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A B S T R A C T   

In this study, the occurrence of pharmaceuticals, hormones and bacterial community structures was studied at a 
wastewater treatment plant in Finland having two different parallel treatment lines: conventional activated 
sludge (CAS) treatment with a sedimentation stage, and a membrane bioreactor (MBR). Influent and effluents 
were sampled seven times over a period of one year. The bacterial communities of the influent samples showed a 
high degree of similarity, except for the February sample which had substantially lower diversity. There was 
significant fluctuation in the species richness and diversity of the effluent samples, although both effluents 
showed a similar trend. A marked decrease in diversity was observed in effluents collected between August and 
November. The initiation of nitrogen removal as a result of an increase in temperature could explain the changes 
in microbial community structures. In overall terms, suspended solids, bacteria and total organic matter (COD 
and BOD) were removed to a greater extent using the MBR, while higher Tot-N, Tot-P and nitrate removal rates 
were achieved using the CAS treatment. Estrone (E1) concentrations were also consistently at a lower level in the 
MBR effluents (<0.1–0.68 ng/l) compared to the CAS effluents (1.1–12 ng/l). Due to the high variation in the 
concentrations of pharmaceuticals, no clear superiority of either process could be demonstrated with certainty. 
The study highlights the importance of long-term sampling campaigns to detect variations effectively.   

1. Introduction 

The release of pharmaceuticals and hormones into water bodies has 
been a major concern in recent decades. These compounds have adverse 
effects on aquatic life, for example behavioural alterations and accu-
mulation in fish (Brodin et al., 2014; Huerta et al., 2018). Municipal 
wastewaters are the main source for various pharmaceuticals found in 
natural waters (UNESCO and HELCOM, 2017). Wastewater treatment 
effluents have also been shown to contain many pathogens (Giwa et al., 
2020) and to affect the bacterial communities of the effluent-receiving 
ecosystems, for example by decreasing the diversity of sediment bacte-
rial communities (Drury et al., 2013). Moreover, the spread of antibiotic 
resistance through wastewater effluents cause serious health threats 
(Novo et al., 2013). 

The main removal mechanism of many pharmaceuticals and hor-
mones in municipal wastewater treatment plants (WWTP) is 

biotransformation, while sorption onto sludge is less significant and air- 
stripping and photo-transformation are considered to be insignificant 
(Gao et al., 2012b; Li et al., 2015; Ottmar et al., 2012; Sipma et al., 2010; 
Wick et al., 2009; Wijekoon et al., 2013). Therefore, bacterial commu-
nity structure and diversity are important factors affecting the perfor-
mance of the biological processes (Gonzalez-Martinez et al., 2018). 
Studies conducted during previous years have shown that conventional 
activated sludge treatment (CAS) achieved only low removal rates for 
several pharmaceuticals, for example for doxycycline (50%; Gao et al., 
2012a), sulfadiazine (27%; Gao et al., 2012a), trimethoprim (<30%; 
Celiz et al., 2009; Jelic et al., 2011), metronidazole (<30%; Jelic et al., 
2011), lorazepam (<30%; Jelic et al., 2011) and diclofenac (<24%; 
Celiz et al., 2009; Jelic et al., 2011). Membrane bioreactors (MBR), 
combining biological degradation and membrane separation, have 
become more common in WWTPs, since the technology is capable of 
providing better effluent. Due to the physical barrier, MBR is known to 
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obtain high removal rates for bacteria and also for some viruses under 
optimal conditions (Hai et al., 2014). Removal rates of 78% or higher 
have also been reported for diclofenac, trimethoprim, ofloxacin, raniti-
dine, gemfibrozil and bezafibrate with pilot- and lab-scale MBR, while 
the removal rates with full-scale CAS were ≤50% (Celiz et al., 2009; 
Radjenovic et al., 2007). In addition, 17α-ethynilestradiol (EE2) was 
removed more effectively using pilot-scale MBR (82–94%) compared to 
full-scale CAS (59–82%) when treating the same municipal wastewater 
in parallel (Zuehlke et al., 2006). The high biomass concentration and 
long solids retention time (SRT) of the MBR process have been consid-
ered as the key factors for enhanced biodegradation and adsorption rates 
of some compounds, even though divergent results have been obtained 
in previous studies (Sipma et al., 2010). 

Although a lot of research has been conducted on the removal of 
pharmaceuticals and hormones from municipal wastewaters and mi-
crobial community structures in WWTP samples, many studies are based 
on short sampling campaigns (Behera et al., 2011; Gao et al., 2012b; 
Gonzalez-Martinez et al., 2018; Sim et al., 2010). Additionally direct 
comparison of technologies between different plants is hampered by the 
difference in wastewater quality (Behera et al., 2011; Gao et al., 2012b; 
Gonzalez-Martinez et al., 2018) and use of different scales (lab/pilot 
versus full-scale) (Celiz et al., 2009; Radjenovic et al., 2007). Full-scale 
comparison with the same influent wastewater has rarely been per-
formed. In addition, the occurrence of some compounds such as allo-
purinol, gabapentin, levetiracetam, mesalazine and valsartan in 
municipal WWTPs has seldom been reported (UNESCO and HELCOM, 
2017); these were among the compounds analysed in this study. The aim 
of this study was to investigate the occurrence of various pharmaceuti-
cals and hormones and differences in bacterial communities at a single 
WWTP with parallel CAS and MBR processes, allowing direct compari-
son of the two processes. 

2. Material and methods 

2.1. Sample collection 

The Taskila WWTP is located in Oulu (Finland), which has a sub-
arctic climate with cold and snowy winters. With a population equiva-
lent (PE) of 160 000, Taskila is the largest municipal WWTP in northern 
Finland and has an average influent flow rate of 47 000 m3/d. Waste-
water mainly comes from households, although the largest individual 
wastewater producers include Oulu University Hospital, a dairy, fish 
processing plant and municipal waste management company (industrial 
wastewater accounts for about 10% of the total wastewater volume). 
The plant is operated as a hybrid process where, after pre-sedimentation, 
the pre-treated wastewater is split into two parallel treatment processes: 
CAS and MBR (Fig. S1). The MBR process line was implemented in 
autumn 2018 and treats approximately 35% of the pre-sedimented 
wastewater with the rest being treated in the CAS process. The MBR 
unit consists of fine screening, two aeration basins with a denitrification- 
nitrification (DN) configuration and four MBR trains with hollow fibre 
membranes (pore size 0.04 μm). The CAS process consists of three 
aeration basins with a DN configuration, post-sedimentation, post- 
filtration and chemical disinfection (in summer). The average solids 
retention time (SRT), mixed liquor suspended solids (MLSS) concen-
tration and sludge volume index (SVI) can be found in the supplemen-
tary material. 

Samples were taken seven times during 2019 (January 2nd, February 
26th, April 23rd, June 26th, August 20th, October 15th and November 
28th), and were always collected in the morning (at approx. 9 a.m.). The 
sampling was carried out by grab sampling, i.e. all of the sample ma-
terial was collected at one time to avoid changes in quality. A single grab 
sample was taken from each stream in a large bucket from which the 
sample was immediately divided into different sample bottles without 
any pretreatment. For the Escherichia coli and enterococci analyses, 500- 
ml samples were transported to Scanlab Oy within 30 min of collection. 

For 16S rRNA sequencing, 100-ml samples were refrigerated at 4 ◦C 
(within 1 h of collection) for 1–3 days, and then subjected to DNA 
extraction Sample preparation and 16S rRNA sequencing were per-
formed at the Biocenter Oulu Sequencing Center. For the analyses of 
pharmaceuticals and hormones, 2-l samples (divided into three bottles) 
were stored at − 20 ◦C (within 1 h of sampling) and sent frozen to the 
laboratory of the Finnish Environment Institute, where the samples were 
stored frozen and then melted in a water bath immediately before 
extraction. The WWTP laboratory provided the water quality data for 
this study, i.e. chemical oxygen demand (CODCr), biological oxygen 
demand (BOD7), suspended solids (SS), total phosphorus (Tot-P), total 
nitrogen (Tot-N), NH4–N, NO3–N and pH. When calculating the average 
concentration of BOD7, SS and Tot-P, the values below the method limits 
of quantification (LOQ) were set at 0.5 mg/l, 1 mg/l and 0.03 mg/l, 
respectively. 

2.2. Analyses 

2.2.1. Escherichia coli and enterococci 
The quantity of Escherichia coli was analysed according to the ISO 

9308–2:2012 method, which is based on the growth of organisms in a 
liquid medium and calculation of the most probable number (MPN) of 
organisms. The number of enterococci was analysed using the SFS-EN 
ISO 7899–2:2000 method, which is based on membrane filtration and 
the enumeration of colony forming units (CFU)/volume filtered. 

2.2.2. Microbial community analysis 
A detailed description of the methodology is provided in the sup-

plementary material. Analyses of the sequence data were carried out on 
the Qiime 2 platform. A taxonomy was assigned to the amplicon features 
using the Qiime 2 feature-classifier plugin against the Greengenes 13_8 
99% OTU reference sequences and the taxa plugin was used to annotate 
the taxonomic classification in the feature table. Representative se-
quences of all unique sequence features were aligned with MAFFT 
(multiple sequence alignment program) and the alignment was used to 
construct a phylogenetic tree with FastTree 2. In Qiime 2, the Shannon 
indices were calculated to estimate alpha diversity and a principal co-
ordinate analysis (PCoA) plot of beta diversity was calculated using the 
weighted UniFrac distance. 

2.2.3. Hormones and pharmaceuticals 
The pretreated samples were analysed using ultra-performance 

liquid chromatography coupled to a triple quadrupole mass spectrom-
eter (Acquity UPLC and Xevo TQ MS, Waters). A detailed description of 
the methodologies, mass-labelled surrogates used and LOQ values 
(Tables S1–S4) are given in the supplementary material. The LOQs for 
the hormones were determined as ten times the blank concentration or 
the concentration producing a signal-to-noise ratio of ≥7, whichever 
was higher. The LOQs for the pharmaceuticals were determined as the 
lowest point in the calibration curve corresponding to a signal-to-noise 
ratio of 10, and also taking into consideration the sample concentra-
tion factor and the absolute recovery of the spiked samples. When 
calculating the average concentration of compounds, values below the 
LOQ were not considered. When the compound was not accurately 
quantified, the result is given as NA (not available). 

3. Results and discussion 

3.1. Overall purification performance 

The plant met the treatment requirements well (Table S5). As far as 
the removal of BOD, COD and SS is concerned, the quality of the MBR 
effluent was better than that of the CAS effluent (statistically significant 
according to the t-test, p-value <0.05). The SS concentration in the MBR 
effluent was consistently below the laboratory detection limit (<2 mg/ 
l). The average Tot-P concentration was slightly lower in the CAS 
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effluent compared to the MBR effluent (p-value <0.05). The nitrogen 
removal in the CAS process was higher in 2019 than in previous years 
because of the decreased load on conventional treatment. The MBR unit 
was nitrifying efficiently, but not fully denitrifying. The average Tot-N 
and nitrate concentrations were lower in the CAS effluent compared to 
the MBR effluent (p-values <0.05), while the average NH4–N concen-
trations did not differ statistically (p-value >0.05). The average Tot-N 
concentration during summer conditions (influent T >12 ◦C) in the 
MBR effluent was 32.1 mg/l compared with 18.8 mg/l in the CAS 
effluent. The MBR process still needs to be optimized for higher nitrogen 
removal and especially for better denitrification. The key reason for 
higher nitrogen removal in CAS was the dosing of methanol to post- 
filtration as a carbon source for denitrification. 

3.2. Escherichia coli and enterococci 

The levels of E. coli and enterococci (faecal indicator bacteria) in the 
MBR effluent were consistently <1 MPN/100 ml and <1 CFU/100 ml, 
respectively (Table S6). The only exception was in November, when 
slightly higher values were observed. In the CAS effluent, the number of 
E. coli varied between 4400 and 77000 MPN/100 ml and that of 
enterococci between 160 and 13000 CFU/100 ml. The high removal 
rates of bacteria by the MBR process are due to the fact that the pore 
sizes of the membrane filters are smaller than the size of E. coli and 
enterococci bacteria. 

3.3. Bacterial community richness and diversity 

In most cases, the rarefaction curves reached a horizontal asymptote 
(Fig. S2), inferring that the majority of the taxa were observed by the 
sequencing. The time of sampling clearly affected the total number of 
OTUs, as it was higher on the first four sampling occasions (Jan.–June), 
indicating higher species richness than later in the year. 

The Shannon index was used to demonstrate the alpha diversity of 
the bacterial communities in the samples (Fig. 1). The influent sample 
had a Shannon index close to eight during the whole period, apart from 
February, where it had a much smaller value. The decrease in diversity 
cannot be explained by the low temperature (8.6 ◦C), since the raw 
wastewater temperature was even lower in April (Fig. S3, sampling day 
T = 7.4 ◦C). The lower diversity might be related to changes in waste-
water quality. Ahmed et al. (2017) have shown that the diversity of raw 
wastewater samples did not significantly differ among four WWTPs 

located in different geographical areas, two of which received industrial 
wastewaters. Yang et al. (2020) have reported that sludge microbial 
community diversity and richness were the lowest for WWTP that 
received a high amount of industrial wastewater (60%). Unfortunately, 
detailed flow information of the industrial streams was not available for 
this study. 

Both effluent samples showed a similar trend to each other: diversity 
was at its highest in April (CAS effluent) or June (MBR effluent) and 
decreased to a lower level in August, remaining at those levels in 
October and November. Previous studies have shown that sludge sam-
ples had higher microbial richness and diversity at higher temperatures 
(Yang et al., 2020; Zhang et al., 2018); however, in this study a lower 
diversity in the effluents was observed during the period when the 
temperature was higher (10.4–15.6 ◦C) and nitrogen removal processes 
occurred as evidenced by lower nitrogen concentrations in the effluents 
(Fig. S4). Bacterial community analyses also supported this fact since 
denitrifying bacteria were found among the dominant bacteria (see 
section 3.4). 

The beta diversity results (Fig. S5) showed the high similarity of all 
influent samples with the exception of the February sample, as they were 
clustered closely together, with some other effluent samples. Both ef-
fluents sampled during the Aug.–Nov. period were clustered closely 
together and differed from the other samples, which further indicated 
the possible relationship with ongoing nitrogen removal processes. 

3.4. Taxonomic analysis of the bacterial communities 

The bacterial community detected in the effluent samples reflect the 
community structure in the activated sludge basin and MBR reactor. A 
previous study has shown that the effluent of the CAS process had a 
similar bacterial composition to that of the activated sludge (Giwa et al., 
2020). More importantly, the data of the effluent samples shows the 
composition that is released to the environment. 

The predominant phyla in the influent samples in sampling times 
other than February were Bacteroidetes (35–44%), Firmicutes 
(30–37%), Proteobacteria (15–20%) and Fusobacteria (1–10%) (Fig. 2). 
For the phylum Bacteroidetes, the order Bacteroidales (unassigned 
family) and the families Porphyromonadaceae (mainly Paludibacter sp. 
and Macellibacteroides fermentans) and Bacteroidaceae (Bacteroides sp.) 
dominated. The genus Bacteroides contains bacteria, which are abundant 
in the human and animal gastrointestinal tract, but can also cause 
serious infections and antibiotic resistance (Bacteroides fragilis group 
bacteria) (Niestępski et al., 2019). Gao et al. (2016) reported that the 
fermentative bacteria Paludibacter and Macellibacteroides were the most 
abundant in a WWTP receiving only municipal wastewater. Firmicutes 
were dominated by the families Carnobacteriaceae (mainly unassigned 
genera), Lachnospiraceae (many genera) and Ruminococcaceae (many 
genera). Members of the family Carnobacteriaceae are lactic 
acid-producing bacteria and are found for example in food products and 
cold environments. The bacteria that fall into the families Lachnospir-
aceae and Ruminococcaceae are part of a healthy gut microbiota. The 
family Comamonadaceae (mainly unassigned genus, Acidovorax sp. and 
Rhodoferax sp.) dominated within the phylum Proteobacteria. The genus 
Acidovorax contains acetate-utilizing denitrifiers (Ginige et al., 2005). 
Rhodoferax species have been found in many environmental samples and 
are one of the main genera in WWTPs (Cydzik-Kwiatkowska and Zie-
lińska, 2016). The higher relative abundance of the phylum Fusobac-
teria in June and November in the influent samples was related to an 
unassigned family and the family Leptotrichiaceae. Some members of the 
family Leptotrichiaceae are harmful; for example Leptotrichia species and 
Streptobacillus moniliformis are involved in many diseases. 

The influent sampled in February clearly showed a different 
composition as it was dominated only by Proteobacteria (84%) and 
Bacteroidetes (9%) (Fig. 2). This different composition was related to the 
clearly higher relative abundance of the families Comamonadaceae 
(44.2%; unassigned genera and Rhodoferax sp. dominated) and Fig. 1. Shannon diversity index for wastewater samples.  
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Rhodocyclaceae (9.4%; Dechloromonas sp. and Zoogloea sp. dominated) 
within the phylum Proteobacteria. Dechloromonas was identified as one 
of the key denitrifiers in nitrate-contaminated groundwater (Bellini 
et al., 2018), while Zoogloea species have an important role as 
floc-forming bacteria (Friedman and Dugan, 1968) in activated sludge 

systems. The family Nitrosomonadaceae within the phylum Proteobac-
teria also had higher relative abundance (4.5%; ammonia oxidizer 
Nitrosomonas oligotropha dominated) compared to other sampling 
months (0.00–0.07%). 

Effluent samples also showed variation in abundance according to 
the sampling time. Fig. 2 shows the dominant phyla and Table 1 shows 
the dominant genera in the effluent samples having a relative abundance 
of ≥4% (Tables S7 and S8 include data with a relative abundance of 
≥1%). The MBR effluents were dominated by Proteobacteria, Bacter-
oidetes, Firmicutes, Actinobacteria, Cyanobacteria and Tenericutes, 
depending on the sampling time. In the CAS effluents, the predominant 
phyla were Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria 
and Cyanobacteria. 

The predominance of Proteobacteria is consistent with previous 
studies; they have an important role in the removal of organics and 
nutrients (Cydzik-Kwiatkowska and Zielińska, 2016). Abundances of the 
phylum Proteobacteria varied between 10% and 61% in the effluent 
samples, and the dominant families were Rhodobacteraceae, Comamo-
nadaceae and Neisseriaceae. During August to November, the abundances 
of the families Rhodobacteraceae (4.5–6.5%; mainly Paracoccus sp.) and 
Neisseriaceae (10.5–11.9%; mainly Neisseria sp.) were at a higher level 
in both effluents. Paracoccus yeei can cause human infections, while 
Paracoccus denitrificans can remove total nitrogen from wastewater 
efficiently (Zhao et al., 2019); however, identification at species level 
was not possible in this study. Nevertheless, nitrogen-removal processes 
were in operation at the plant during the sampling from August to 
November (Fig. S4), and thus the detected higher amount of Paracoccus 
sp. might be related to nitrogen removal. The genus Neisseria contains 
many non-pathogenic species, including denitrifying species (Grant and 
Payne, 1981) but it also contains two human pathogens, N. gonorrhoeae 
and N. meningitidis, which cause gonorrhea and meningitis, respectively. 
The family Comamonadaceae had a higher abundance in the January to 
June CAS samples and April to June MBR samples (6.5–18.1%; unas-
signed genera and Rhodoferax sp. dominated). Rhodoferax has been 
found in WWTP effluents (Numberger et al., 2019), and for example 
Rhodoferax ferrireducens, a psychrotolerant bacterium, can use nitrate as 
an electron acceptor (Finneran et al., 2003). Acidovorax (family 

Fig. 2. Relative abundance of the identified dominant phyla (>1%): a) influent, 
b) MBR effluent, c) CAS effluent. The remaining portion to 100% includes low- 
abundant (<1%) and unassigned taxa. 

Table 1 
Dominant genera in the effluent samples (relative abundance of ≥4% in at least 
one sample; uncl. = unclassified).  

Month MBR % CAS % 

Jan. Streptococcus 7.0 Bacteroides 10.8 
Bacteroides 5.8 Polynucleobacter 6.8 
Paludibacter 5.8 Paludibacter 5.3 
Moraxella 4.2 Bacteroidales 

uncl. 
6.1 

Feb. Paludibacter 13.2 Rhodoferax 10.6 
Bacteroidales uncl. 22.0 Polynucleobacter 6.6 
RF39 uncl. 8.1 Flavobacterium 6.3   

Pedobacter 4.5 
Apr. Pedobacter 15.2 Rhodoferax 5.9 

Paludibacter 6.4 Polynucleobacter 5.7 
Bacteroidales uncl. 6.6 Stramenopiles 

uncl. 
6.5 

June Comamonadaceae 
uncl. 

7.1 Bacteroides 11.2 

Acetobacteraceae 
uncl. 

6.2 Flectobacillus 7.1 

Nostocaceae uncl. 4.7 Nostocaceae uncl. 4.5 
Caulobacteraceae 
uncl. 

4.5   

Aug., Oct. 
& Nov. 

Streptococcus 11.5–13.6 Neisseria 11.0–11.8 
Neisseria 10.4–11.6 Streptococcus 10.4–13.3 
Propionibacterium 10.3–10.9 Propionibacterium 8.3–11.5 
Paracoccus 5.0–6.5 Paracoccus 4.5–5.9 
Micrococcus 4.1–5.0 Micrococcus 4.1–5.0 
Streptophyta uncl. 6.2–6.9 Streptophyta 

uncl. 
6.5–7.7  
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Comamonadaceae) was detected in almost all of the effluent samples 
(Acidovorax sp., MBR: Jan.–June and Nov. 0.3–1.72%, CAS: Jan.–Aug. 
0.08–1.45%). CAS effluents sampled during January to April had much 
higher abundances of the family Oxalobacteraceae (phylum Proteobac-
teria, 7.2–9.7%, mainly Polynucleobacter sp.) compared to MBR effluents 
(0.4–2.3%), whereas in other months they were at a similar level 
(approx. 4%, mainly Ralstonia sp.). The genus Polynucleobacter is widely 
detected in freshwater environments (Watanabe et al., 2009). The genus 
Ralstonia contains species (e.g. R. pickettii and R. eutropha), which can 
degrade a number of toxic organic substances present in industrial 
streams (Jalilnejad et al., 2011; Ryan et al., 2007). The MBR effluent 
collected in June also had a high abundance of the families Caulo-
bacteraceae (5.5.%; mainly an unassigned genus) and Acetobacteraceae 
(9.1%; an unassigned genus), both belonging to the phylum Proteo-
bacteria. Bacteria belonging to the family Caulobacteraceae are found for 
example in freshwaters and soils and some members of this family are 
able to degrade lignocellulosic polymers (Wilhelm et al., 2019). Some 
members of the family Acetobacteraceae are utilized in the food and 
beverage industry due to their ability to oxidize ethanol to acetate. 

Several minor families within the phylum Proteobacteria contain 
important species related to nitrogen removal as well as pathogens. 
Within the family Nitrosomonadaceae, the ammonia oxidizers Nitro-
somonas oligotropha (MBR: Apr. 0.27%, CAS: Jan.–June 0.04–0.16%) 
and Nitrosovibrio sp. (CAS: Feb. 0.13%) were, however, rarely detected 
and the nitrite-oxidizing species of Nitrobacter were not detected in any 
of the samples. Pseudomonas sp. (family Pseudomonadaceae) was not 
frequently detected either; the highest abundances were observed in 
February (MBR: 0.47%, CAS: 0.36%). The genus Pseudomonas includes 
many denitrifying species. The family Enterobacteriaceae was detected in 
some samples (influent: Nov. 0.01%, MBR: Jan.–June 0.01–0.22%, CAS: 
Jan.–June 0.01–0.30%). It includes many pathogens such as Escherichia 
coli and Salmonella enterica, and some species of the genera Enterobacter, 
Shigella and Yersinia. The fact that many pathogens were undetected in 
this study might be related to the low sensitivity of the sequencing 
method used to detect less abundant taxa. Quantitative real-time PCR 
has been proven to enhance species identification and taxonomic reso-
lution (Numberger et al., 2019). Legionella sp. (family Legionellaceae) 
was present only in a few effluent samples (MBR: Jan. and June 0.06%, 
CAS: Feb. 0.05%). Legionella bacteria can cause serious lung infection 
(Legionnaires’ disease, typically L. pneumophila) or the less serious 
Pontiac fever. Legionella bacteria have also been found in effluent 
samples in a German WWTP (Numberger et al., 2019). The genus 
Campylobacter (family Campylobacteraceae) was only present in two 
effluent samples (MBR: Jan. 0.09%, unassigned species; CAS: Feb. 
0.03%, C. ureolyticus). Campylobacter species cause gastrointestinal 
infection and diarrhoeal diseases. The genus Arcobacter (family Cam-
pylobacteraceae) was found in many effluent samples (an unassigned 
species and A. cryaerophilus), and the highest abundance was detected in 
the June samples (MBR: 0.66%, CAS: 1.02%). The genus Arcobacter 
contains species which can produce human bacteremia and diarrhoea, 
such as A. butzleri, A. cryaerophilus and A. skirrowii (Betancourt, 2019). 

Within the phylum Bacteroidetes, the MBR effluents sampled during 
January to April were dominated by the order Bacteroidales (unassigned 
family) and the families Bacteroidaceae (mainly Bacteroides sp.) and 
Porphyromonadaceae (mainly Paludibacter sp. and Macellibacteroides 
fermentans), whereas the April sample also showed high abundance for 
Sphingobacteriaceae (15.2%, mainly Pedobacter composti). The CAS 
effluent sampled during January to April showed high abundances for 
the order Bacteroidales (unassigned family) and the families Bacter-
oidaceae (mainly Bacteroides sp.), Porphyromonadaceae (mainly Pal-
udibacter sp. and Macellibacteroides fermentans), Cytophagaceae (mainly 
Flectobacillus sp.), and Flavobacteriaceae (mainly Flavobacterium succini-
cans and Flavobacterium sp.) within the phylum Bacteroidetes. The fila-
mentous bacteria Flectobacillus have been found to be significantly 
enriched on microplastics in activated sludge samples (Pham et al., 
2021). Flavobacterium has strong floc-forming properties and it has been 

found to be among the dominant genera both in the biofilm and in the 
activated sludge of the MBR process (Jo et al., 2016). Flavobacterium sp. 
can degrade 17β-estradiol to estrone (Yu, 2016). Many bacterial species 
within the family Flavobacteriaceae are known to cause Flavobacterial 
diseases in fish (Loch and Faisal, 2015). Low abundances of Bacter-
oidetes were observed in both effluents sampled during August to 
November. 

Within the phylum Firmicutes, both effluents showed a high abun-
dance for the family Streptococcaceae (mainly Streptococcus sp.) in the 
samples from January (MBR: 7.6%, CAS: 4.1%) and during August to 
November (MBR: 11.8–13.6%, CAS: 10.5–13.3%). Streptococcus bacteria 
cause infections. Other abundant families within the phylum Firmicutes 
were Lachnospiraceae (MBR: 1.0–5.5%, CAS: 0.7–4.8%, many genera) 
and Ruminococcaceae (only Jan.–June, MBR: 0.6–5.5%, CAS: 0.9–4.0%, 
many genera). Among the less common families within the phylum 
Firmicutes, some harmful bacteria causing infections were detected. An 
unassigned species of the genus Staphylococcus (family Staph-
ylococcaceae) was detected in some influent samples (Jan. 0.06%, Oct. 
0.07%) and in all of the effluent samples (MBR: 0.1–1.74%, CAS: 
0.44–1.67%). An unassigned species of the genus Enterococcus (family 
Enterococcaceae) was frequently detected in the influent samples 
(0.10–0.14%, except in Feb.) and less frequently detected in the effluent 
samples (MBR: Jan.–Apr. 0.06–0.20%, CAS: Jan. 0.11% and June 
0.01%). The genus Clostridium (family Clostridiaceae) was frequently 
detected (influent: 0.01–1.70%, MBR: 0.00–1.88%, CAS: 0.00–0.65%). 
An unassigned species of the genus Clostridium dominated, while 
C. bowmanii, C. butyricum, C. celatum and C. subterminale were also 
frequently identified. 

The relative abundance of the phylum Actinobacteria in both efflu-
ents was at a higher level in the last three samples (Aug.–Nov. 
20.5–24.0%); the most dominant families being Micrococcaceae (mainly 
Micrococcus sp. and Kocuria sp.) and Propionibacteriaceae (Propioni-
bacterium acnes). Members belonging to the genera Micrococcus and 
Kocuria occur extensively in the environment and on human skin, and 
are involved in many types of infections (Dastager et al., 2014). Pro-
pionibacterium acnes is commonly found on human skin and is known to 
be capable of reducing nitrate (Allison and Macfarlane, 1989). Many 
species of the genus Mycobacterium (phylum Actinobacteria) cause dis-
eases, with M. tuberculosis being the most important human pathogen in 
that genus. Mycobacterium spp. were present in a few samples (influent: 
Feb. 0.03% and Aug. 0.04%, MBR: June 0.01%, CAS: Jan.–Apr. 
0.04–0.27%). Besides an unassigned species, M. arupense and M. celatum 
were identified in the influent and CAS effluent, respectively. 

The abundance of the phylum Tenericutes was the highest in the 
MBR effluent sampled in February (8.4%; order RF39 dominated within 
the class Mollicutes), whereas the same value for CAS was 2.7%. Bac-
teria in the order RF39 are members of the human gut microbiota (Li 
et al., 2020). 

Bacteria belonging to the phylum Cyanobacteria are commonly 
found in aquatic environments and include toxin-producing species. 
Cyanobacteria were dominant in both effluents sampled during April to 
November (6.5–7.8%). In April, the order Stramenopiles and families 
Phormidiaceae (an unassigned genus and Phormidium sp.) and Pseuda-
nabaenaceae (mainly Leptolyngbya sp. and Pseudanabaena sp.) domi-
nated. Phormidium bohneri is known to remove ammonium, nitrate and 
phosphate from wastewater efficiently (Laliberté et al., 1997). In June, 
the family Nostocaceae (mainly an unassigned genus) and the order 
Stramenopiles (only MBR) dominated. During August to November, a 
high abundance of the order Streptophyta within the class Chloroplast 
was observed in both effluents. 

Bacteria belonging to the phylum Nitrospirae were rare. The genus 
Nitrospira contains nitrite-oxidizing bacteria. Nitrospira sp. was detected 
in few samples but with very low abundance (≤0.16% in the effluent 
samples). In contrast, Nitrospira was among the most abundant microbes 
found in Chinese municipal WWTPs (Zhang et al., 2017). 

Spirochaetes was also present among the minor phyla. Leptospira 
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species (phylum Spirochaetes) were only present in a few samples 
(influent: Nov. 0.02%, MBR: June 0.03%, CAS: Apr. and Nov. 0.02%; an 
unassigned species and L. biflexa (saprophytic species, nonpathogenic)). 
Leptospira bacteria cause the bacterial disease Leptospirosis and the 
species found in effluent samples in a German WWTP all belonged to 
saprophytic species (Numberger et al., 2019). 

3.5. Hormones 

The concentration range and average concentration of hormones in 
the influent and effluent samples are shown in Table 2 and data for each 
sample is presented in Table S9. Testosterone was detected in some 
influent samples (Aug.–Nov. 17–39 ng/l). Concentrations were at a 
slightly higher level than those reported by Vymazal et al. (2015) 
(2.8–10.5 ng/l) but much lower than those found in a study made by 
Manickum and John (2014) (119–635 ng/l). In the MBR effluents, 
testosterone was typically below the LOQ (except in Jan. 17 ng/l), 
whereas in the CAS effluents the testosterone concentration was 11–19 
ng/l in three samples (otherwise <LOQ). High removal rates of testos-
terone have been reported in previous studies (Manickum and John, 
2014; Vymazal et al., 2015). 

Norethisterone was frequently detected in the influent samples 
(66–600 ng/l, Jan. <50 ng/l). Significantly higher concentrations were 
detected in the summer (June 510 ng/l, Aug. 600 ng/l). Norethisterone 
has also frequently been detected in Canadian wastewaters (26–224 ng/ 
l) (Fernandez et al., 2007). In both effluent samples, norethisterone was 
always below the LOQ. 

Progesterone was found in all of the influent samples (16–39 ng/l), 
whereas the concentrations in the MBR effluent were always below the 
LOQ. The CAS effluents showed two values above the LOQ (Feb. 1.0 ng/ 
l, Apr. 1.7 ng/l). Similar concentrations have been reported in other 
studies (Petrovic et al., 2002; Vymazal et al., 2015), although much 
higher concentrations in influent samples (163–904 ng/l) have been 
observed in a plant in South Africa (Manickum and John, 2014). High 
removal rates of progesterone have been reported when using the acti-
vated sludge process (Manickum and John, 2014) and in constructed 
wetlands (Vymazal et al., 2015). 

Estrone (E1) was frequently detected in the influent samples (22–52 
ng/l) and concentrations fell within the ranges reported in the literature 
(Behera et al., 2011; Joss et al., 2004; Petrovic et al., 2002; Yu et al., 
2011) although much higher concentrations (several hundreds) have 
also been found in sewage influents (Vymazal et al., 2015). The MBR 
effluent had a much lower but still detectable E1 concentration 
(<0.1–0.68 ng/l) than the CAS effluent (1.1–12 ng/l). Incomplete 
removal of E1, which is also the breakdown product of 17β-estradiol 
(E2) (Johnson and Williams, 2004), has also been reported in previous 
studies (Joss et al., 2004; Manickum and John, 2014; Petrovic et al., 
2002; Vymazal et al., 2015). Nevertheless, the E1 concentrations in ef-
fluents were at a low level when considering the reported high variation 
in E1 removal rates in different plants (Vymazal et al., 2015). 

The presence of 17β-estradiol (E2) in the influent was less frequent; it 
was only detected in one influent sample (Feb 19 ng/l). E2 can degrade 
to E1 in aerobic conditions (Johnson and Williams, 2004). Typically, the 

concentration of E2 in influent samples has been <11 ng/l (Joss et al., 
2004; Yu et al., 2011) but concentrations as high as 150 ng/l (Vethaak 
et al., 2005) and 199 ng/l (Manickum and John, 2014) have been re-
ported. Both effluent samples had only two values above the LOQ (MBR: 
Feb. 5.7 ng/l, June 2.1 ng/l; CAS: Feb. 9.2 ng/l, Apr. 1.6 ng/l). Complete 
or high removal rates of E2 have also been reported in other studies (Joss 
et al., 2004; Petrovic et al., 2002; Vethaak et al., 2005). 

17α-estradiol and 17α-ethinylestradiol (EE2) were always below the 
analytical quantification limits in the influent and effluent samples. 
Vethaak et al. (2005) reported 17α-estradiol concentrations of <0.7–15 
ng/l in influent samples and <0.4 ng/l in effluent samples at a WWTP in 
the Netherlands. EE2 concentrations in influent samples show high 
variation in the literature, and varying removal rates have also been 
presented (Vymazal et al., 2015). 

Estriol (E3) ranged between 12 and 44 ng/l in the influent samples 
(except in Jan. <LOQ), which is comparable (Petrovic et al., 2002) or 
lower than values reported in previous studies (Behera et al., 2011). E3 
was not detected in any of the effluent samples. Complete removal has 
also been reported in previous studies (Behera et al., 2011; Manickum 
and John, 2014). 

3.6. Pharmaceuticals 

The concentration range and average concentration of selected 
frequently detected pharmaceuticals in the influent and effluent samples 
are shown in Table 3, while the complete list showing data for all ana-
lysed compounds of each sample is presented in Table S10. 

3.6.1. Anticonvulsants 
Anticonvulsants are used to treat epileptic seizures. Carbamazepine 

was frequently detected (influent:130–360 ng/l) and poorly removed 
(except MBR: Feb <LOQ). Poor removal of carbamazepine is consistent 
with previous studies (Behera et al., 2011; Jelic et al., 2011; Radjenovic 
et al., 2007; Wick et al., 2009). Carbamazepine and its metabolites are 
poorly degraded in the biological process and carbamazepine concen-
trations can even increase due to the transformation of the metabolite 
back into its parent compound (Bahlmann et al., 2014). Data on leve-
tiracetam has so far been scarce. Its concentration varied in the influent 
samples between 3500 ng/l and 13000 ng/l (n = 6) and was clearly at a 
lower level in the effluents. It is noteworthy that the level of levetir-
acetam was far smaller in the MBR samples compared to the CAS sam-
ples for three sampling times, which warrants further investigation. The 
amounts of levetiracetam detected in the effluents were similar to the 
concentrations reported for MBR-treated hospital wastewater (551 ±
345 ng/l; Kovalova et al., 2013). The concentration of gabapentin was 
6200–79000 ng/l (n = 4) in the influent samples, while the concentra-
tions in the effluents were still high (800–6900 ng/l) when accurately 
quantified. High concentrations of gabapentin in the WWTP effluents 
have also been reported previously (Kovalova et al., 2013; Oliveira et al., 
2015). Primidone was typically at a low level (<29 ng/l) when accu-
rately quantified and consistent with previous studies (Oliveira et al., 
2015), although there was one exception: the CAS effluent sampled in 
April had a concentration of 1000 ng/l (data NA for influent and MBR 

Table 2 
Concentration range and average (avg.) concentration (ng/l) of hormones in wastewater samples (n denotes the number of samples having a quantifiable result).  

Compound (ng/l) Influent MBR CAS 

Range Avg. (n) Range Avg. (n) Range Avg. (n) 

Testosterone 17–39 25 (3) <5–17 17 (1) <5–19 14 (3) 
Norethisterone <50–600 244 (6) <10 – <10 – 
Progesterone 16–39 28 (7) <1 – <1–1.7 1.4 (2) 
Estrone (E1) 22–52 37 (7) <0.1–0.68 0.4 (5) 1.1–12 4.7 (7) 
17β–estradiol (E2) <10–19 19 (1) <1.5–5.7 3.9 (2) <1.5–9.2 5.4 (2) 
17α–estradiol <20 – <1.5 – <1.5 – 
Estriol (E3) 12–44 21 (6) <0.5 – <0.5 – 
17α–ethinylestradiol (EE2) <5 – <1.5 – <1.5 –  
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effluent samples). 

3.6.2. Antibiotics 
Antibiotics are used to treat bacterial infections. The antibiotics 

ciprofloxacin, norfloxacin, tylosin and lincomysin were not accurately 
quantified or were below the LOQ in all of the samples. The antibiotic 
sulfamethoxazole typically showed lower concentrations in both 
effluent samples compared to the influent samples (influent avg. 117 ng/ 
l (n = 5), except in Feb.: <6.3 ng/l). Also, sulfadiazine showed lower 
concentrations in the effluents. The concentration of sulfadiazine was 
340–920 ng/l in the influent samples and 60–570 ng/l in the effluents. 
These results are consistent with the previously reported removal rates 
of sulfamethoxazole (from − 5% to 62%) and sulfadiazine (from 34% to 
79%) in eight Chinese WWTPs (Gao et al., 2012a). Removal of several 
antibiotics, including sulfamethoxazole and sulfadiazine, was improved 
when a longer SRT (above 30 days) was used in the MBR process (Xia 
et al., 2012). 

Clarithromycin was at a fairly similar level in the influent (33–220 
ng/l, n = 5) sample and the effluent samples (MBR: 48–140 ng/l (n = 6), 
CAS: 54–130 ng/l (n = 6)), indicating poor removal. Clarithromycin 
concentrations were overall at a lower level in this study than in MBR- 
treated hospital wastewater in Switzerland (Kovalova et al., 2013) and 
at the same level as the influent and effluent samples of various WWTPs 
in the USA that received hospital effluents (Oliveira et al., 2015). The 

trimethoprim removal rate was also poor (influent avg. 728 ng/l (n = 4) 
(<81 ng/l in Nov.), MBR avg. 596 ng/l (n = 5), CAS: 446 ng/l (n = 5)). 
Jelic et al. (2011) have also reported poor removal for trimethoprim, 
while Behera et al. (2011) reported an average removal of 69% in five 
plants. Erythromycin was accurately quantified only in the January to 
April samples and showed high concentrations in the effluent samples 
taken in January (MBR: 1800 ng/l, CAS: 2400 ng/l), while the influent 
contained 800 ng/l (other samples NA). Gao et al. (2012a) have reported 
erythromycin concentrations of ≤520 ng/l (influents) and ≤300 ng/l 
(effluents) in eight Chinese WWTPs. Ofloxacin was detected only in 
April when the influent contained 27 ng/l, the MBR effluent 2.1 ng/l and 
the CAS effluent 2.5 ng/l. In contrast, ofloxacin concentration was high 
in most of the influent and effluent samples of eight Chinese WWTPs 
(Gao et al., 2012a), whereas Radjenovic et al. (2007) recorded a higher 
removal of ofloxacin by lab-scale MBR than by full-scale CAS. 

The antibiotics doxycycline/tetracycline (in total) were detected in 
the influent samples only in January (3000 ng/l) and April (7300 ng/l), 
whereas the concentrations in the effluent samples were always below 
the LOQ or NA. A high removal rate of doxycycline/tetracycline at 
WWTPs has been reported previously (Ek Henning et al., 2020; UNESCO 
and HELCOM, 2017). The concentration of tetracycline in raw waste-
water has been found to have a positive correlation with the antibiotic 
resistance prevalence in treated wastewater (Novo et al., 2013). Flu-
conazole (azole antifungals) was frequently detected (influent: 43–410 

Table 3 
Concentration range and average (avg.) concentration (ng/l) of selected pharmaceuticals in wastewater samples (n denotes the number of samples having a quan-
tifiable result).  

Compound (ng/l) Influent MBR CAS 

Range Avg. (n) Range Avg. (n) Range Avg. (n) 

Anticonvulsants 
Carbamazepine 130–360 221 (7) <70–380 287 (6) 170–540 301 (7) 
Gabapentin 6200–79000 26275 (4) 800–6900 2967 (3) <910–6500 4350 (2) 
Levetiracetam 3500–13000 8467 (6) 37–340 186 (3) 120–1000 403 (4) 
Primidone <5.6–5.8 5.8 (1) 12–17 14 (4) <2.7–1000 268 (4) 
Antibiotics 
Clarithromycin 33–220 99 (5) 48–140 76 (6) 54–130 97 (6) 
Trimethoprim <81–1400 728 (4) 390–960 596 (5) 370–530 446 (5) 
Sulfadiazine 340–920 697 (3) 60–480 207 (4) 92–570 234 (5) 
Sulfamethoxazole <6.3–220 117 (5) 11–68 41 (7) <21–110 53 (6) 
Antihistamines 
Fexofenadine 410–800 563 (3) 440–2100 1049 (7) 240–930 558 (5) 
Cetirizine 400–600 503 (4) <140–640 475 (4) 530–810 630 (4) 
Analgesics and NSAIDs 
Codeine 510–2300 1702 (5) 280–2600 1250 (3) 590–3400 1382 (5) 
Oxycodone <5.7–75 62 (2) 5.7–36 21 (4) <7.2–30 20 (4) 
Tramadol 290–710 528 (6) <2.8–1000 590 (6) 300–1000 577 (6) 
Carprofen <2.0–130 59 (4) <1.7–22 12 (3) 1.6–10 5.6 (2) 
Diclofenac 1800–3500 2700 (4) 2800–4600 3633 (3) 2400–3900 3000 (3) 
Naproxen 3800–7900 6150 (4) <1.1–2100 885 (6) <1.1–850 424 (6) 
Ketoprofen 220–730 484 (5) 110–550 324 (5) 120–520 314 (5) 
Lipid–lowering drugs 
Simvastatin <1.4–1600 1218 (5) <1.5–33 19 (6) <1.5–43 26 (5) 
Bezafibrate 3.4–130 56 (4) 2.1–120 32 (7) 6.0–55 28 (7) 
Psychoactive and antipsychotic drugs 
Oxazepam 68–4300 1975 (6) 150–4200 2202 (5) 150–6700 2782 (5) 
Temazepam 290–2900 1428 (6) 320–2500 1158 (5) 320–2800 1553 (6) 
Quetiapine 150–790 413 (3) 6.2–130 40 (5) 8.7–64 36 (2) 
Antidepressants 
Citalopram 170–800 364 (5) <73–330 192 (4) 200–560 324 (5) 
Sertraline 55–320 188 (2) 12–60 27 (5) 17–730 174 (5) 
Venlafaxine 540–880 684 (7) 470–1400 817 (7) 500–1300 750 (7) 
Antihypertensives 
Eprosartan 600–1300 950 (2) 530–1500 823 (4) 1200–1500 1350 (4) 
Losartan <510–2900 2367 (3) 580–1600 928 (5) 700–2100 1250 (5) 
Telmisartan 1900–6300 3475 (4) <190–1600 1300 (3) 770–1300 1057 (3) 
Valsartan 1600–5300 3417 (6) <18–10000 3176 (5) 260–9700 4932 (5) 
Ramipril 6.9–39 26 (4) 2.0–73 31 (4) 15–80 35 (6) 
Beta blockers 
Atenolol 82–280 200 (4) <110–140 125 (2) <110–180 175 (2) 
Bisoprolol <30–960 693 (6) 75–650 334 (7) 43–1100 689 (6) 
Metoprolol 520–970 749 (7) 490–990 777 (7) 560–960 760 (7)  
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ng/l, MBR: 160–610 ng/l, CAS: 200–560 ng/l; n = 7 in all of the sam-
ples) and was not removed in the processes. This is consistent with 
previous findings (UNESCO and HELCOM, 2017). Very little is known 
about the amounts of veterinary antibiotics, tiamulin and florfenicol, in 
wastewaters. In this study, tiamulin was not detected in any of the 
samples, whereas florfenicol was accurately quantified only in June 
(influent: 3100 ng/l, MBR: 1200 ng/l, CAS: 3300 ng/l) and April 
(influent: 2700 ng/l). 

3.6.3. Antihistamines, decongestants, corticosteroids 
Antihistamines are used to block allergy symptoms. The antihista-

mines fexofenadine and cetirizine were poorly removed in the processes, 
which is consistent with a previous study (Kosonen and Kronberg, 
2009). Fexofenadine had an average concentration of 1049 ng/l in the 
MBR effluents (n = 7), while the average was much lower in the influent 
(563 ng/l (n = 3)) and CAS (558 ng/l (n = 5)) samples, although 
quantifiable results were not obtained for the influent and the CAS 
effluent in June and August, when the highest values for MBR effluents 
were found (2100 ng/l and 2000 ng/l, respectively). High levels of 
fexofenadine in these particular samples suggest higher use due to the 
summer season. Cetirizine varied between 200 ng/l and 810 ng/l in all 
of the samples when accurately quantified (except in Nov. MBR: <140 
ng/l), without showing clear peak values in summertime. 

Decongestants are used for example to relieve allergic rhinitis with 
congestion. The decongestant analysed in this study was xylometazo-
line, which was accurately quantified only in February and April in all of 
the samples (4.1–11 ng/l). Corticosteroids are anti-inflammatory med-
ications to treat a range of inflammatory and immunologic conditions. 
The corticosteroid fluticasone was detected only in a few samples 
(influent: Oct. 19 ng/l, Nov. 15 ng/l; MBR: Feb. 4.1 ng/l; CAS: Oct. 3.5 
ng/l). Previous research has reported that fluticasone was below the 
detection limit (<150 ng/l) in all of the studied WWTP effluent samples 
in the Baltic Sea region (Ek Henning et al., 2020). No corticosteroid 
mometasone was detected in any of the samples (Jan. <LOQ, other 
months NA). 

3.6.4. Analgesics, nonsteroidal anti-inflammatory drugs and mesalazine 
Analgesics are used to relieve pain. Strong painkillers, including 

tramadol, oxycodone and codeine, were detected in the samples. Tra-
madol (an opioid analgesic) was frequently detected in the influent 
samples (290–710 ng/l, n = 6), which is consistent with earlier reported 
values (Rúa-Gómez et al., 2012). Tramadol was not removed in the 
processes, as its concentration was 280–1000 ng/l in the MBR effluents 
(n = 6, except in June <2.8 ng/l) and 300–1000 ng/l in the CAS effluents 
(n = 6). Either no or poor removal has also been reported by Oliveira 
et al. (2015) (in three plants out of four) and Wick et al. (2009). 
Rúa-Gómez et al. (2012), on the other hand, have reported 20–56% 
removal rates for tramadol in four German WWTPs. Oxycodone (an 
opioid) was accurately quantified, mostly in samples taken between 
February and August; the concentrations both in influent and effluent 
samples ranged between 5.7 ng/l and 75 ng/l, which was at a lower level 
than reported previously (Oliveira et al., 2015). Codeine (an opioid) was 
detected in five influent samples ranging between 510 ng/l and 2300 
ng/l, and both effluent samples also showed similar concentrations. The 
codeine concentrations were much higher than reported earlier (Oli-
veira et al., 2015; Wick et al., 2009). 

The analgesic paracetamol was typically not accurately quantified 
(except for influent: June 3800 ng/l, CAS: Nov. 580 ng/l). In addition, 
the samples collected in April showed values below the LOQ. Paracet-
amol is typically found in high concentrations in wastewaters due to its 
widespread use, although high removal rates are also typically achieved 
(Al Qarni et al., 2016). 

Non-steroidal anti-inflammatory drugs (NSAIDs) are used to relieve 
pain and reduce inflammation and fever. Among the analysed NSAIDs, 
diclofenac and naproxen showed higher concentrations than ketoprofen 
and carprofen. The concentrations of diclofenac were 1800–3500 ng/l in 

the influent (n = 4), and the data indicated that no removal had taken 
place. Incomplete removal of diclofenac has been reported in many 
studies (Sipma et al., 2010), although high removal rates have also been 
observed (Behera et al., 2011; Oliveira et al., 2015). Naproxen varied 
between 3800 ng/l and 7900 ng/l (n = 4) in the influent samples and 
significantly lower concentrations were recorded in the effluent samples 
(MBR: 72–2100 ng/l (n = 6), CAS: 95–850 ng/l (n = 6), June <1.1 ng/l 
in both effluents). High removal efficiency is consistent with previous 
studies (Oliveira et al., 2015; Radjenovic et al., 2007). The average 
concentration of naproxen was clearly smaller in the CAS effluents than 
in the MBR effluents. Ketoprofen was accurately quantified in samples 
collected between January and August and was not removed efficiently 
(influent: 220–730 ng/l, MBR: 110–550 ng/l, CAS: 120–520 ng/l). In 
contrast to this study, high removal rates have been reported for keto-
profen (avg. 94.2%) in WWTPs (Behera et al., 2011). Radjenovic et al. 
(2007) have shown higher removal levels of ketoprofen by lab-scale 
MBR compared to full-scale CAS, as well as for diclofenac, which con-
tradicts the findings of the current study. Carprofen varied between 21 
ng/l and 130 mg/l in the influent samples (n = 4; <2.0 ng/l in April and 
June). In the effluent samples, carprofen was typically below the LOQ. 

The anti-inflammatory drug mesalazine, or 5-aminosalicylic acid, 
was accurately quantified only in a few samples. The concentration of 
mesalazine varied between 1100 ng/l and 3300 ng/l in the influent 
samples (n = 4), while high variations were observed in the effluent 
samples (MBR: 28–460 ng/l (n = 3), CAS: 72–6900 ng/l (n = 2)). 

3.6.5. Lipid-lowering drugs 
Statins reduce the level of cholesterol in the blood by inhibiting 

cholesterol biosynthesis. The statin drug simvastatin was below the LOQ 
in January but otherwise was frequently detected (influent: 610–1600 
ng/l (n = 5), MBR: 6.0–33 ng/l (n = 6), CAS: 9.3–43 ng/l (n = 5)) and 
was clearly at a lower level in the effluent samples. The high removal 
rate agrees with a previous study (Ottmar et al., 2012). Another statin 
drug, atorvastatin, was accurately quantified in January in high con-
centrations (influent: 37000 ng/l, MBR: 21000 ng/l, CAS: 16000 ng/l) 
and in February (MBR: 28000 ng/l). The results suggest only partial 
removal of atorvastatin in the processes and the detected concentrations 
were clearly higher than previously reported (Oliveira et al., 2015; 
Ottmar et al., 2012). 

Fibrates lower blood triglyceride levels and may also slightly in-
crease HDL (“good”) cholesterol levels. Two fibrates (antilipemic 
agents), namely bezafibrate and gemfibrozil, were analysed from the 
samples. Bezafibrate was frequently detected (influent: 3.4–130 ng/l (n 
= 4)). Although a lower average concentration was found for the MBR 
and CAS effluents than for the influent, some samples also showed a 
lower concentration for the influent. These results are in disagreement 
with a previous study, in which significantly higher removal rates of 
bezafibrate were obtained with lab-scale MBR in comparison with full- 
scale CAS (Radjenovic et al., 2007). Gemfibrozil was accurately quan-
tified only in the influent taken in January (860 ng/l), while the effluent 
samples showed values below the LOQ at that sampling time (<100 
ng/l). 

3.6.6. Psychoactive drugs 
Psychoactive drugs, benzodiazepines, are often used to treat anxiety 

and insomnia. The benzodiazepines oxazepam and temazepam were 
frequently detected. High concentrations of oxazepam were detected in 
all of the samples collected between January and August (2200–6700 
ng/l), indicating poor removal. Interestingly, much lower concentra-
tions were detected in all samples between October and November 
(68–160 ng/l). A similar trend of poor removal and seasonal variation 
was also observed for temazepam. Poor removal has also been reported 
earlier for oxazepam (Subedi and Kannan, 2015; Wick et al., 2009) and 
for temazepam (Oliveira et al., 2015). 
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3.6.7. Antipsychotic drugs 
Antipsychotic drugs are used to treat psychotic disorders. Among the 

analysed antipsychotics, olanzapine and risperidone were rarely detec-
ted, whereas quetiapine was detected more often. Quetiapine varied 
between 150 ng/l and 790 ng/l (n = 3) in the influent samples and was 
clearly at a lower level in the effluent samples (MBR: 6.2–130 ng/l (n =
5), CAS: 8.7–64 ng/l (n = 2)). This is consistent with a previous study in 
which a high removal rate for quetiapine (88%) was observed during 
wastewater treatment in the USA (Subedi and Kannan, 2015). Olanza-
pine was accurately quantified in only one influent sample (Jan. 85 ng/l) 
and two MBR and CAS samples (Jan. and Aug. 8.8–19 ng/l). Risperidone 
was accurately quantified in only one MBR sample (Feb. 2.5 ng/l). 
Olanzapine and risperidone concentrations were much lower than those 
reported for hospital wastewater effluent in Brazil (310–520 ng/l olan-
zapine and 920–950 ng/l risperidone) (Reichert et al., 2019). 

3.6.8. Antidepressants 
Antidepressants are used to treat depression and the compounds 

analysed in this study were venlafaxine, sertraline and citalopram. 
Venlafaxine was frequently detected in all samples (540–1400 ng/l) and 
was poorly removed. The concentrations of venlafaxine in the influent 
samples were higher (Oliveira et al., 2015; Rúa-Gómez et al., 2012; 
Subedi and Kannan, 2015) or at a similar level (Metcalfe et al., 2010) to 
those reported in other studies. Poor or zero removal of venlafaxine has 
also been reported by Oliveira et al. (2015) (three plants out of four) and 
Subedi and Kannan (2015), whereas higher removal rates have been 
reported (37–56%) in four different German WWTPs (Rúa-Gómez et al., 
2012)). Metcalfe et al. (2010) have also reported that the demethylated 
metabolite of venlafaxine, O-desmethyl venlafaxine, had a high con-
centration in untreated wastewater. Sertraline was accurately quantified 
in two influent samples (Jan. 55 ng/l, Apr. 320 ng/l), and the higher 
detected concentration was clearly higher than earlier reported (Met-
calfe et al., 2010; Oliveira et al., 2015; Subedi and Kannan, 2015). In the 
MBR effluents, the concentration of sertraline was 12–60 ng/l (n = 5), 
while the CAS effluents showed variation between 17 ng/l and 57 ng/l 
(n = 4) and one significantly higher value of 730 ng/l in February. 
Except for this high value, effluent sertraline concentrations were 
consistent with previous studies (Oliveira et al., 2015; Subedi and 
Kannan, 2015). Citalopram varied between 170 ng/l and 800 ng/l in the 
influent samples (n = 5), which was somewhat higher than reported 
previously (Metcalfe et al., 2010; Subedi and Kannan, 2015). The CAS 
effluents showed similar citalopram concentrations to the influent 
samples (200–560 ng/l (n = 5)), while slightly lower concentrations 
were recorded in the MBR effluents (98–330 ng/l (n = 4), Nov <73 
ng/l). Poor removal of citalopram has also been found earlier (Subedi 
and Kannan, 2015). 

3.6.9. Antihypertensives 
Angiotensin II receptor blockers (ARBs), angiotensin-converting 

enzyme (ACE) inhibitors, calcium-channel blockers (CCBs) and di-
uretics are used to treat high blood pressure. Among the analysed ARBs, 
valsartan, telmisartan, losartan and eprosartan were detected in high 
concentrations, while candesartan was not detected in any of the sam-
ples and irbesartan was detected in only a few effluent samples in low 
concentrations. This study showed a large variation in concentration for 
valsartan, which has rarely been analysed from wastewater samples. 
Valsartan varied between 1600 ng/l and 5300 ng/l in the influent 
samples (n = 6); the MBR effluent had an extremely high concentration 
in January (10000 ng/l), whereas it was <18 ng/l in November, and 
between 380 ng/l and 3700 ng/l in other samples (n = 4). In the CAS 
effluents, valsartan concentrations varied between 260 ng/l and 9700 
ng/l (n = 5). These results significantly differ from the high removal 
rates reported by Oliveira et al. (2015). Telmisartan was found to vary 
between 1900 ng/l and 6300 ng/l (n = 4); and losartan between 1600 
ng/l and 2900 ng/l (n = 3, Jan. <510 ng/l) in the influent samples. 
Telmisartan concentrations were at a lower level in the effluents, while 

losartan concentrations were not always. Eprosartan varied between 
530 ng/l and 1500 ng/l in all samples when accurately quantified and 
the data indicated that no removal had taken place. Significant removal 
rates (>49%) have been reported for telmisartan, irbesartan, losartan 
and eprosartan, although the effluents still contained high concentra-
tions (>100 ng/l) (UNESCO and HELCOM, 2017). 

The ACE inhibitor, ramipril, was frequently detected and there was 
no clear removal trend observed. Concentrations varied between 6.9 ng/ 
l and 39 ng/l in the influent samples (n = 4), 2.0–73 ng/l in the MBR 
effluents (n = 4) and 15–80 ng/l in the CAS effluents (n = 6), which 
substantiates previous findings for Canadian WWTP effluents (Ghosh-
dastidar et al., 2015). Another ACE inhibitor, enalapril, varied between 
42 ng/l and 120 ng/l in the influent samples (n = 4), while the effluent 
samples had typically lower concentrations or were below the LOQ, 
except in January (MBR: 360 ng/l, CAS: 410 ng/l). Celiz et al. (2009) 
have reported higher removal of enalapril with pilot-scale MBR 
compared to a full-scale CAS process. Good removal rates for enalapril 
have been reported in previous studies (UNESCO and HELCOM, 2017; 
Jelic et al., 2011). 

Amlodipine (a calcium channel blocker), which has rarely been 
analysed from wastewater samples, was accurately detected in only one 
influent sample (Aug. 220 ng/l) and in a few effluent samples during 
April to August (MBR: 11–26 ng/l, CAS: 30–74 ng/l). For comparison, 
the measured concentration in a Swedish WWTP effluent was 89 ng/l 
(Baresel et al., 2019). Diuretic hydrochlorothiazide was only detected in 
the effluent samples taken in January (MBR: 2100 ng/l, CAS: 2600 ng/l). 
Radjenovic et al. (2007) have reported slightly better removal for hy-
drochlorothiazide with full-scale CAS treatment (76.3%) than lab-scale 
MBR (66.3%), while the removal rates varied significantly in the study 
by Oliveira et al. (2015). 

3.6.10. Beta blockers 
Beta blockers are used for heart problems and also to treat high blood 

pressure. Among the analysed beta blockers, bisoprolol and metoprolol 
were frequently detected. Metoprolol varied between 490 ng/l and 990 
ng/l in all of the samples and was poorly removed. Bisoprolol was often 
at a lower level in the MBR samples than in the CAS samples and in the 
influent samples, with the exception of January. Iancu et al. (2019) have 
shown that approximately 50% of bisoprolol was removed in three 
different WWTPs in Romania, while Wick et al. (2009) have reported 
low removal for bisoprolol and metoprolol in a conventional German 
WWTP. Atenolol showed less quantifiable results. The atenolol con-
centration varied in the influent samples between 82 ng/l and 280 ng/l 
(n = 4) and was poorly removed in the processes at least in February and 
April. In contrast, significant removal of atenolol has been reported 
previously (Subedi and Kannan, 2015; Wick et al., 2009), although the 
atenolol concentrations in the influents were at a much higher level. 
Sotalol was accurately quantified only in samples collected between 
January and April (influent: 2.0–62 ng/l, MBR: 34–88 ng/l, CAS: 
36–110 ng/l) and the data indicated poor removal. However, the con-
centrations of sotalol were at a much lower level than reported in pre-
vious studies (Oliveira et al., 2015; Wick et al., 2009). Nebivolol was 
always either below the LOQ or not accurately quantified. Salma et al. 
(2017) have reported an average nebivolol concentration of 13 ng/l in 
WWTP effluent samples in Germany. 

3.6.11. Antiparasitic drugs 
Fenbendazole (anthelmintic) was detected in only two influent 

samples (Feb. 12 ng/l, Apr. 24 ng/l) and in the effluents sampled in April 
(MBR: 1.0 ng/l, CAS: 2.5 ng/l). Higher concentrations of fenbendazole 
have been found in sewage treatment plants in livestock WWTPs in 
South Korea (Sim et al., 2013). Ivermectin (anthelmintic) was detected 
in only one influent sample (Aug. 1800 ng/l) and in a few effluent 
samples (MBR: June 770 ng/l, Aug. 550 ng/l; CAS: June 610 ng/l, Aug. 
510 ng/l). Toltrazuril (an anticoccidial agent) was detected only in a few 
samples in low concentrations (influent: Apr. 28 ng/l; MBR: Oct. 52 
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ng/l; CAS: Oct. 18 ng/l, Nov. 59 ng/l). Emamectin, which is used for 
example in fish farms and as an insecticide, was not detected in any of 
the samples. 

3.6.12. Others 
Anticoagulants and antiplatelet drugs prevent the formation of blood 

clots. The anticoagulant warfarin was accurately quantified in samples 
collected between January and August (Oct.–Nov. NA) with concen-
trations ranging from 8.7 ng/l to 25 ng/l in the influent samples (Feb. 
and Aug. <LOQ), 4.0–20 ng/l in the MBR effluents and 7.9–19 ng/l in 
the CAS effluents, values that fall within the ranges previously reported 
(Oliveira et al., 2015). Dipyridamole (antiplatelet agent) was frequently 
detected in the influent samples (820–1700 ng/l (n = 6)), and both 
effluent samples clearly showed lower concentrations in the samples 
collected between February and November (MBR: <1.3–210 ng/l, CAS: 
<1.3–160 ng/l) but not in January (MBR: 1100 ng/l, CAS: 860 ng/l). 
High concentrations and over 90% removal rates have been reported for 
dipyridamole (UNESCO and HELCOM, 2017). 

Allopurinol is used to treat and prevent gout attacks, which is caused 
by the formation of urate crystals in joints. Allopurinol was accurately 
quantified only in a few samples. High concentration was detected in the 
influent in January (99000 ng/l, effluents: <130 ng/l) and in the MBR 
effluent in October (4200 ng/l). Although this study provided valuable 
data on allupurinol levels in a WWTP, more research is needed to gain a 
better picture of concentration levels and elimination rates. Anti- 
diabetic drugs are used for the treatment of diabetes, and the analysed 
anti-diabetic drug metformin was detected in high concentrations in 
January in all of the samples (influent: 250000 ng/l, MBR: 130000 ng/l, 
CAS: 62000 ng/l). In other samples the concentration of metformin was 
either not accurately quantified or varied between 580 ng/l and 5700 
ng/l. High concentrations of metformin in both influent and effluent 
samples have been reported previously (UNESCO and HELCOM, 2017; 
Oliveira et al., 2015). Caffeine (a stimulant) was found in high con-
centrations in the influent samples (Apr. 22000 ng/l, Nov. 44000 ng/l) 
and small concentrations in the effluent samples (≤220 ng/l) when 
accurately quantified. High removal rates for caffeine have been re-
ported earlier (Behera et al., 2011; Sim et al., 2010). 

3.7. Implications of the study 

Operating and environmental conditions greatly affect the bacterial 
community structure of the biological process, which in turn affects the 
removal of compounds in the process. The higher temperatures during 
the summer enhanced nitrogen removal and shifted the community 
structure of the effluents. Among the dominant genera in both effluents 
sampled during August to November, Neisseria, Propionibacterium and 
Paracoccus are known to contain denitrifying species, and thus poten-
tially contributed to nitrogen removal. In contrast, during Jan.–June 
their abundance was very low and the bacterial community structures 
differed more between the MBR and CAS effluents, suggesting that the 
bacterial communities might have been affected more by operational 
parameters. 

Higher temperatures have also been reported to increase the removal 
rate of some pharmaceuticals. Al Qarni et al. (2016) suggested that 
elevated temperatures and high levels of sunlight were the main factors 
for the enhanced removal rates of many recalcitrant compounds (e.g. 
carbamazepine and antibiotics) in hospital WWTPs in Saudi Arabia. 
Cormier et al. (2015) showed that a much longer time was needed to 
degrade E2 and norethisterone in wastewater at 4 ◦C than at 21.5 ◦C. 
Biodegradation of recalcitrant compounds can also be enhanced with a 
long SRT, which may have a positive effect on the growth of 
slow-growing bacteria (Sipma et al., 2010) and the amount of ammonia- 
and nitrite-oxidizing bacteria (Xia et al., 2012). For example, Kimura 
et al. (2007) reported significantly higher removal rates for ketoprofen 
and diclofenac when the MBR was operated with a long SRT (65 days) 
compared to an MBR with a shorter SRT (15 days). In this study, the 

higher temperature in the summer and the longer SRT in the MBR and 
CAS processes did not appear to enhance the removal of many phar-
maceuticals. However, dipyridamole and ketoprofen were at a lower 
level in both effluent samples with a long SRT. In addition, levetiracetam 
was at a low level in the MBR effluents with a long SRT, but this trend 
was not observed in the CAS effluents. 

Large variations in the concentrations of some pharmaceuticals were 
evident, indicating the importance of long-term monitoring. Seasonal 
variation was also observed in the concentrations of a few compounds. 
Norethisterone and fexofenadine were at a higher level in the samples 
taken in the summer months (June–Aug.), whereas oxazepam and 
temazepam were at a higher level during January to August. To some 
extent the comparison of MBR and CAS was hampered by the variation 
in concentrations and the lack of quantifiable results in many cases. 
However, estrone was always at a lower level in the MBR effluent 
compared to the CAS effluent. Levetiracetam and bisoprolol seemed to 
be at a lower level more often in the MBR effluents, while naproxen 
concentrations were more often at a lower level in the CAS effluents. 
Nevertheless, it is clear that subsequent treatment would be needed after 
both processes for more efficient removal of many micropollutants such 
as carbamazepine, clarithromycin, trimethoprim, fluconazole, fex-
ofenadine, cetirizine, oxycodone, tramadol, codeine, diclofenac, keto-
profen, atorvastatin, bezafibrate, oxazepam, temazepam, citalopram, 
venlafaxine, eprosartan, valsartan, ramipril, atenolol, bisoprolol, meto-
prolol, sotalol and metformin. The effects of released drugs and hor-
mones on humans, animals and nature are complex processes that 
require more thorough research and an interdisciplinary approach (Gao, 
2021). In particular, the spread of antimicrobial resistance is a major 
concern and requires urgent WWTP upgrades. 

4. Conclusion 

This study has provided evidence of high variation in bacterial 
community structures and concentrations of some hormones and phar-
maceuticals over a one-year period. Variation in nitrogen removal effi-
ciency due to temperature variation was the main reason for changes in 
diversity and bacterial compositions. Full-scale comparison of MBR and 
CAS processes with the same influent wastewater showed the superiority 
of MBR in terms of basic parameters (SS, COD, BOD, bacteria) and 
estrone concentrations, whereas CAS removed total nitrogen, nitrate 
and total phosphorus more efficiently. Interestingly, the data did not 
clearly indicate any pharmaceutical substances which were significantly 
at a lower level in either effluent at all times. Nevertheless, the study 
highlights the importance of long-term sampling campaigns for effective 
detection of variations in effluent quality. 
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Vymazal, J., Březinová, T., Koželuh, M., 2015. Occurrence and removal of estrogens, 
progesterone and testosterone in three constructed wetlands treating municipal 
sewage in the Czech Republic. Sci. Total Environ. 536, 625–631. https://doi.org/ 
10.1016/j.scitotenv.2015.07.077. 

Watanabe, K., Komatsu, N., Ishii, Y., Negishi, M., 2009. Effective isolation of 
bacterioplankton genus Polynucleobacter from freshwater environments grown on 
photochemically degraded dissolved organic matter. FEMS Microbiol. Ecol. 67, 
57–68. https://doi.org/10.1111/j.1574-6941.2008.00606.x. 

Wick, A., Fink, G., Joss, A., Siegrist, H., Ternes, T.A., 2009. Fate of beta blockers and 
psycho-active drugs in conventional wastewater treatment. Water Res. 43, 
1060–1074. https://doi.org/10.1016/j.watres.2008.11.031. 

Wijekoon, K.C., Hai, F.I., Kang, J., Price, W.E., Guo, W., Ngo, H.H., Nghiem, L.D., 2013. 
Bioresource Technology the fate of pharmaceuticals , steroid hormones , 
phytoestrogens , UV-filters and pesticides during MBR treatment. Bioresour. 
Technol. 144, 247–254. https://doi.org/10.1016/j.biortech.2013.06.097. 

Wilhelm, R.C., Singh, R., Eltis, L.D., Mohn, W.W., 2019. Bacterial contributions to 
delignification and lignocellulose degradation in forest soils with metagenomic and 
quantitative stable isotope probing. ISME J. 13, 413–429. https://doi.org/10.1038/ 
s41396-018-0279-6. 

Xia, S., Jia, R., Feng, F., Xie, K., Li, H., Jing, D., Xu, X., 2012. Effect of solids retention 
time on antibiotics removal performance and microbial communities in an A/O-MBR 
process. Bioresour. Technol. 106, 36–43. https://doi.org/10.1016/j. 
biortech.2011.11.112. 

Yang, Y., Wang, L., Xiang, F., Zhao, L., Qiao, Z., 2020. Activated sludge microbial 
community and treatment performance of wastewater treatment plants in industrial 
and municipal zones. Int. J. Environ. Res. Publ. Health 17. https://doi.org/10.3390/ 
ijerph17020436. 

Yu, C., 2016. 17 β -estradiol-degrading bacteria isolated from activated sludge isolated 
from. Activated Sludge 41, 486–492. 

Yu, Y., Huang, Q., Wang, Z., Zhang, K., Tang, C., Cui, J., Feng, J., Peng, X., 2011. 
Occurrence and behavior of pharmaceuticals, steroid hormones, and endocrine- 
disrupting personal care products in wastewater and the recipient river water of the 
Pearl River Delta, South China. J. Environ. Monit. 13, 871–878. https://doi.org/ 
10.1039/c0em00602e. 

Zhang, B., Xu, X., Zhu, L., 2017. Structure and function of the microbial consortia of 
activated sludge in typical municipal wastewater treatment plants in winter. Sci. 
Rep. 7, 1–11. https://doi.org/10.1038/s41598-017-17743-x. 

Zhang, B., Yu, Q., Yan, G., Zhu, H., Xu, X.Y., Zhu, L., 2018. Seasonal bacterial community 
succession in four typical wastewater treatment plants: correlations between core 
microbes and process performance. Sci. Rep. 8, 1–11. https://doi.org/10.1038/ 
s41598-018-22683-1. 

Zhao, Y., Lu, W., Liu, Y., Wang, J., Zhou, S., Mao, Y., Li, G., Deng, Y., 2019. Efficient total 
nitrogen removal from wastewater by Paracoccus denitrificans DYTN-1. Lett. Appl. 
Microbiol. 70, 263–273. https://doi.org/10.1111/lam.13268. 

Zuehlke, S., Duennbier, U., Lesjean, B., Gnirss, R., Buisson, H., 2006. Long-term 
comparison of trace organics removal performances between conventional and 
membrane activated sludge processes. Water Environ. Res. 78, 2480–2486. https:// 
doi.org/10.2175/106143006x111826. 
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