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Occurrence of pharmaceutical residues, personal care products, lifestyle chemicals,
illicit drugs and metabolites in wastewater and receiving surface waters of Krakow

agglomeration in South Poland

Abstract

This is the first study of broad range of chemical classes CECs conducted in the upper Wisla river
catchment including the biggest WWTPs in this region and surface . aters. The list of compounds is
extensive and the paper provides, for the first time, better understar 1ing of environmental burden from
PCPCs in Poland. Cumulative contribution of hypertensiol. pbharmaceuticals, nonsteroidal anti-
inflammatory drugs (NSAIDs) and lifestyle chemicals wzs 2% and 95% in wastewater influent, and
75% in wastewater effluent at both WWTPs. Signifiran. remuval efficiencies, exceeding 90%, were
found for parabens, UV filters, NSAIDs, stercid e..ogens, plasticizers, antibacterials/antibiotics,
stimulants and metabolites and lifestyle ct.>mi_als. The comparison of the average mass loads of
CECs between the influent and effluent, .>as shown that 27% and 29% of all detected CECs were
removed by less than 50%. An increase of concentrations of CECs in the effluent was observed for
18% and 20% of all detected CF.Cs :n Kujawy and Plaszow WWTPs, respectively. Negative mass
balances of fexofenadine, ve~lafasine, o-desmethyltramadol, ketamine and temazepam were noted
within WWTPs, which ~re > result of dissolution of persistent contaminants accumulated in aggregates
and/or back-transformatic~ or de-conjugation of metabolites into parent compounds. 44 CECs were
detected in surface waters located upstream and downstream of the WWTPs. The concentrations of
compounds were largely dependent on the dilution factor of WWTP discharge. The risk quotation
(RQ) values for compounds present in surface waters were calculated in relation to their potential for
bioaccumulation. Among compounds with high potential for bioaccumulation, with log Kow > 4.5,
diclofenac, atorvastatin and triclosan were found to be of high risk. Many CECs with high, moderate
or even low environmental impact have shown high potential for biocaccumulation and should be

considered as priority at the same risk level. Moreover, possible synergistic action is still of concern.
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Occurrence of pharmaceutical residues, personal care products, lifestyle chemicals,
illicit drugs and metabolites in wastewater and receiving surface waters of Krakow

agglomeration in South Poland

1. Introduction

The presence of chemicals of emerging concern (CECs) in wastewaters and surface waters is well
acknowledged and is known to pose a potential threat to the ecology of receiving environment
(Daughton, 2005; Taylor and Senac, 2014; Gavrilescu et al., 2015; Naidu et al., 2016; Gogoi et al.,
2018). Pharmaceutically active compounds, including antibiotics, «re >n important and diverse group
of CECs due to their high and increasing use by aging pogulauyns around the world, biological
activity and potential ecotoxicological effects (Hernando et al., 2006; Verlicchi et al., 2012a; Jiang et
al., 2013; Li, 2014; Richardson and Ternes, 2014; de Jesus Goffney et al., 2015; Sui et al., 2015; Yang

etal., 2017).

CECs enter water systems from various sou-ce., such as sewage, industry and agriculture. Previous
work indicated that the effluent from wa.ewater treatment plants (WWTPs) was one of the major
pathways for CECs’ discharge into th» .quatic environment. CECs are usually present at low
concentrations in the environmen. (th.\ range from pg L™ to pg L™), but their levels can potentially
cause undesired physiologica' effects in wildlife and humans (Hernando et al., 2011; Stuart et al.,
2012; Pal et al., 2014 Ze.ker et al., 2014). This is more concerning considering that they do not
appear individually, but ~= a complex mixture (Vasquez et al., 2014). Pharmaceuticals and other
chemical classes of CECs are present in surface water, sea water and even groundwater, though the
highest concentrations are found in crude wastewater (Lapworth et al., 2012; Loos et al., 2013; Luo et

al., 2014; Geissen et al., 2015).

During wastewater treatment, CECs may be adsorbed on the suspended solids, biodegraded or
chemically degraded and subsequently removed from the aquatic phase (Drewes, 2007; Zhang et al.,
2008; De Gusseme et al., 2009; Miege et al., 2009; Onesios et al., 2009; Stasinakis, 2012; Samaras et

al., 2013; Guerra et al., 2014; Archer et al., 2017). The removal efficiencies of CECs depend on



chemical properties of individual CECs, operational conditions and type of treatment technology used
as well as microbial community composition (Petrovic¢ et al., 2003; Suéarez et al., 2008; Suarez et al.,
2010; Verlicchi et al., 2010; Reyes-Contreras et al., 2011; Jeli¢ et al., 2012; Verlicchi et al., 2012b;
Arlos et al., 2015; Ahmed et al., 2017; Kotecka et al., 2019). Temperature and season have been
shown to have an effect also. This is also true for wastewater flows and population, as the size of the

population can affect the flow rate and hydraulic retention time of the wastewater treatment works.

The main aim of the paper is to present an occurrence and fate of broad range of chemical classes (UV
filters, parabens, plasticizer, steroid estrogens, antibacterials/antib:_tics, hypertension drugs, non-
steroidal anti-inflammatory drugs (NSAIDs), lipid regulators, ant'-histamines, anti-depressants,
analgesics, drug precursors, stimulants, hallucinogers, litestyle chemicals, anesthetics,
benzodiazepines, phosphodiestearase type 5 inhibitors an 1 sei xcted metabolites) in two main Krakow
Wastewater Treatment Plants (WWTPs) and in the re~~iving rivers. CECs were selected based on their
specific chemical character, existing evidence of ‘heir narm to living organisms or potential toxicity
and ubiquitous presence in the environment v «dwide. This paper presents, for the first time, the fate
of 68 chemicals of emerging concern (CL"s) in the influent and effluent of wastewater treatment
plants (WWTPs) from Krakow and i~ tl = ;eceiving surface waters. This is the first study of broad
range of chemical classes CECs ‘ onavcted in the upper Wisla river catchment including the biggest
WWTPs in this region and su “ace waters. The list of compounds is extensive and the paper provides,
for the first time, bettr. ur,Yerc@anding of environmental burden from CECs in Poland. It provides
significant information tc contribute to resolving the knowledge gap for this region and will be
essential for the decision makers in considering new priority pollutants for the Water Framework

Directive.

2. Materials and methods

2.1 Materials

A total of 68 CECs (pharmaceutical residues, endocrine disruptors, biomarkers, illicit drugs and
related metabolites) were selected for analysis and quantification in wastewater and surface water

samples collected in Krakow agglomeration in Poland. The molecular formulas, physical and chemical



properties of the compounds are summarized in Table S1. The highest purity (>97%) standards and
internal standards were used in stock and working solutions stored at -20 ° C. Organic solvents,
methanol, acetonitrile and chemicals were HPLC grade and purchased from Sigma Aldrich, UK.
Ultrapure water used in the experiments was obtained from PURELAB UHQ-PS Unit (Elga, UK). The
deactivated glassware was used in the analysis to prevent the adsorption of polar compounds to the

hydroxyl groups on the glass surface.
2.2 Sampling sites and sample collection

Wastewater and river water, up and downstream of two major WWTr > were collected in February
2017 (Table S2). The study was conducted in a section of the Z-w...a and Wisla Rivers in Krakow
agglomeration (South Poland) affected by the discharge of » WWTP effluent. Water samples were
collected at four sites: two sites upstream and two sites du *n<ream of the local WWTPs discharging
wastewater effluent to Drwina and Wisla Rivers, rese~cirvely (Fig.1). Drwina is a small river (5.5 km)
which is a discharge channel for Plaszow WVW"72. 1. connects with the Serafa River, right tributary of
the Wisla river. The locations selected on Drw.na were approximately 0.5 km upstream and 1.5 km
downstream of effluent discharge poirt r *laszow WWTP. The distance between the estuary of
Serafa and the discharge channel of K.iawy WWTP to the Wista River is 850 m. The locations of
sample collection at the Wisla Piv.~ were located before (about 3.5 km) and after (1.5 km) discharge

of effluent from Kujawy WM.,

The wastewater samples wre collected from two WWTPs — located in Krakow, that is Plaszow
WWTP and Kujawy WWTP. Wastewater from Plaszow WWTP in Krakow is of the greatest
importance due to the significant emission route of CECs to the environment resulting from the
character of the catchment area (population density, standard of living, large number of medical care
facilities etc.). This plant is the biggest in the city and the third largest in the country, which treats >
70% of Krakow wastewater originating from >480,000 of inhabitants from the central parts of the city.
Plaszow WWTP has average capacity of 165,000 m® day™. Treated wastewater effluent is discharged
to Drwina River. Kujawy WWTP is the second plant by size in Krakow and it is located in east part of

the city. It treats around 52,000 m® of wastewater per day from 250,000 of inhabitants. Wastewater



effluent from Kujawy WWTP is discharged directly to Wisla through a discharge canal. Both WWTPs
use traditional processes to treat wastewater, including activated sludge technology. The WWTPs
investigated consist of the following stages: screening of solids, preliminary clarification, conventional
activated sludge system (nitrification, denitrification), phosphate removal and final clarification.

Average hydraulic and solid retention time is on average 24 h and 12 h at both WWTPs, respectively.

The samples from the rivers and WWTPs were taken for four and six consecutive days, respectively.
Time-proportional 24 hour-composite (every 15 min) wastewater influent and effluent samples were
collected, whereas river waters were taken as grab samples. Activar.1 sludge was collected for two
days at both WWTPs as grab samples. All samples of surface wat. r. wastewater and activated sludge
were collected in the morning. Upon collection, all samples wee _ooled in the refrigerator at about
4°C followed by transport to the laboratory and immedizte p.ocessing with SPE. Prior to extraction
activated sludge samples were centrifuged. The soli” nhase was then frozen and freeze dried, whilst

the liquid phase was extracted according to the prc~edure described below.

Stre:
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Fig. 1. Sampling sites along the Drwina and Wisla Rivers and locations of wastewater treatment plants
in Krakow agglomeration (WWTP Plaszow, WWTP Kujawy, upstream and downstream of the

WWTP Plaszow, upstream and downstream of the WWTP Kujawy)
2.3 Solid phase extraction for aqueous phase

Samples were analysed using a method described elsewhere (Petrie et al., 2016). Briefly, solid phase
extraction (SPE) was used for the extraction of CECs from the aqueous phase. SPE was performed
using a 12-fold vacuum extraction manifold (J.T. Baker, Philipsburg, USA). Extraction volumes were
100 mL for WWTP influent, effluent and surface waters. Each 100 ml_ s>mple was spiked with 10 pL
(10 pg/mL) of all internal standards. The samples were filtered ».*ti 25 mm glass fiber filter, 0.7 um
purchased from Macherey-Nagel. The Oasis HLB 3cc (60 ..»a/3 mL) SPE cartridges (Waters) were
preconditioned sequentially with 2 mL of methanol and = ml. of deionized water. The samples were
passed through the cartridges. The cartridges were .hfn washed with 3 mL of water (except surface
water samples), followed by drying. All SPZ ~ai."idges were transported on ice within 24h. The
analytes were then eluted with 4 mL of methai.~l. The extracts were evaporated to dryness under the
stream of nitrogen using TurboVap eve,. atu, (Caliper, UK 400C, <5psi). Dry residues were finally
reconstituted in 500 uL 1mM NF,0. < and filtered through Teflon syringe 0.2 um filters. The

supernatants were successively tranferred into 2 mL autosampler vials for analysis by UPLC-MS/MS.
2.4 Micro vav. assisted extraction for solid phase

Dried activated sludge sar~uyles were transported to the University of Bath on ice within 24h. Details
of the microwave assisted extraction (MAE) procedure are described elsewhere (Petrie et al., 2016).
Briefly, 500 mg of homogenized freeze-dried activated sludge spiked with 50 ng of internal standards
was mixed with 25 ml of methanol:water (50:50 and pH=2) and extracted at 110 ° C for 40 min using a
800 W MARS 6 microwave (CEM, UK). Afterwards, samples were filtered (0.7 um) and diluted by
water (pH=2) to <5% of methanol and extracted using Oasis MCX cartridges. Extracts were dried,

reconstituted in mobile phase (80:20 water:methanol) and analysed by UPLC-MS/MS.

2.5 LC-MS/MS analysis



Analyses were carried out at the University of Bath with the usage of Waters Acquity UPLC system
(Waters) coupled to a Xevo TQD Triple Quadrupole Mass Spectrometer (Waters, Manchester, UK),
equipped with an electrospray ionisation source and a fully validated method by Petrie et al. (Petrie et

al., 2016).

The determination of acidic compounds as NSAIDs, antihistamines, lipid regulator, hypertension,
antibiotic, antibacterial, steroid estrogens, UV filters, parabens and plasticizer was performed in
negative ionization mode with a capillary voltage of 3.20 kV. The basic compounds were analysed in
positive mode with capillary voltage of 3.00 kV. The source t-.mperature was 150°C and the
desolvation temperature was 400°C, for both methods. The cone aas flow was 100 L h™ and the
desolvation gas flow was 550 L h™*. Nitrogen was used as he neoulising and desolvation gas, and
argon as the collision gas.

The separation of acidic analytes was performed on a *~versed-phase BEH C18 column (150 x 1.0mm,
1.7 pm particle size) (Waters, Manchester, UI*Y win a 0.2 pm, 2.1 mm in-line column filter
maintained at 25 ° C. The mobile phase flow , ~t~. was 0.04 mL min* and an injection volume of 15 pL
was used. The mobile phases were compos. 1 of a mixture of 80:20 water: methanol containing 1mM
NH,F (A) and 5:95 water: methanol ‘vit. ~mM NH,F (B). The basic analytes were separated on the
CHIRALPAK CBH HPLC colur'n w.th 1 mM ammonium acetate/methanol 85:15 (v/v) as mobile
phase at 0.1 mL min™ under i.~cra:ic conditions (Castrignano et al., 2016). The injection volume was
20 pL.

The concentrations of targ.t compounds were calculated by using the peak area ratios of the main
product ion (quantifier) of the analytes and their assigned surrogate/internal standards to the
corresponding ratios in the standard solutions and corrected by recovery percentages. Method
validation parameters for water and wastewater samples for tested compounds are presented in Table
S3 in the supplementary material. Calibration curves were obtained from standards spiked in mobile

phase at concentrations from 0.01 to 1000 ng mL™.

2.6 Calculations



The cumulative mass loads (g/day) of the target analytes in the effluents of the WWTP Plaszow and

WWTP Kujawy during the sampling period were determined using the following equation:

_ OxQ
~ 1000000

where C refers to the concentration (in ng L™) of the analytes detected at the effluent wastewater
samples, Q refers to the mean flow rate of the plant (mday™) during each sampling day (found in

Table S2). 1000000 is the conversion factor.

Removal efficiencies for each WWTP were calculated by compariscn ~f the load of each compound

found in the influent and in the effluent wastewater using the follow.~a ;ormula:

100 x (]:nrh ont ~ Leffluent)

L"Alfluent

%Removal Ef ficiency =

Removal efficiencies obtained are a combination of d:gr adation, transformations and/or formation of
products. Negative removal rates can occur r'de 0 acsorption of the compounds from the solid phase

and/or conversion of conjugated metabolites bacn to the parent compound (Verlicchi et al., 2012b).

The environmental risk assessment (Er A) of detected CECs was estimated for wastewater effluent
and upstream and downstream of * V\v."TPs discharge points. The estimation of risk quotation (RQ) was
obtained using ratio of the measure environmental concentrations (MEC) of the detected CECs to the

predicted no effect concent-atio is (PNEC):

MEC

RQ=——
C=pNEC

The evaluation was based on the guidelines from the European Medicine Agency (EMA), (European
Medicines Agency, 2018), taking into account the lowest PNEC for CECs obtained in tests of
cyanobacteria, invertebrates, algae and fish, available in the literature (Carlsson et al., 2006; Bergmann
et al., 2011; Archer et al., 2017; Han and Lee, 2017; Zhou et al., 2019). In the first step of
environmental risk assessment of medicinal products for human use, according to the EMA Guideline,

drugs mobility between aquatic environment and solid phase (bioaccumulation) is evaluated. This



potential to bioaccumulation is based on the value of octanol/water partition coefficient (Log Kow>
4.5). For the ionisable organic compounds log Dow should be considered at pH covering an
environmentally relevant pH-range (values ranging from pH 5 to 9). For neutral substance Dow = Kow:.
Besides, the predicted or measured concentration of target compound in the environment should be
considered. If the concentration is equal or over 10 ng L™, next step of the evaluation including
environmental fate and impact of drug is needed (Bouissou-Schurtz et al., 2014). In the second step
impact and fate of drug in the environment is assessed. In this step risk quotation and other relevant
factors like physicochemical properties, toxicology, potential to bioaccumulation (Log Kow>3),
degradability are considered. The environmental risk is classifiec as follows: RQ < 0.01 is
insignificant, < 0.1 low risk, 0.1< RQ > 1 medium risk and RC* > 1 high risk (Hernando et al., 2006;

Chen and Ying, 2015).

3. Results and discussion

3.1 PPCPs and lifestyle chemicc.s in wastewater

A total of 68 CECs were detected in wastewa.~r influent, and 66 CECs in effluent samples, which
represents 18 classes of PPCPs, lifestyls. chen.icals, illicit drugs and related metabolites (Fig. 2, Table
S4 and S5). Corresponding mass |au. tor the detected compounds and contributions of different
chemical classes in loads of inflier.: and effluent are shown in Fig. 3 and 4. Average concentrations of
compounds were from a fev' ~a " to over 200 pg L™. The highest concentrations of CECs from three
classes - lifestyle chemica.~ INSAIDs and hypertension were detected in the influents of both WWTPs
(see Fig. 4). Their total-grouped concentrations in the influents of Plaszow WWTP ranged from 179.6
to 300.2 pg L™* of lifestyle chemicals, 42.8 to 235.8 ug L™ of NSAIDs and 16.3 to 92.3 pg L™ of
hypertension. The total-grouped concentrations of these classes in the influent of Kujawy WWTP
ranged from 234.9 to 663.6 ug L™ of lifestyle chemicals, 33.0 to 151.8 pg L™of NSAIDs and 9.1 to
92.7 pg L™ of hypertension pharmaceuticals.

Among lifestyle chemicals, caffeine and its main metabolite 1,7-dimethylxantine showed the highest
concentrations, with the average values 61.1 + 19.2 pg L™and 132.7 + 21.5 pg L'1 in the influent of

Plaszow WWTP and 60.3+ 21.0 pg L™ and 115.2 + 22.2 ug L™ in the influent of Kujawy WWTP.



These levels are in good agreement with the results by others (Baker and Kasprzyk-Hordern, 2013;
Luo et al., 2014; Archer et al., 2017). Moreover, the Kujawy WWTP showed extremely high
concentrations of nicotine in daily composite influent samples, ranging from 107 to 424 ug L™
(average 224.9 + 118.2 ug L™). Such high concentrations could be explained by the presence of a
tobacco company located in the WWTP catchment. This is confirmed by much lower concentration of
nicotine in Plaszow WWTP accounting for 25.0 + 5.8 ug L™ and similar concentrations of cotinine
(metabolite of nicotine) at both WWTPs. Concentrations of cotinine were 1.0 + 0.15 pug L™"and 1.4 +
0.29 pg L™ in Plaszow and Kujawy WWTPs, which is comparalie to concentrations reported by
others: 4.9 —11.9 ug L™ and 3.3 — 4.9 ug L™ (Archer et al., 2017), 0.2 89.6 pg L™ and 0.5 — 27.7 ug
L (Ekpeghere et al., 2018), 0.08 — 9.1 pg L™ and 0.04 — 0.0€ ug .* (Baker and Kasprzyk-Hordern,
2013), 1.2 — 104 pg L™ and 1.2 — 42.3 pg L™ (Huerta-Fon*.:~ e. al., 2008), 4.8 —8.5 ug L™ and 1.8 —
2.4 ug L™ (Castrignano et al., 2016) for nicotine and cotin’ae \ ~spectively.

Among NSAIDs, the highest concentrations in ravy . w7 ge were related to naproxen (average 94.2 +
63.4 ug L™ and 48.4 + 26.5 pg L™), followi g 0 clofenac (average 13.3 + 9.4 ug L™ and 16.9 + 13.4
pg L™ in both Plaszow and Kujawy W\.'TPs, respectively. The average concentrations of ketoprofen
and ibuprofen were 10.7 £ 7.3 ug L a.08.. + 0.8 pgL  and 5.2 32 ug L and 9.5+ 1.5 ug L%, in
Plaszow and Kujawy WWTPs, reonectively. These levels are in agreement with the range of
concentrations reported by othes (Verlicchi et al.,, 2012b; Luo et al.,, 2014). However, the
concentration levels of anti-infic mmatory drugs determined in this study are higher than those reported
in the UK (Kasprzyk-Hord rn et al., 2009b). Indeed, the level of pharmaceuticals’ consumption in
Poland is one of the highest in Europe (Sagan et al., 2011). Additionally, an increasing trend is
observed in annual usage of over-the-counter (OTC) pharmaceuticals, especially antitussive,
analgesics and anti-inflammatory drugs. The OECD health expenditure statistics show that Polish
households spent almost 4 times more in 2020 when compared to 2015 on OTC medicines than on
prescribed medicines, and that expenditure on OTC medicines has been growing more rapidly than in
other European countries (Sowada et al., 2019).

The high contribution of the hypertension pharmaceuticals was connected with valsartan, with average

concentrations at 50.9 + 31.9 pug L™ and 36.5 + 29.5 pug L™, in the influents of Plaszow and Kujawy



WWTPs. The average levels of irbesartan were 1.6 + 1.1 pg L™ and 0.04 + 0.05 ug L™ The high
concentration of valsartan and its frequent detection in wastewater and environmental samples has
been widely reported (Kasprzyk-Hordern et al., 2009b; Nédler et al., 2016; Archer et al., 2017; Celi¢
et al., 2019; Papageorgiou et al., 2019)

Considering other chemical classes, concentrations ranging from >1 pg L™ up to 16 pg L™ were
observed for parabens, except butylparaben, only for 4-benzophenone, triclosan and bisphenol A. In
the review by Verlicchi (Verlicchi et al., 2012b), the reported range of variability for triclosan was
0.22 — 7 pg L™, which is in line with the results of this research. The concentrations obtained for
parabens, UV filters in this study are in agreement with the results rep wrted by (Kasprzyk-Hordern et
al., 2009b). Whereas, concentrations of triclosan and bispt enor A were lower in the work of
(Kasprzyk-Hordern et al., 2009b).

The antibiotic, sulfasalazine, was determined at the aver.ge ~oncentrations of 957 + 825 ng L™ and
359 + 315 ng L™ These results are in agreemen* v."rth .he literature data (Kasprzyk-Hordern et al.,
2009b; Verlicchi et al., 2012b; Archer e. al, 2017; Szymanska et al., 2019). The values of
concentrations observed in this study v.~re higher than the results reported for Slovakia WWTPs
(Birogova et al., 2014). Mean concentr: tiun., of fexofenadine were 891 + 677 ng L™ and 400 + 392 ng
L. Similar concentrations for fexoi.nadine were observed by Archer et al. (Archer et al., 2017). The
concentrations of fexofenadine \~corded in Finland were on average 100 ng L™ (Kosonen and
Kronberg, 2009).

Among analgesics and th:r metabolites, O-desmethyltramadol was dominant, at the average
concentrations of 238 + 34 ng L and 357 + 70 ng L™ The mean concentrations of
O-desmethyltramadol in influent samples in Germany were 331 and 345 ng L™ (Rua-Gémez and
Pittmann, 2012b). The concentrations observed in South Africa ranged from 214 to 1283 ng L~
'(Archer et al., 2017).

Relatively high concentrations were observed for benzodiazepines, oxazepam and temazepam, at the
mean concentrations of 245 + 14 ng Ltand 111 + 24 ng L™ in the influents of Plaszow WWTP, 225 +
7 ng L" and 102 + 39 ng L™ in Kujawy WWTP. In comparison to other authors, the mean

concentrations determined in this study were higher than those reported by Baker et al.(Baker and



Kasprzyk-Hordern, 2013) and denoted 6.2 — 155.1 ng L™ for oxazepam and 16.8 — 254.7 ng L™ for
temazepam.

The average concentrations of cocaine and its main metabolite benzoylecgonine were 70 + 16 ng L™
and 58 + 17 ng L™ in the influents of Plaszow WWTP, 84 + 53 ng L™ and 70 + 12 ng L™ in Kujawy
WWTP. These levels are lower than those observed in other works (Postigo et al., 2010; Baker and
Kasprzyk-Hordern, 2013; Castrignano et al., 2016; Archer et al., 2017).

Amphetamine-like stimulants were present in influents of Plaszow and Kujawy WWTPs at mean
concentrations 125 + 28 ng L™ and 209 + 38 ng L™ for amphetamine 29 + 18 ng L™ and 38 + 26 ng L
! for MDMA and 263 + 109 ng L™ and 287 + 82 ng L™ for PM.\, respectively. The levels of
concentrations of above illicit drugs (except PMA) are lowel tha those reported by other authors
(Castiglioni et al., 2006; Baker and Kasprzyk-Hordern, 2022 » ndres-Costa et al., 2014; Castrignand
et al., 2016; Archer et al., 2017; Castrignano et al., 2018) Evcn though PMA is a minor metabolite of
PMMA, as reported by Lin et al. (Lin et al., 2007}, - 0s. PMMA is excreted unchanged in the urine.
PMMA was not detected in the tested WWT?s. " "he toxicity of PMMA and PMA, was reported to be
substantially higher than with ecstasy ai." amphetamines, as documented by more than 90 fatal and
many severe poisonings attributed to ta¢ inyestion of PMMA/PMA in Canada, USA, Australia and

Europe (Vevelstad et al., 2012; Jarg >t al., 2016).
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1000 ng/L < Concentration of influent < 10 000 ng/L
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1000 ng/L < Concentration of influent < 10 000 ng/L
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Fig. 2. Average concentration of “ECs in the influent and effluent samples collected from WWTPs.

Average values for 6 days. Stai."ar'] deviations indicate variation between sampling days.

Variations of loads of targe. analytes in the influents and effluents are presented in Fig. 3 and Table
S6.The total loads found in the survey denoted 57493 + 22219g day™ and 1361 + 172 g day™ and
28402 + 4957 g day™ and 712 + 233g day™ for influents to effluents in the Plaszow and Kujawy
WWTPs, respectively.

The average contribution of the classes of CECs to the total loads of target compounds, calculated for
influents of Plaszow WWTP ranged from <0.01% (average 0.3 + 0.09 g day™) for anesthetic
(ketamine), 0.01% (average 5.0 + 2.3 g day™) for hallucinogen (MDMA), 11% for hypertension
(average 6752 + 4187 g day™), 26% NSAIDs (average 16319 + 10766 g day™) to 53% lifestyle

chemicals and metabolites (average 28066 + 5297 g day™) (see Fig. 4 and Table S7).



Chemical contribution in the influents of Kujawy WWTP has the same pattern but values for three
main groups varied significantly, 7% for hypertension (average 1986 + 1860 g day™), 15% for
NSAIDs (average 4255 + 2732 g day™) and 73% for lifestyle chemicals and metabolites (average
20658 + 6097 g day™), which is connected with high concentrations of nicotine (average 11488 + 5851
g day™).

Cumulative contribution of these groups was 89% (average 51138 + 18911 g day™) and 95% (average
26901 + 4701 g day™) in the influents, while in the effluents it was about 75% (average 1039 + 168 g
day™ and 545 + 203 g day) at both Plaszow and Kujawy WWTPs.

Poor removal of some compounds or even increasing concentrati)ns .1 the effluents (see Paragraph
3.2) influenced the profile contribution of chemical classes in tF 2 efi uents (Fig. 4).

The key CEC contribution in the effluents was related ‘. hyertension with contribution of 51%
(average 696 + 128 g day™) and 31% (average 252 + 127 g “ay™) at Plaszow and Kujawy WWTPs.
Valsartan with average loads of 592 + 89 g day™ a. f )3 + 65 g day™ was the main contributor to
hypertension pharmaceuticals in Plaszow anr. Ku awy WWTPs, respectively.

The contribution of NSAIDs and lifestyl. ~hemicals and metabolites decreased to 18% (average 247 +
33 g day™) and 7% (average 96 + 113 ¢ c'ay ') in the effluents of Plaszow WWTP. The contribution of
lifestyle chemicals also decreased . 28% (average 172 + 36 g day™) in Kujawy WWTP, while the
contribution of NSAIDs was 15.~ (average 120 + 60 g day™). The highest loads in the group of
NSAIDs were noted for dic (ofe: ac (average 214 + 28 g day™ and 129 + 12 g day™).

It is noteworthy that nicotir 2 (average 72 + 107 g day™) and 1,7-dimethylxantine (average 18 + 6 g
day™) accounted for the main part of lifestyle chemicals in effluent of Plaszow WWTP. While caffeine
(average 103 + 23 g day™) and its metabolite 1,7-dimethylxantine (average 65 + 14 g day™) were the

most prevalent in the effluent of Kujawy WWTP.



Plaszow WWTP

Mass load < 1000 g/day
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Kujawy WWTP

Mass load < 1000 g/day
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Fig. 3. Average mass loau. (g day™) of detected compounds in influents and effluents of Plaszow and
Kujawy WWTPs. Average values for 6 days. Standard deviations indicate variation between sampling

days.
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Fig. 4. Contribution of che'nical classes in loads expressed in weight %. (Parabens — methylparaben,
ethylparaben, propylparaben, butylparaben; UV filters — benzophenone-1, benzophenone-2, benzophenone-4,
NSAIDs - ibuprofen, ketoprofen, naproxen, diclofenac; Lipid regulator — bezafibrate, atorvastatin;
Hypertension — irbesartan, valsartan; Antibacterials/antibiotics — sulfasalazine, triclosan; Antihistamines —
fexofenadine; Steroid estrogens — E1, E2; Plasticizer — bisphenol A; Anti-depressants and metabolites —
venlafaxine; Analgesics and metabolites — morphine, codeine, dihydrocodeine, O-desmethyl-tramadol, EDDP,
methadone; Stimulants and metabolites — amphetamine, cocaine, benzoylecgonine, cocaethylene, mephedrone.

PMA, benzylpiperazine; Hallucinogens and metabolites - MDMA, Lifestyle chemicals and metabolites —



nicotine, caffeine, cotinine, 1,7-dimethylxantine; Anesthetic and metabolites — ketamine; Benzodiazepines

and metabolites — temazepam, oxazepam; Phosphodiestearase Type 5 Inhibitor — sildenafil).

Significant increase in percentage contribution was observed for analgesics and their metabolites, from
0.10% (average 49 + 5.6 g day™ and 27 + 4.8 g day™) to near 10% (average 95 + 4.5 g day™ and 61 *
4.9 g day™). In this group, the highest load was noted for O-desmethyltramadol, (average 82 + 4.7 g
day™ and 55 g + 4.8 day™).

The loads of benzodiazepines (average 45.7 +3.4g day™ and 16.9 + 2.0 g day™) and antihistamines
(average 114 + 87 g day™ and 20.4 + 19.7 g day™) accounted for 0.6°% and 0.06%, 0.19% and 0.07%
in the influents of Plaszow and Kujawy WWTPs, respectively. TF 2ir ¢ ntributions in the effluents of
Plaszow and Kujawy WWTPs were 3.0% (average 41.7 + 4.3 ¢ day ") and 2.4% (average 17.7 + 4.1 g
day™) for benzodiazepines and 5.6% (average 75.8 + 11 r, u.7, 2.5% (average 20 + 10 g day™) for
antihistamines. In the case of benzodiazapines, the hiahest load was observed for oxazepam (average
33 +3.1g day” and 12 + 1.9 g day™).

A few percent share of UV filters in the :qass load of effluents of Plaszow and Kujawy WWTPs
related to benzophenone-4 (average 38 + .7 g day™ and 51 + 1.6 g day™).

In summary, the highest contributions i1 the discharged effluents were registered for hypertension,

NSAIDs, lifestyle chemicals, follc wed' by analgesics, benzodiazepines, antihistamines and UV filters.
3.2 Removal ¢ C=Cs and lifestyle chemicals during wastewater treatment

Removal efficiencies of tr. detected compounds varied significantly in the WWTPs sampled in the
current study (see Fig. 5 and Table S8). High removal efficiencies, over 90% were found for parabens,
UV filters, NSAIDs (ibuprofen, ketoprofen, naproxen), steroid estrogens, plasticizers,
antibacterials/antibiotics, stimulants and metabolites (amphetamine, cocaine and cocaethylene) and
lifestyle chemicals. The comparison of the average mass loads of CECs between the influent and
effluent, has shown that 27% and 29% of all detected CECs were removed by less than 50%, in
Kujawy WWTP and Plaszow WWTP, respectively. An increase of concentrations of CECs in the
effluent was observed for 18% and 20% of all detected CECs in Kujawy and Plaszow WWTPs,

respectively.



Both WWTPs were found to remove personal care products like parabens, UV filters except 4-
benzophenone in Kujawy WWTP, antibacterial (triclosan) and plasticizer (bisphenolA) with a very
high efficiency exceeding 95%. High removal efficiencies for these compounds,, except
benzophenone-4 were reported elsewhere (Kasprzyk-Hordern et al., 2009b; Molins-Delgado et al.,
2016; Kapelewska et al., 2018; Mao et al., 2020).

NSAIDs are the most frequently studied CEC group in the environment. Ibuprofen was reported in
published literature to be almost completely removed from wastewater in conventional WWTPs. This
is in contrast to diclofenac, which removal was only moderate (Clar: et al., 2005; Nakada et al., 2006;
Kasprzyk-Hordern et al., 2009b; Luo et al., 2014; Afonso-Olivare', et .|., 2017). The same efficiency
of removal was also observed in this study (>99% for ibug -ofer and average 69% and 78% for
diclofenac). High removal efficiencies noted for ketoprofr.. ‘o 2r 95%) and naproxen (over 99%) in
this study, are also in agreement with published results /_in vist et al., 2005; Kasprzyk-Hordern et
al., 2009b; Luo et al., 2014; Afonso-Olivares et al. 227>,

The natural steroid estrogens, 17b-estradiol (E2 ana estrone (E1), and syntheticl7a-ethinylestradiol
(EE2) have been found to be the most | ~tent estrogenic substances in the effluents (Desbrow et al.,
1998; Xu et al., 2012). Estrogens were 2fec.uvely removed in both WWTPs. which is consistent with
previous reports (Gabet-Giraud et a. 2010; Verlicchi et al., 2012b; Verlicchi et al., 2013; Ogunlaja
and Parker, 2015). According to Suarez et al. (Suarez et al., 2010) natural estrogens (E1 and E2)
belong to highly biodegrad ible *ompounds under aerobic and anoxic conditions.

Plaszow WWTP gave rem val efficiency of sulfasalazine in the range 91-98% while in Kujawy
WWTP removal ranged from 73 to 93%. In contrast to this studies low removal efficiency was
reported in other works: -79% by Kasprzyk-Hordern et al. (Kasprzyk-Hordern et al., 2009b) and -50%
by Verlicchi et al. (Verlicchi et al., 2012b). Weak removal of sulfasalazine was also observed by
Suarez et al. (Suarez et al., 2010) and Birosova et al. (BiroSova et al., 2014).

The high removal efficiencies of amphetamine (100 %), cocaine (over 97%) and its metabolite
benzoylecgonine (87% and 91%), observed in this study were also reported elsewhere (Castiglioni et

al., 2006; Kasprzyk-Hordern et al., 2009b; Baker and Kasprzyk-Hordern, 2013; Evgenidou et al.,



2015). The concentrations of MDMA in the effluents of Plaszow WWTP are consistent with the
results obtained for this WWTP reported in other work (Styszko et al., 2016).

Bezafibrate has only modest to good removal efficiency at Plaszow with 75% removal but at Kujawy
it has -3% removal. Similar results are reported elsewhere(Lindqvist et al., 2005; Kasprzyk-Hordern et
al., 2009b; Verlicchi et al., 2012b; Verlicchi et al., 2013).

The removal rates of hypertensions, valsartan and irbesartan varied between compounds and WWTPs.
Average removal efficiencies varied from 65 + 37% for valsartan in Kujawy WWTP to 92 + 6% in
Plaszow WWTP. Mean removal for irbesartan was 72 + 22% and 7~ *+ 20%, which is consistent with
previous reports (Kasprzyk-Hordern et al., 2009b; PapageorgicJ e. al., 2019). Poor removal of
irbesartan with average values of <20% was reported by Botero Coy et al. (Botero-Coy et al., 2018).
Caffeine, nicotine and metabolites 1,7-dimethylxanthine 2:.(' cutinine were effectively removed, with
an average of >95% of each compounds, which agrees ' viti, "ublished results (Huerta-Fontela et al.,
2008; Baker and Kasprzyk-Hordern, 2013; Sun et ~l., “07.4).

The significant values of negative mass oal7nces were observed for fexofenadine (ca. 70%),
venlafaxine (19-28%), o-desmethyltramc.ol (ca. 200%), ketamine (45% only in Plaszow WWTP),
temazepam (37-47%). The increase in f'na\ effluent concentrations of the compounds likely results
from dissolution of persistent conta, ~inants accumulated in aggregates and/or back-transformation or
de-conjugation of metabolites u.*2 parental compounds (Verlicchi et al., 2012a). This was also
reported elsewhere (Verlic hi e\ al., 2012a; Petrie et al., 2015; Petrie et al., 2016; Archer et al., 2017).
The increase of concentrat ons of fexofenadine in the effluent could results from metabolism of
terfenadine (Nath et al., 2018). The elimination of fexofenadine reported for WWTPs in Finland was
low (18%) with occasional higher concentrations in the effluent (Kosonen and Kronberg, 2009).

The higher concentrations of venlafaxine recorded in effluent also could suggest transformation of
major active metabolite, desvenlafaxine into parental compound. The cleavage of venlafaxine from its
phase two glucuronide metabolite could be the source of parental compound in the effluent. Another
explanation is its release to water phase from sewage sludge. It is related to 2, 3 times higher

concentrations of venlafaxine observed in sewage sludge than in the water phase (see next Paragraph



3.3). Partial removal of venlafaxine was observed in the work of RUa-Gomez and Puttmann (Rua-
Gomez and Puttmann, 2012b) and 20-40% removal by Botero-Coy (Botero-Coy et al., 2018).

The highest negative mass balance, with about 3 times higher loads in the effluent than in the influent,
was observed for O-desmethyltramadol. Tramadol is rapidly transformed in the liver to two primary
metabolites O-desmethyltramadol and N-desmethyltramadol (Ardakani and Rouini, 2007). Only 10-
30% of the parental tramadol is excreted in sewage (Ardakani and Rouini, 2007). The present study
has shown low potential of sorption of tramadol and its metabolite O-desmethyltramadol to sewage
sludge (Paragraph 3.3), although octanol-water partitioning coeffici :rt for tramadol is 3.01 and 2.45
for O-desmethyltramadol. Low sorption potential of this metabolite cou'd indicate that its release from
particulate matter is not significant and could suggest that che: nica degradation or biodegradation of
tramadol lead to higher loads of O-desmethyltramadol in *.c e1,'uent. Similar effect of negative mass
balance of O-desmethyltramadol, above 50%, was obse’ veu hy Archer et al. (Archer et al., 2017).
Partial removal of O-desmethyltramadol, at the I el of 36% was reported in (Rua-Gémez and
Puttmann, 2012b).

Assessment of removal efficiencies of EQXDP, methadone and ketamine is not conclusive due to very
low concentrations of compounds, from 2 ny L™ to 5 ng L™, in influent and effluents. However, higher
levels of EDDP in effluents than u. influents were observed by Boleda et al. (Boleda et al., 2009).
Negative removal values of ketan.’ne observed in Plaszow WWTP, corroborate results reported in the
literature (Huerta-Fontela ¢ t al., 2008; Baker and Kasprzyk-Hordern, 2013; Andres-Costa et al., 2014).
In contrast, increased conct ntration of ketamine were observed in Kujawy WWTP. This is also in
contrast to the study of Postigo et al. (Postigo et al., 2010).

Limited removal was also observed for benzodiazepines. Temazepam and oxazepam showed for some
samples, an increase of concentration in effluents, which is related to predominant excretion in the
form of conjugates followed by cleavage to unchanged drugs during treatment (Fitzgerald, 2009;
Baker and Kasprzyk-Hordern, 2013).

Removal of codeine was low, at the level of few percent. Removal of codeine below 50% was reported
in other studies (Boleda et al., 2009; Kasprzyk-Hordern et al., 2009c, a; Baker and Kasprzyk-Hordern,

2013).



MDMA was removed at about 35% at both WWTPs. Poor removal of MDMA was also reported in the

literature (Huerta-Fontela et al., 2008; Baker and Kasprzyk-Hordern, 2013).
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Fig. 5. The average removal efficiencies (%) of the dete.*ad  ompounds at the Kujawy and Plaszow

WWTPs. Average values for 6 days. Standard deviatiui > indicate variation between sampling days.
3.3 Partitioning coefficient

During wastewater treatment, APIs can be vemoved by sorption as well as biodegradation. The degree
of partitioning between sludge and aguec us phases in different stages of the treatment process is often
used as a key indicator of their er vircnmental fate and in risk assessment for the subsequent disposal
of sludge to land (Berthod et ~l., z.14; Berthod et al., 2017). Many K, values have been published for
various pharmaceuticals ar 1 di ferent sludge types (Ternes et al., 2004; Diaz-Cruz et al., 2009; Wick
et al., 2009; Jelic et al., 201 ; Hyland et al., 2012; Jelic et al., 2012; Stasinakis, 2012; Verlicchi et al.,
2012b; Petrie et al., 2015; Semblante et al., 2015).

Sorption of target anti-depressants, drugs of abuse, lifestyle chemicals and their metabolites to
suspended activated sludge was tested in this study. While data on illicit drugs in wastewater is widely
accessible, information on their concentrations in sludge is scarce.

Mean concentrations of target analytes determined in wastewater and sorbed on activated sludge were
presented in Fig. 6. Values of average concentrations in solid and water phase (of activated sludge)
determined for target compounds were presented in Table S9. Several compounds including

norephedrine, amphetamine, methamphetamine, and cocaine were found only in solid phase (activated



sludge) above MQL. While codeine was absent in sewage sludge. The sorption coefficients were not
calculated for these compounds.

The sorption potential of hydrophobic compounds was estimated according to their octanol/water
partition coefficient (Kow). This approach assumed low sorption potential of compounds with log Kow
<2.5, medium (2.5 < log Kow>4.0) and high sorption potential with Kow>4.0 (Rogers, 1996). Further
research has shown that removal efficiencies of organic pollutants during activated sludge treatment
were co-related with their pH-dependent distribution coefficients, consider both the dissociation
constants (pK,) and the pH of wastewater (Carballa et al., 2008; Rost i »t al., 2010). Sorption is defined
as negligible for substances with log Kq4 values less than 2, but it is imp wrtant when the log Ky value is
greater than 4 (Deegan et al., 2011).

Nicotine (4.15) had the highest log K values in Plaszow 7.2 k:jawy WWTPs, respectively (see Fig.
7). Among other compounds, higher mean log Ky value w_re c~lculated for benzoylecgonine (3.89 and
3.93) which is in contrast to their low value of lo =~ These discrepancies were also observed for
nicotine and cotinine. Considering the log D, \ alues of venlafaxine (1.3), tramadol (0.7), MDMA (-
1.4) and ketamine (3.2), one could expec* low or medium sorption potential of these analytes. Given
that the log K, values of these compou.:C's (>ce Fig. 7) obtained in this study were close or above of 3
suggest their significant sorption capocity to sludge. Log Ky of venlafaxine, desvenlafaxine determined

in this study are in agreement witi, ‘atues reported in literature (Lajeunesse et al., 2012).
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Fig. 6. Average concentrations of analytes in wastewater phas. [ny/L) and activated sludge (ng/g).

Standard deviations indicate variation between sampling days.
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Fig. 7. Octanol/water partitioning coefficients (log Kow) and average partitioning coefficients (log Kg)
for compounds determined in wastewater and activated sludge in Plaszow and Kujawy WWTPs

obtained in this study and in other works.

Low sorption observed for temazepam is in agreement with the results by Baker and Kasprzyk-
Hordern (Baker and Kasprzyk-Hordern, 2013). In contrast to this study, the sorption for several

compounds including morphine, cocaine, benzoylecgonine, MDMA, tramadol and amphetamine was



negligible according to other works (Baker et al., 2012; Baker and Kasprzyk-Hordern, 2013). In
relation to absolute concentration values of cocaine in sludge, under 10 ng/g (see Fig. 6), negligible
sorption could be considered. Similar concentrations of cocaine in suspended particulate matter were
reported by Baker et al. (Baker et al., 2012). Mean concentrations in sludge of 5 WWTPs in Slovak
Republic for venlafaxine and O-desmethylvenlafaxine (~100 ng/g), caffeine (~ 70 ng/g), tramadol (~
60 ng/g), codeine (~ 20 ng/g), oxazepam (~10 ng/g), mephedrone (~5 ng/g) were reported by Ivanova
et al. (Ivanové et al., 2018). Relatively low sorption affinity of methamphetamine and MDMA to
sewage sludge, with mean concentration in sludge at 18 ng/g and > ng/g were reported elsewhere
(Ilvanova et al., 2018). Amphetamine, benzoylecgonine, cocaine v ere ‘ound below LOQ (Ivanova et
al., 2018). On the other hand, similar results to those pres.ntec in this study were reported by
Mastroianni et al. (Mastroianni et al., 2013). This r.qu'ves further work to fully understand
discrepancies in reported data including potential variab iities in the composition of wastewater and

activated sludge.
3.4 Environmental concenti . 1ons

44 ECs were detected in surface waters It oated upstream and downstream of the WWTPs (see Table
S10 and S11). Mean concentrations of compounds are presented in Fig. 8.

The higher average levels of nicxtine caffeine, 1,7-dimethylxantine and micropollutants like parabens
and bisphenolA, in the vusceain from the Plaszow WWTP (Drwina upstream) indicate direct
discharge and /or illegal a.mping of sewage and other waste products into the Drwina river. In this
sampling point about 89% of CECs belonged to lifestyle chemicals, among them caffeine and 1,7-
dimethylxantine were in the highest concentrations ranging from 20566 to 57374 ng L. NSAIDs
constituted 5% with the highest average concentration of ibuprofen (2909 + 869ng L™). Hypertension
accounted for 2.5% with the mean concentration of valsartan at 2172 + 381ng L™

The results obtained for Drwina clearly demonstrate an increase in concentrations of ketoprofen,
diclofenac, atorvastatin, irbesartan, valsartan, sulfasalazine, fexofenadine, venlafaxine, desvenlafaxine,
codeine, dihydrocodeine, tramadol, O-desmethyltramadol, EEDP, methadone, MDMA, ketamine,

norketamine, temazepam and oxazepam downstream of the WWTP discharge point. The increase in



average concentrations between upstream and downstream river water sampling points were from 5%
to 92%. The highest differences were observed for ketoprofen (92%), irbesartan (91%) and
norketamine (79%). Benzophenone-2, estrogen E1, methadone, EDDP and ketamine were found only
in the Drwina river. EDDP was detected only in Drwina downstream from the discharge point.

The average concentration levels of many compounds observed for the Drwina river were higher than
for the Wisla river. No data exists for the flow rate downstream of Drwina river, however based on
visual observations, the river is very small (length of 5.5 km) and consequently dilution of Plaszow
WWTP effluent will be small. The high concentrations seen down: (ream from Plaszow WWTP can
therefore be attributed to high contribution of wastewater to th: riv2r. The ratios of the average
concentration of a compound in the effluent of Plaszow WW' "P tc its concentration downstream of
Drwina river were lower or equal to 1 for 27 out of 34 cor..~ui.1s (see Fig S1). It means low dilution
or/and no dilution of contaminants in Drwina river.

The highest mean concentrations in downstream Dt .10 river were measured for valsartan (2391 +
109 ng L™), irbesartan (1709 + 323 ng L™) diclfenac (1304 + 55 ng L™), whereas the lowest mean
concentrations were observed for benzo,henone-2, ethyl- and propylparabens, EDDP, cocaine, just
above 1 ng L™, The mean contribution <f ch=mical groups changed drastically downstream of Plaszow
WWTP effluent discharge with hvpcrtension (valsartan and irbesartan) accounting for 42%, NSAIDs
for 18%, analgesics/metabolites “or 11%, lifestyle chemicals and metabolites for 9% and anti-
depressants and metabolite : acc yunting for 5% (see Fig. 9).

Out of the 44 compounds de ected in surface water, 37 compounds were determined in the Wisla river.
Fig. 8 clearly demonstrates the similar levels of concentrations of target compounds before and after
both WWTPs discharge, Wisla — upstream and downstream, hence proves that dilution factor is
significantly larger. Mean flow rate of Wisla river in Krakow is 98 m?®s. The increase in
concentrations of benzophenone-4, ketoprofen, diclofenac, atorvastatin, irbesartan, valsartan,
fexofenadine, venlafaxine, desvenlafaxine, codeine, tramadol, O-desmethyltramadol, benzoylecgonine
and temazepam was observed for Wisla downstream. The differences of concentrations between
upstream and downstream of Kujawy WWTP ranged from 3% to 39%. The largest differences at

Wisla downstream were observed for venlafaxine (39%), temazepam (25%), valsartan (24%),



desvenlafaxine (24%), diclofenac (22%) and codeine (21%). In Wisla, ketoprofen and irbesartan were
detected only in the downstream location. As a result, the contribution of chemical classes both
upstream and downstream of WWTP in the Wisla river was at comparable levels. The highest
contributions were observed for lifestyle chemicals and their metabolites (52 % and 41%), for
hypertension (8% and 16%), for benzodiazepines and metabolites (17% and 13%), for NSAIDs (8%
and 11%) and for analgesics and metabolites (5% and 7%) at upstream and downstream, respectively
(see Fig. 9).

The highest mean concentrations in downstream Wisla river were »hserved for 1,7-dimethylxantine
(734 + 100ng L ™), caffeine (362 + 32 ng L™), valsartan (345 + 27 rg L "), oxazepam (334 + 84ng L™)
and the lowest mean concentrations were measured for benzo xhenne-1, ethyl- and propylparabens,
dihydrocodeine, cocaine and MDMA, ranged from 0.5t0 1.2 g .

However, similar concentrations of monitored compe.nu. observed upstream and downstream
sampling points at the Wisla river show that wat2r wa.ity in the upper section of the river is low.
Additionally, as Wisla is a large river, the i.npa.t of wastewater effluent will be minimized by high
dilution factors.

Interestingly, in the case of ketoprofer 7.nc rbesartan their loads downstream of Wisla and Drwina
rivers are directly associated with the discharged effluent wastewater from tested WWTPs.

The mean concentrations of valscrtan and oxazepam observed in this study, in rivers, were much
higher in comparison to tho:2 noted in the UK (Petrie et al., 2015). In contrast, the mean
concentrations of caffeine 11 both rivers are comparable to the range reported in UK (Petrie et al.,
2015). The mean concentrations of many compounds (ibuprofen, diclofenac, naproxen, ketoprofen,
bezafibrate, venlafaxine, tramadol, codeine, dihydrocodeine, morphine, methadone, EDDP,
temazepam, ketamine, norketamine, MDMA, cocaine, benzoylecgonine, nicotine, triclosan, bisphenol
A, UV filters and parabens) in the Wisla River were consistent with those observed in UK (Petrie et
al., 2015). The average values of concentrations of venlafaxine, desvenlafaxine, tramadol and O-
desmethyltramadol measured in the Wisla river were quite similar to those observed in German rivers

(Rua-Gomez and Plttmann, 2012a), while the concentrations detected in Drwina river were higher. It



should be noted that, Wisla and examined German rivers were of the similar size, while Drwina river

is a small tributary.
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Fig. 8. Mean concentrations of the detected compounds at sampling points located upstream and
downstream of the WWTPs. Standard deviation indicate variation between sampling days for the

compounds.

100
% N
80
70
60
50
40

30

Contribution in weight %

20

10

A

Drwina upstream Drwina downstream v.'sla upstream Wisla downstream

M Parabens WUV filters B NSAIDs

M Lipid regulator W Hypertension B Antibacterials/antibiotics

W Antihistamines M Steroid e .cro; 2ns M Plasticizer

M Anti-depressants and metabolites W Analgaes, = und metabolites M Stimulants and metabolites
M Hallocinogens and metabolites | Lifc ~tyle chemicals and metabolites Anaesthetic and metabolite

M Benzodiazepines and metaholites
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downstream of WWTPs dischai,@ points. (Parabens — methylparaben, ethylparaben, propylparaben,
butylparaben; UV filters - ben zophenone-1, benzophenone-2, benzophenone-4, NSAIDs - ibuprofen,
ketoprofen, naproxen, diclofe ac; Lipid regulator — bezafibrate, atorvastatin; Hypertension — irbesartan,
valsartan; Antibacterials/antibiotics — sulfasalazine, triclosan; Antihistamines — fexofenadine; Steroid
estrogens — E1, E2; Plasticizer — bisphenol A; Anti-depressants and metabolites — venlafaxine,
desvenlafaxine; Analgesics and metabolites — morphine, codeine, dihydrocodeine, tramadol, O-desmethyl-
tramadol, EDDP, methadone; Stimulants and metabolites —cocaine, benzoylecgonine, cocaethylene;
Hallucinogens and metabolites — MDMA,; Lifestyle chemicals and metabolites — nicotine, caffeine,

catinine, 1,7-dimethylxantine; Benzodiazepines and metabolites — temazepam, oxazepam.

3.5 Environmental risk assessment



Compounds detected in investigated effluent of WWTPs and surface waters are continuously emitted
into the aquatic environment causing potential risks to biota. The presence of a mixture of active
substances and their metabolites from various chemical classes prompts consideration of a potential
risk assessment.

According to the guideline (see Paragraph 2.5), the evaluation of drugs mobility between aquatic
environment and solid phase (bioaccumulation) is based on the value of octanol/water partition
coefficient (Log Kow> 4.5). The evaluation including environmental fate and impact of drug is needed
if the concentration is equal or over 10 ng L™ In the next step impact and fate of drug in the
environment is assessed on the base of risk quotation and such re’eva t tactors like physicochemical
properties, toxicology, potential to bioaccumulation (Log Kow> 3).

Considering the environmental impact, special attention ..2< p2id in this paper to compounds with
high bioaccumulation potential, characterized by Log K¢ v ve'1es equal or greater than 4.5, including
diclofenac (4.5), triclosan (4.8), atorvastatin (6.4) a1, ir'sesartan (5.3). The values of Log Dow at pH
7.5 are 0.7 and 1.9 for diclofenac and ator.asts tin. While, the values of Log Dow of triclosan and
irbesartan are 4.8 and 4.9. The concenti>tions or all these target compounds and many others were
above 10 ng L™. Therefore, the impact >f Ci~Cs on the environment was estimated. The environmental
risk assessment method (ERA) base.' on 1owest PNECs data reported in the literature was used (Zhou
et al., 2019) (see Table S12).

The comparison of the ave age ..nd maximum concentrations of the investigated compounds in surface
waters with PNECs reportec in the literature, revealed that environmental risk is unlikely to occur for
9 out of 43 (Table S12) detected compounds in surface water. The RQ values were below 0.01 for
parabens (except Drwina upstream), UV filters except benzophenone-4, sulfasalazine, fexofenadine,
morphine, dihydrocodeine, cocaine and benzoylecgonine.

In upstream and downstream of Wisla river, low or medium risk was observed for naproxen (0.02).
bezafibrate (0.08), valsartan (0.07, 0.09), bisphenol A (0.02), codeine (0.11, 0.14), tramadol (0.06),
MDMA (0.07, 0.01), cotinine (0.18, 0.01), temazepam (0.01) and oxazepam (0.33, 0.20). As expected,
the worst impact on aquatic environment was found in Drwina river, due to its small size and

collection of wastewater from the biggest WWTP in this region.



The low or medium risk at upstream of wastewater discharge point at Drwina river were noted for all
parabens (0.01 - 0.33), ketoprofen (0.01) naproxen (0.26.), bezafibrate (0.13), valsartan (0.56),
bisphenol A (0.44), codeine (0.57), tramadol (0.19), methadone (0.02), cocaine (0.01), MDMA (0.09),
cotinine (0.45), temazepam (0.03) and oxazepam (0.15). This is similar to what was found
downstream, which also showed low or medium risk, with RQs ranged from 0.01 to 0.69, was found
for propylparaben, ketoprofen, naproxen, bezafibrate, irbesartan, valsartan, bisphenol, tramadol,
EDDP, methadone, MDMA, cotinine, oxazepam and temazepam,

RQ values exceeding 1.0 were obtained for 11 CECs of interes’ detected in the surface waters,
showing these compounds are of high environmental risk. These C=Cs included benzophenone-4 (1.2
— 44), ibuprofen (5.8 — 291), diclofenac (136 — 1304), atorv stati1 (62 — 437), triclosan (1.0-4.4),
venlafaxine (1.2-20.4), nicotine (1.3-229), and 1,7-di".cthy'xantine (10-4098). In rivers high
environmental risk was also observed for E1 (upstream Jf Crwina, 1.47), E2 (upstream of Drwina,
7.97 and downstream of Wisla, 3.70), codeine (on'y ~aw astream of Drwina, 1.26) and caffeine (1.13-
64.27) in all river sampling points except d,wn‘ tream of Drwina (0.69), (see Table S12). The worst
scenario obtained for maximum detecteu ~oncentrations of CECs is in agreement to general scenario
(Table S12). This is in agreement witt Fig . environmental risk for diclofenac, codeine and nicotine
observed by Archer et al (Stuart ef a.  2012; Bouissou-Schurtz et al., 2014; Archer et al., 2017; Yadav
et al., 2019; Bagnis et al., 202u, Baran et al., 2020). Europe-wide ranking of environmental risk
assessment of CECs consi lerir.y traditional risk quotients and frequency of MECs exceeding PNEC
was presented in work of Zhou et al. (Zhou et al., 2019). The top 45 most frequently studied
pharmaceuticals in European surface waters out of 477 analyzed compounds showed a potential
environmental risk to aquatic ecosystems (with RQ >1) (Zhou et al., 2019). 13 out of 45 CECs
reported by Zhou et al. (Zhou et al., 2019), were also detected in our study.

Among compounds with log Kow > 4.5, diclofenac, atorvastatin and triclosan were found to be of high
risk with RQs 1304, 437 and 4.4, respectively. Among compounds with log Kow < 4.5 but with
concentrations exceeding 10 ng L™, caffeine (Log Kow = 0.2, Log Dow = -0.6), 1,7-dimethylxantine

(Log Kow = -0.2, Log Dow = 0.2), benzophenone-4 (Log Kow = 0.4, Log Dow = -0.5) and nicotine



(Log Kow = 1.2, Log Dow = -2.3) were also found to pose risk (RQ 64, 4098, 6.7 and 229,
respectively).

Other CECs with concentrations exceeding 10 ng L™ and with RQs >1 in at least one sampling point,
were ibuprofen, E1, E2 and venlafaxine, these also showed high potential to bioaccumulation with
Log Kow values of 3.9, 3.1, 4.0 and 3.2, respectively. While, Log Dow of ibuprofen and venlafaxine
are lower, 1.2 and 1.3, respectively.

To summarize, many hazardous compounds with high, moderate or even low environmental impact
show high potential for bioaccumulation and should be included s priority at the same risk level
(Zhou et al., 2019).

Conventional ERA methods do not include potential toxicc lognal impact due to interaction of
mixtures of active compounds, metabolites in given ecosy..>ms. The additive toxicological effects of
CECs mixtures on different aquatic species can be cser 'ed even at concentrations where the
individual compounds showed negligible or minc: e’fects (Petrie et al., 2015). The aspect of
continuous introduction of CECs into aruati. environment at lower environmentally relevant
concentrations is also significant in the context or chronic toxicity (Bagnis et al., 2020). Furthermore,
for some CECs, and in particular for n-tauvolites, no lethal or chronic ecotoxicological data across
different trophic levels are availab'e (1 the literature.

The increased expression of mi™NA transcripts of the oestrogen receptor-a (ERa) and protein
vitellogenin (VTG) in the "tver »f male fish, that could cause the increase of levels of plasma VTG in
the body was reported as th: result of exposure to parabens and UV filters (Inui et al., 2003; Barse et
al., 2010). However, concentrations of target parabens and UV filters recorded in this study are far
below those found as effective in laboratory tests (Inui et al., 2003; Barse et al., 2010). The levels of
chronic toxicity reported for diclofenac ranged from 1.5 ug L™, 1000 pug L™ and 10 000 pg L™ for fish,
invertebrates and algae, respectively (Kosma et al., 2014). Maximum concentrations of diclofenac in
surface water were above 1300 ng L™. This indicates high chronic toxicity of diclofenac in fish and no
risk in invertebrates and algae. Similar results were reported elsewhere (Kosma et al., 2014;
Papageorgiou et al., 2016). Diclofenac levels ay >1000 ng L™ affect VTG production in fish (Hong et

al., 2007). Veldhoen et al. observed modulation of the thyroid endocrine system of the American



bullfrog (Rana catesbeiana) exposed to ibuprofen at concentrations ranging from 1500 to 15 000 ng L™
(Veldhoen et al., 2014). In this study, the concentrations of ibuprofen were below 1500 ng L™ (with
one exception: upstream in Drwina river with average 2909 pg/L + 868). Moreover, exposure to
ibuprofen, as well to naproxen at concentration of 100 ng L™ causes the decrease in egg fertilization in
fish (Nesbitt, 2011). This threshold was exceeded in this study for ibuprofen and naproxen at both
upstream and downstream in Drwina river.

Chronic risk of diclofenac as well ibuprofen and E2 for high trophic level organisms (fish) was
reported by Liu et al. (Liu et al., 2015). Values of chronic toxicity i 1 different trophic levels reported
in literature were 793 pg L™ (fish) (Maruya et al., 2014), 100 000 ug . * (algae) (Cleuvers, 2004) for
naproxen and 3800 pg L™ (fish) (Kosma et al., 2014) for bezafibrate, which exceeds the
concentrations determined in this study. NSAIDs (ibuprofe.., dic'ofenac, naproxen) and lipid regulator
(bezafibrate) are generally classified as harmful to aquati. organisms (Petrie et al., 2015; Zhou et al.,
2019). Chronic toxicity for venlafaxine, affected rre“atc¢ avoidance behavior of fish larvae, reported
in literature ranging from 500 to 5000 ng ™ /ainter et al., 2009). The maximum concentrations

detected in surface water (170 ng L™) in .is study were much below reported chronic toxicity levels.
4. Conclusions

The analysis of influents and efflu.ts of the two WWTPs of Krakow gives valuable information of
pharmaceuticals residues, p2:~an... care products, lifestyle chemicals, illicit drugs and metabolites that
are used and emitted in tr. study area. CECs were present at levels exceeding 400 pg L™ and 8 pg L™
in WWTP influent, effluent respectively. Over 70% of total mass loads of tested compounds is
lifestyle chemicals and their metabolites in the influent at both WWTPs. While, in the effluent the
highest contribution was observed for the hypertension pharmaceuticals. Removal efficiencies of
compounds were also evaluated. The removal efficiencies were generally satisfactory (>95%), but
some CECs were persistent and even at higher levels of concentrations in effluent (e.g. fexofenadine,
venlafaxine, o-desmethyltramadol, ketamine and temazepam). Moreover, surface water samples were
analyzed both upstream and downstream of WWTP effluent discharge. The highest average

concentrations in Drwina downstream were noted for valsartan, irbesartan and diclofenac, which is



related to the highest contribution from hypertension pharmaceuticals and NSAIDs. In Wisla
downstream, the highest contributions were observed for lifestyle chemicals and their metabolites and
hypertension pharmaceuticals. The impact of wastewater effluent from the studied WWTPs to the
Wisla river is significantly reduced by high dilution factors. Drwina river, collector of effluent of
Plaszow WWTP, is very small (length of 5.5 km) and consequently dilution of effluent is low. The
high concentrations seen downstream of Drwina river from Plaszow WWTP can therefore be
attributed to high contribution of wastewater to the river. However, similar concentrations of CECs
observed in upstream and downstream of Wisla, suggests low qualit 7 of water in the upper section of
the river. The fate of parental compounds and metabolites in YvWw TPs has significance for their
occurrence in surface waters and environmental risk. Thc R('s obtained from the measured
concentrations in surface waters in comparison to PNECs, >as cthown medium or high risk for many
compounds (e.g. diclofenac, atorvastatin, triclosan) which cve characterized by high potential for
bioaccumulation. However, current environmental i1, yar¢ assessments do not consider coexistence of
CECs as complex mixtures and their effer«s 1 molecular and cellular levels in organisms. This
warrants the need for further ecotoxicological tests to provide comprehensive risk assessment of CECs

in the aqueous environment.
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Highlights

o Lifestyle marker, hypertension have the highest contributions in WWTPs and waters
e The total mass loads of CECs in influents were reduced at over 95% in WWTPs

o Near 30% of detected CECs were removed by less 50%

e 20% of detected CECs increased concentrations in effluent

e RQ approach, potential to sorption were used for estimation of environmental risk



