and compostedWWTP2 sludge (E and F),with both sets hav-
ing a 200 μL extract in 200 ml M7.

The PAH, TCS, TCC and mTCS concentrations in the test solutions
were determined in treatments A and B at the beginning and end of
the chronic test. In addition to the four test setups, a control test was
performed to evaluate the potential toxicological effects of the sole
PDMS sheet when extracted with methanol. For this test, a purified
but unused PDMS sheet was extracted with methanol, and the test
water was spiked with 200 μL of this extract, as in the treatments.

The D. magna was fed daily with monoclonal algae (Raphidocellis
subcapitata). The algae concentration was determined with microscope
counting (Olympus BX-41, Japan) using a cellometer (Nexcelom
CP2–001, USA). The volume of algae needed to reach the necessary car-
bon content was determined to be 1·108 algae cells L−1, corresponding
to 1 mg L−1 carbon (ASTM, 1997). In accordance with the amount of
carbon per animal, the feeding increased during the test: 0.1 mg at
days 0–7, 0.15 mg at days 8–14, and 0.2 mg at days 15–21 (ASTM,
1997). The offspring were counted and removed daily, and the pH and
O2 were measured three times a week. The evaporation from the flasks
was periodically corrected by adding UHQ water. The control (M7)
characterized the fitness of the population, and the methanol solvent
control (MeOH) was used as a test control in the statistical analysis.
The reproduction was evaluated with ANOVA and Dunnett post hoc
test using the software Statistical Package for the Social Sciences (SPSS
23, 2015).

2.6.3. Cytotoxicity of PDMS extract assessed with neutral red
retention assay

The neutral red retention (NRR) assay is an in-vitro biotest for the
determination of cell viability via the uptake of the vital dye neutral
red. The assay was performed as in the studies of Babich and Babich
and Borenfreund (1992) and Klee et al. (2004), with slight modifica-
tions. The permanent cell line RTL-W1 extracted from the liver of rain-
bow trout (Oncorhynchus mykiss; Lee et al., 1993) was used in the
present study. The cells were cultured at 20 °C in 75 cm2 plastic culture
flasks in an L15 medium with L-glutamine supplemented with 9% fetal
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calf serum. The cells were exposed to serial dilutions of the methanol
extract from the PDMS sheets deployed in the sludge from WWTP1
(secondary and digested sludge; Table 1: A, B) in 96-well microtiter
plateswith a sample concentration ranging from 0.04 to 2.5% (exposure
concentration). In each test, therewas a control samplewith 2.5%meth-
anol. 3,4-dichlorophenol (80 mg L−1, which was diluted to 40 mg L−1

on the microtiter plate) was used as a positive control, and themedium
was used for the negative control. The cells were exposed for 48 h at
20 °C, after which the exposure medium was discarded, and the cells
were rinsed with phosphate-buffered saline (PBS) to remove any re-
maining medium. The cells in each well were stained with 100 μL of a
0.004% neutral red solution (2-methyl-3-amino-7-dimethylamino-
phenanzine) in a medium, and were incubated in darkness for 3 h at
20 °C. After incubation, the neutral red solution was discarded, and
thewells were washed twice with 100 μL PBS, and 100 μL of the extrac-
tion solution (2.5 mL acetic acid [glacial] in 125.0 mL ethanol and
122.5 mL distilled water) was added to each well. The plates were
then shaken for 30 min. Subsequently, the absorption by neutral red
was measured at 540 nm with a 690 nm reference wavelength, using
a spectrophotometer (Victor3, Perkin Elmer, Singapore).

The viability of the exposed cells was calculated as a percentage of
the negative controls (unexposed cells), and the data were plotted as
concentration-response curves to determine the NR50 values for the
samples.

2.6.4. Genotoxicity of PDMS extract assessed with umuC assay
The umuC assay was performed according to ISO standard 13,829

(ISO (International Organization for Standardization), 2000b), with
minor modifications. In short, the genetically modified bacterium Sal-
monella enterica subsp. enterica (S. typhimurium) strain (TA1535/
pSK1002, DSMZ-German Collection of Microorganisms and Cell Cul-
tures GmbH) was exposed to the methanol PDMS sheet sampler ex-
tracts from WWTP1 (secondary and digested sludge; Table 1: A, B) at
four concentrations (0.44, 0.87, 1.8, and 3.5%, with three replicates in
each). In each test, there was a control sample with 3.5% methanol,
which showed no response. Six replicate samples were measured for
each treatment. The samples were tested with and without metabolic
activation by a rat liver S9 fraction using 96-well microplates. Positive
control samples were prepared according to the guideline, except in
the test with metabolic activation, where aminoantracene (2-AA) was
diluted 200-fold instead of 500-fold. Furthermore, NADPH 16.88 mg in
a 5 ml 10× tryptone, glucose, and ampicillin medium (TGA) was used
as a cofactor solution. Additional negative controls (6 parallel) and
blanks (3 parallel) for methanol were tested and applied in the calcula-
tions because the samples were in methanol instead of normal DMSO.
The plates were incubated at 37 °C for 4 h, after which the bacterial
growth was measured at 620 nm with the microplate reader iEMS
Reader MF 1401 (Labsystems, Finland). Then the plates were incubated
at 28 °C for 30min, and the induction of the umuC genewas determined
at 405 nm. A sample was evaluated as genotoxic if the induction factor
Table 2
Concentrations of APIs in the aqueous and solid sludge fraction.

API A B

WWTP1, secondary WW

Csolid Caqueous Csolid/Caqueous Csol

(μg/kg) (μg L−1) (L kg−1) (μg/

Carbamazepine 0.5 0.0056 89 0.7
Diclofenac 26 0.2 130 1.9
Ibuprofen 29 0.21 140 15
Ketoprofen 250 0.035 7100 21
Naproxen 13 0.055 240 1.9

n.d = not determined.
a Martín et al., 2012.

7

was >1.5 while the growth factor was >0.5 (Cupi and Baun, 2016). If
the growth factor was <0.5, the sample was considered cytotoxic, and
by definition no evaluation of the genotoxicity was possible.

3. Results and discussion

3.1. Chemical analysis and chemical activity

PAHs, APIs, TCS, and mTCS are compounds that are commonly pres-
ent in sewage sludge (Radjenovic et al., 2009; Ozaki et al., 2017). APIs
are continuously released and are constantly present at WWTPs; espe-
cially, DCF and CBZ are observed as ubiquitous in WWTP sludge (Jelic
et al., 2011). The presence of API residues was also evident in the au-
thors' studies, and all the selected APIs were detected.

The ratio of API concentrations in the aqueous and solid fraction
Csolid/Caqueous determined in this study was higher in the secondary
sludge than in the digested sludge (Table 2). Kd determined by Martín
et al. (2012) was clearly higher for CBZ and IBU, lower for KET and on
equal range for NAP. The total amount was also higher in the secondary
sludge than in the digested sludge for all the APIs, except for CBZ. This is
possibly due to the faster transformation of APIs in digested materials
(Martín et al., 2012). The sorption of APIs also depends on the character-
istics and chemical properties of APIs as well as the different character-
istics of sludge (Berthod et al., 2017; Svahn and Bjorklund, 2015). As
previously reported, KET has the highest tendency to attach onto solid
particles among the selected compounds (Ziylan & Ince, 2011;
Lindholm-Lehto et al., 2015; Verlicchi & Zambello, 2015). This is also
supported by the results of this study as the Csolid/Caqueous ratio was
the highest in the case of KET for the secondary and digested sludge.

The total TCS concentration was the highest in the digested sludge
and decreased in the composted sample to the same level as in the sec-
ondary sample (Table 3). mTCS that is more persistent, lipophilic, and
toxic than its parent compound TCS (Bester, 2003, 2005; DeLorenzo
et al., 2008; Coogan et al., 2007) was not detected in every solid sludge
sample, but with the PDMS samplers, it was found in all the samples.
Composting diminished themTCS concentration, implying the presence
of degrading bacteria.

PAHs are recognized as toxic, carcinogenic, and mutagenic com-
pounds (Stołyhwo & Sikorsk, 2005; Kim et al., 2013) that are hydropho-
bic and mostly bound to sewage sludge in the wastewater treatment
process. The limit concentration (6 mg kg−1) for the sum of nine PAHs
(acenapthene, phenanthrene, fluorene, fluoranthene, pyrene, benzo
(b + j + k)fluoranthene, benzo(a)pyrene, benzo(ghi)perylene, and
indeno(1,2,3-cd)pyrene) proposed by the EC (2000) was not exceeded
in any sample (Table 3). The PAH concentrations considerably increased
from the digested sludge sample to the sample taken just before
composting. This probably relates to the local composting process,
where the digested sludge from WWTP1 is mixed with sludge from
other facilities without anaerobic digestion. The concentrations of
these nine PAHs were generally lower in the digested sludge samples
Sludge water partition factor
in secondary sludge Kd

a

TP1, digested

id Caqueous Csolid/Caqueous

kg) (μg L−1) (L kg−1)

0.018 39 1740–4570
0.13 15 n.d
2 7.5 66–1020
0.069 300 26–76
0.076 25 16–39
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in this study (WWTP1, 0.5 mg kg−1 dw) than in the Danish WWTPs
(0.7–4 mg kg−1 dw; Sjoeholm et al., 2018). This difference may have
partly contributed to the low concentrations in the silicone-coated
jars, and as such, only some of the substances had a validated equilib-
rium concentration in silicone. The digested sludge Cfree of fluoranthene
(WWTP1, 2.4 ng L−1) in this studywas exactlywithin the same range as
that in the DanishWWTPs (1.1–3.1 ng L−1) (Sjoeholm et al., 2018), sug-
gesting the same thermodynamic potential of PAHs in these digested
sludge samples. The digestion process in WWTP1 and the digestion
and composting in WWTP2 appeared not to have decreased the PAH
and TCS concentrations. The chemical activity was more or less the
same between the secondary and digested sludge for fluoranthene
and mTCS in WWTP1. According to Sjoeholm et al. (2018), as part of
the organic matter decreases in the sludge digestion, it releases the at-
tached compounds to their dissolved form. This increases the freely dis-
solved concentration and chemical activity. Unfortunately, the limited
data do not allow further discussion of the role of organic matter degra-
dation and the consequent solvent depletion (Macdonald et al., 2002)
on the chemical activity and potential exposure concentrations in the
field locations of composted or digested sludge.

TheWWTP1 facility arranged a monitoring campaign to analyze the
organic chemicals from the secondary sludge as well as before and after
composting for 4 or 6 months (Table S3). The campaign was arranged
two years after the samples in this study were taken. The sludge treat-
ment process, including composting, diminished many chemicals
(PAHs and linear alkylbenzene sulfonates) but was not effective for
per- and polyfluoroalkyl substances (PFASs), polychlorinated
dibenzodioxins (PCDDs), polychlorinated biphenyls (PCBs), and
polybrominated diphenyl ethers. Also, Aparicio et al. (2009) noticed
that although composting reduced the phthalate, LAS, octyl- and
nonylphenol, and PAH contents, these compounds were still found in
the composted materials. Generally, it can be concluded that the treat-
ments did not remove all the toxic substances, and the most persistent
(phthalates, nonylphenols, and some PAHs and PCBs) were still present
after composting. Therefore, the sludge samples most likely contained
various known and unknown substances that had a chance to accumu-
late in the PDMS sheet samplers and influence the toxicity of the sample
extract.
3.2. Ecotoxicological tests

3.2.1. Toxicity of sludge filtrate to A. fischeri
All the sludge samples were subjected to a luminescence bacteria

test. The test results indicate the toxic potential of all the secondary
and digested sludge filtrate samples (Table 4). However, composting
made the samples nontoxic.

The acute-toxicity half maximal inhibitory concentration (IC50) of
TCS to Vibrio fischeri in aqueous samples is 53 μg L−1 (39–71 μg L−1,
95% confidence limit), and that in sediment is 616 μg/ kg
(470–808 μg L−1, 95% confidence limit), as determined by DeLorenzo
et al. (2008). The latter concentration was exceeded in the digested
sludge samples (1600 μg/ kg) in this study. However, Villa et al.
(2014) measured a 0.73 mg L−1 (0.36–1.14 mg L−1) IC50 to V. fischeri
for TCS, 0.91 mg L−1 (0.55–1.3 mg L−1) for mTCS, and 1.76 mg L−1
Table 4
EC50-values as % of the sludge extract of the A. fisheri test with different sludge samples and tr

ID A B C

Sample WWTP1, secondary WWTP1, digested WWTP1, before composti

A. fischeri EC50* 11 4.8 13
Method Luminescence Luminescence Kinetic luminescence
Sample amount 50 mL 50 mL 2 g
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(1.3–2.26 mg L−1) for TCC, but the Cfree concentrations of TCS in this
study were far below the aforementioned IC50 concentrations
(14–26 ng L−1).

Di Nica et al. (2017) observed that CBZ was moderately toxic for
A. fischeri, with a 94 mg L−1 IC50. For IBU and diclofenac sodium, the
IC50 values were 18.3 and 15.9 mg L−1, respectively. PAHs induce 50%
inhibition at 0.2–0.7 mg L−1 levels for V. fischeri (Lee et al., 2013).
These levels are far above those that weremeasured in the filtered sam-
ples in this study or that were calculated in the Cfree fraction. Vethaak
et al. (2017) studied the toxicity of the PDMS passive sampler extracts
with V. fisheri. The samplers were deployed ex situ in the marine sedi-
ments collected from estuarine, coastal, and offshore sites. The re-
searchers observed that only part of the toxicity could be explained by
the analyzed chemicals, suggesting the presence of unknown biologi-
cally active components. This could also explain the results in this
study. Furthermore, Ozaki et al. (2017) observed that composting de-
creased the toxicity of secondary sludge to A. fischeri, as in the present
study.

The above examples indicate that the analyzed contaminants un-
likely are solely responsible for toxicity. The sludge contains several hy-
drophobic organic substances (Table 3 and S2) that can penetrate
phospholipid-constructed cell membranes with passive diffusion. Al-
though the measured concentrations were low, additive, baseline nar-
cotic effects are a possible explanation (Escher et al., 2002). The
V. fischeri luminescence test is commonly used on sludge testing
exhibiting negative responses on leachates or eluates (e.g., Domene
et al., 2008; Chiochetta et al., 2014; Mantis et al., 2005; Alvarenga
et al., 2007; Huguier et al., 2015). The use of solvents in preparing elu-
ates can increase the toxicity (Kapanen et al., 2013), which likely relates
to the increased desorption of hydrophobic contaminants.
3.2.2. Chronic toxicity of PDMS extract to D. magna
The SCR calculations (Table S4) were based on the mean values for

ten PAHs and were also indicative of other unknown compounds in
the mixture exposure in this study with the same KPS and KOC qualities.
Both PDMS sheet thicknesses were depletive and hence sensed a bioac-
cessible fraction in treatments A, B, E, and F, but the sorptive capacity of
the sheets did not match the high mass of organic carbon in the drier
sludge samples taken before and after the composting treatments (C
and D). These latter treatments probably did not sense thewhole bioac-
cessible fraction, but as the intention was to characterize the potential
toxicity of the sludge samples, this was deemed not to be a significant
fault in the design. Despite the limited mass, these extracts also
contained numerous unknown substances that could elicit a response
in the tests in this study.

Both the WWTP1 and WWTP2 sludge extracts showed immobility–
lethality or reduced offspring production in almost all the samples com-
pared to the solvent control (Table 5). The immobilitywas reduced from
100% to 10% after the digested sludge of WWTP1 was composted, but
the response in reproduction was still present. Surprisingly, the
composting of the WWTP2 sludge did not alleviate the immobility–
lethality response. The secondary sludge of WWTP1 as an additional
1:10 dilution was the only nontoxic sample. The dry weights of the
daphnids did not differ when recorded in setup testing sludge
eatments.

D E F

ng WWTP1, after composting WWTP2, secondary WWTP2, after composting

non toxic 2.4 non toxic
Kinetic luminescence Luminescence Kinetic luminescence
2 g 50 mL 2 g



Table 5
Toxicological effect of the PDMS extracts on D. magna. Mean - average number of offspring per animal along the test; SD- standard deviation; C·V - coefficient of variation; Mean Brood -
average number of broods per animal along the test. All the statistical results are from a comparison between methanol solvent control (MeOH) and the respective treatment.

Treatment WWTP1 WWTP1

200 μL/200 mL M7 20 μL/200 mL M7

0-Control MeOH WWTP1,
secondary (A)

WWTP1,
digested (B) 0-Control

MeOH WWTP1,
secondary (A)

WWTP1,
digested (B)a

Mean 90.0 73.9 n.d n.d 70.5 48.2 44.1 37.6
SD 5.9 6.7 n.d n.d 4.9 6.4 9.6 4.7
C·V % 6.5 9.1 n.d n.d 6.9 13.4 21.8 12.5
Mean Brood 4.1 4.4 n.d n.d 4.3 4.2 3.8 4.1
Mortality % 0 0 100 100 0 0 0 0
Mean dry weight of daphnids (mg) 0.41 0.41 0.34 0.40

Treatment WWTP1 WWTP2

200 μL/200 mL M7 200 μL/200 mL M7

0-Control MeOH WWTP1,
before composting (C)

WWTP1,
after composting (D)b

0-Control MeOH WWTP2,
secondary (E)c

WWTP2,
after composting (F)

Mean 71.1 59.1 n.d 48.4 68.9 57.6 17.0 n.d
SD 7.9 10.5 n.d 7.2 12.3 20.4 14.7 n.d
C·V % 11.1 17.7 n.d 14.9 17.9 35.4 86.7 n.d
Mean Brood 4.1 3.8 n.d 3.3 3.8 3.7 1.3 n.d
Mortality % 0 0 100 10 0 0 70 100

n.d = not determined.
a One-way Anova p < 0.01 F < 5.64; Post Hoc Dunnet p < 0.01)
b T-test p < 0.05.
c T-test p < 0.01.

Fig. 1. The cytotoxicity in the PDMS extracts deployed in secondary and digested sludge
was analyzedwith theNRRassayusing theRTL-W1fish liver cell line (3 tests,mean±SD).
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treatments A and B (Table 5). Even though methanol reduced the pop-
ulation fitness compared to the 0 control (p < 0.01), no difference was
observed when pure methanol was compared with the methanol ex-
tracted from the clean PDMS sheets. The mean numbers of offspring
per parent were 33 ± 8 and 31 ± 11 for the pure methanol and the
PDMS-extracted methanol, respectively (t-test p > 0.05), indicating
that PDMS materials have no intrinsic toxic potential. All the D. magna
control tests were in agreement with the ISO 10706:2000 validity
criteria (ISO, 2000a, 2000b). The PAHs were analyzed, and 13 were de-
tected in the D. magna test solution. The total concentration of the 13
detected PAHs was 1.8 μg L−1 at the beginning of the test in both solu-
tions (secondary and digested sludge, A andB; Table S2). The initial con-
centrations of TCS were 42 and 32 ng L−1 in the solutions representing
the secondary and digested sludge, respectively, and those of mTCS
were 30 and 16 ng L−1. Roughly 10% of the PAHs were present in the
water phase at the end of the trial, and the TCS and mTCS contents
were below the LOQ. The reported acute EC50 and chronic EC10/
LOEC/NOEC values for the measured PAHs, TCS, mTCS, and TCC were
at least at a low μg L level (Table S2), and although additivity is assumed
in toxicity, it cannot by itself explain the observed responses in the
daphnid test.

Leachates and eluates typically created with standards (e.g., CEN-EN
12457–2) are used in daphnid assays to test sludge samples. Several
studies with variable sludge treatments indicate acute toxicity of the
leachates (Fjällborg et al., 2005; Alvarenga et al., 2007; Domene et al.,
2008; Chiochetta et al., 2014; Huguier et al., 2015; Giannakis et al.,
2020), although nontoxic samples have been detected as well
(Alvarenga et al., 2007; Huguier et al., 2015). Similarly, variable results
have been found for leachates of soil-sludge mixtures (nontoxic,
Giannakis et al., 2020; and toxic, Malara and Oleszczuk, 2013). When
chemical analyses were used to explain the bioassay results, metals
were suggested as being responsible for such results (Fjällborg et al.,
2005), or no correlation was suggested to be evident (Domene et al.,
2008); instead, the physicochemical parameters related to organic mat-
ter stability were connected to acute toxicity where decomposted, more
stable organic matter reduced bioavailability and hence toxicity
(Domene et al., 2008).
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3.2.3. Cytotoxicity and genotoxicity of PDMS extract
Assays were performed with extracts from the PDMS sheets that

were deployed in the secondary (A) and digested (B) sludge from
WWTP1. Both types of sludge samples induced cytotoxic effects in the
0.3–2.5% sample concentrations in the RTL-W1 cells (Fig. 1). The calcu-
lated NR50 values were 0.63% for the digested sludge sample and 0.48%
for the secondary sludge sample. The control samples showed that
methanol did not have an effect on the toxicity of the sample. The
cell-line-based cytotoxicity tests in the literature are far rarer than the
Microtox (or equivalent)-based nonspecific cytotoxicity tests. The aque-
ous eluates of municipal sludge showed apoptosis and necrosis in the
human-derived lymphocytes (Gajski et al., 2011). The extent of cell
death differed between the measures and was associated with the
sludge treatment. Klee et al. (2004) used the same fish cell line as in
the present study and found cytotoxic responses. Explosives and their
metabolites were discussed as a possible reason for this.



Fig. 2. The genotoxicity of secondary and digested sludge samples was analyzed with
umuC-assay a) without metabolic activation and b) with metabolic activation by S9
(6replicates, mean ± SD).

Table 6
Summary of the ecotoxicological test results.

ID Sample Toxicity for

A. fischeri,
sludge
extract

D. magna,
PDMS
extract

UmuC,
PDMS
extract

NRR,
PDMS
extract

A WWTP1, secondary + + + +
B WWTP1, digested + + − +
C WWTP1, before composting + + n.d n.d
D WWTP1, after composting − + n.d n.d
E WWTP2, secondary + + n.d n.d
F WWTP2, after composting − + n.d n.d

n.d. = not determined.
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Genotoxic effects (induction factor 1.71) in the UmuC tests were ob-
served only in the highest sample concentration (3.5%) of the secondary
sludge sample in the test without an S9 mix (Fig. 2a). However, in the
tests with metabolic activation, the toxicity was reduced, which indi-
cates that the compounds that caused genotoxicity in the sample were
metabolized efficiently (Fig. 2b). The blanks showed no absorption
and negative controls indicated no genotoxicity being on average
1.00–1.04 with standard deviations of 0.06–0.21. The mutagenic com-
pounds can also be sorbed to the proteins in the S9 mix and hence
give non-expression (Muller et al., 2007). The digested sludge samples
were not genotoxic in any of the tested sample concentrations.
Genotoxicity, per se, is a common response with aqueous eluates and
has been recorded with the human-derived hepatoma (HepG2) cells
(Mazzeo et al., 2016), the luminescent Salmonella typhurium strain
(Kapanen et al., 2013), the Vicia faba root tips (Chiochetta et al., 2014)
and the RTL-W1 fish cell line (Klee et al., 2004).

3.2.4. Bioassays and passive sampling
The toxicity test results with the luminescent bacteria in this study

are in linewith the results of many other studies indicating negative re-
sponses of the sludge eluates. It is difficult, however, to compare the ex-
tract of passive sampler that was deployed in the tests in this studywith
the literature observations as the extracts represent the bioaccessible
fraction and as the samplers concentrate mainly hydrophobic organic
contaminants and exclude heavy metals. Although sludge samples,
their preparations for bioassays, and their bioassay types differ in the
referenced publications, the adverse effects are very common. Among
the sludge treatments, aging and composting appeared to diminish
the effects (Ramirez et al., 2008; Kapanen et al., 2013; Mazzeo et al.,
2016). The same progresswas also evident in the present data, although
not exclusively in all the test combinations.

It is a general view in literature that it is difficult to combine the an-
alyzed chemical concentrations for characterizing exposure with the
11
toxicological responses in sludge studies (e.g., Kapanen and Itävaara,
2001; Domene et al., 2008; Huguier et al., 2015). Considering the vast
number of unknown substances and additive, synergistic, or
antagonistic interactions, this may be an overwhelming task. Therefore,
effect-based methods should have a stand-alone role in the RA process.
Combining bioassays with passive samplers may further improve the
testing setup and exposure scenario. The use of passive samplers in
extract preparations has some clear advantages over the solvent
and aqueous extract approaches. A sampler material mimics the
bioconcentration of freely dissolved chemicals over the cell membranes
ormimics the bioaccumulation of desorbing chemicals in a bioaccessibi-
lity study. Thus, sampler extract has high relevance in bioassays in
reflecting exposure scenarios in field amendments. The sampler mate-
rial can also be modified with absorbing phases to better represent bio-
available chemical mixtures (Smith et al., 2010; Jeong et al., 2018).
Samplers can also be used in the passive dosing approach when the ac-
tual exposure scenario can be established in bioassays (e.g., Smith et al.,
2010).
3.3. Bioavailability and bioaccessibility in the sludge risk assessment

Bioavailability as a concept and an operational term has been known
and applied for decades in soil and sediment science (e.g., Ehlers &
Ehlers and Luthy, 2003). The benefits of using bioavailability in the RA
of contaminated sites are based on the understanding of the system,
complementing the total concentration approach and essentially
highlighting the ecological significance of the contamination. Bioavail-
ability (Ortega-Calvo et al., 2015) and bioaccessibility (Bartolome
et al., 2018) have been suggested to be part of the soil RA process, espe-
cially in retrospective assessment. The general acceptance has led to an
ISO standard for soil quality assessment applying the bioavailability ap-
proach (ISO 17402 ISO (International Organization for Standardization),
2008). Bioavailability-related freely dissolved concentrations and
chemical activities in WWTP sludge were recently introduced by
Sjoeholm et al. (2018), confirming that the concepts are also suitable
for the sludgematrix and can be used in evaluating sludge treatment ef-
ficiencies. In the present study, the usefulness of bioassays in detecting
harmful chemicalmixtures in bioaccessible fractions in the sludge treat-
ment train was demonstrated.

The chemical RA of sludge-based biosolids in the EU is so far based
only on the total heavymetal concentrations. Not only shouldmore reg-
ulated substances be selected; their selection should also include mix-
ture toxicity assessment using effect-based methods. Bioavailability
and bioaccessibility can be used to characterize mobile and potentially
harmful fractions. The methods would be appropriate for prospective
RAmethods, such as those indicating the suitability of the amendments
made after different treatment steps (digestion and composting). The
retrospective RA would also be important at amended field sites to fol-
low the changes due to biodegradation and other aging-related effects.
A safer dose range (t/ha) and application schedule could then be deter-
mined for each biosolid–field type combination (Table 6).
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4. Conclusions

The disposal ofmunicipalwastewater sludge is an important issue in
the environmental management of recycling processes. Sewage sludge
is a complex matrix that includes a number of polymeric, organic,
and inorganic compounds. Due to the complexity of the matrix, the
analysis and RA of the chemicals in municipal sewage sludge is not
straightforward. For example, the size of the WWTP can have an effect
on the efficiency of the sludge treatment process. In this study, the
highest API concentrations were observed in the samples of a smaller
wastewater treatment facility. This may also be related to the popula-
tion demography and to the wider use of APIs among the aged
WWTP2 customers.

Sludge treatments diminish the concentrations of chemicals and
promote the recycling of the nutritious WWTP byproduct. However,
sludge management techniques are required and have to be developed
further before sewage sludge can be used in agricultural applications. In
this study, standard procedures like digestion reduced the toxicity of
sludge toward the light production of A. fischeri, and composting re-
moved the toxic effects. However, the passive sampler extracts of a
composted sludge still elicited adverse effects in the chronic exposures
of D. magna. Also, the secondary and digested passive sampler extracts
were cytotoxic, and the secondary sludge was genotoxic in the in-
vitro tests. The amount of determined chemicals did not explain the tox-
icity of sludge. For example, the PAH concentrations in this study were
clearly below the suggested regulatory limit value of 6 μg g−1 for soil
amendments (EC, 2000). Also, additional analyses indicated concentra-
tions below the German ordinance limit values for the other contami-
nants (Table S2).

The passive sampling method with silicone PDMS-coated jars
can be used to estimate the freely dissolved concentrations of hy-
drophobic compounds in WWTP sludge, and to study chemical ac-
tivity through the equilibrium concentrations in silicone. The
PDMS sheet passive sampling approach, on the other hand, detects
the bioaccessible fraction and provides a more useful view of the
contaminants available for leaching and transfer in a recipient sys-
tem. Thus, it senses a larger chemical fraction in a studied matrix.
When these sampler extracts are applied in bioassays, they do not
represent actual exposure conditions through pore water but may
give an idea of a possibly desorbing chemical cocktail, such as that
present in a digestive gut reactor of soil-dwelling biota (Penry and
Jumars, 1987; Leppänen & Leppänen and Kukkonen, 1998).
Assessing the hazards of sludge-based biosolids on different bioas-
says and considering the bioavailable or bioaccessible chemical frac-
tion can provide a more representative picture of the harmfulness of
sludge and sludge products to the environment.

The use of multiple ecotoxicological tests and environmental re-
alism in the test selection should be promoted as the sensitivity of
the organism and the endpoint can affect the accuracy and reliabil-
ity of the results. Each ecotoxicity result should be accounted for
as an evidence for a comprehensive environmental risk assessment
because different organisms have different toxic responses. The har-
monization of the passive sampler approach in sludge sampling and
the effect-based methods in sludge testing will help establish scien-
tifically sound regulative thresholds for the use of sludge in circular
economy applications.
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