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Abstract: Anthropogenic substances are a major concern due to their potential harmful effects
towards aquatic ecosystems. Because wastewater treatment plants (WWTPs) are not designed to
remove these substances from wastewater, a part of the anthropogenic substances enter nature
via WWTP discharges. During the spring 2019, the occurrence of anthropogenic substances in
the municipal wastewater effluent in Kuopio, Finland, was analysed. Furthermore, the capacity
of selected disinfection methods to reduce these substances from wastewater was tested. The
disinfection methods were ozonation (760 mL min−1 ) with an OxTube hermetic dissolution method
(1), the combined usage of peracetic acid (PAA) (<5 mg L−1 ) and ultraviolet (UV) disinfection
(12 mJ/cm2 ) (2), and the combined usage of hydrogen peroxide (H2 O2 ) (<10 mg L−1 ) and UV
disinfection (12 mJ/cm2 ) (3). The substances found at the concentrations over 1 µg L−1 in effluent
(N = 3) were cetirizine (5.2 ± 1.3 µg L−1 ), benzotriazole (BZT) (2.1 ± 0.98 µg L−1 ), hydrochlorothiazide
(1.7 ± 0.2 µg L−1 ), furosemide (1.6 ± 0.2 µg L−1 ), lamotrigine (1.5 ± 0.06 µg L−1 ), diclofenac (DCF)
(1.4 ± 0.2 µg L−1 ), venlafaxine (1.0 ± 0.13 µg L−1 ) and losartan (0.9 ± 0.2 µg L−1 ). The reduction
(%) with different methods (1, 2, 3) were: cetirizine (99.9, 5.0, NR = no removal), benzotriazole (67.9,
NR, NR), hydrochlorothiazide (91.1, 5.9, NR), furosemide (99.7, 5.9, NR), lamotrigine (46.4, NR, 6.7),
diclofenac (99.7, 7.1, 16.7), venlafaxine (91.3, NR, 1.1), losartan (99.6, 13.8, NR). Further research
concerning the tested disinfection methods is needed in order to fully elucidate their potential for
removing anthropogenic substances from purified wastewater.
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1. Introduction
Emerging anthropogenic pollutants are a permanent global challenge to freshwater
quality and safety [1–3]. A major group of emerging pollutants in the aquatic environmental
consists of pharmaceuticals [4]. After being used for human or animal medication [5],
pharmaceuticals are mainly excreted in urine and faeces as such or as metabolites [6].
Subsequently, they are distributed in the environment via wastewater treatment plants
(WWTPs) [7] where they pass through various treatment processes and, therefore, are easily
transferred to the receiving waters. In Finland, the legislation does not require the removal
of anthropogenic substances from wastewater before discharge into the environment and
most of the treated wastewaters are discharged to the receiving waters without disinfection.
The Water Framework Directive (WFD) [8] aimed to improve the status of all European

4.0/).

Water 2021, 13, 360. https://doi.org/10.3390/w13030360

https://www.mdpi.com/journal/water

Water 2021, 13, 360

2 of 11

Union (EU) inland waters, coastal waters, and groundwater by 2015. The deadline has
been extended until 2027 at the latest under the WFD derogation rules.
In the future, the use of pharmaceuticals is likely to increase due to the ageing population. Unless efforts are made to reduce emissions, more pharmaceutical residues will
end up in the environment. To compare the effectiveness of different wastewater treatment
methods, more research data on the existence and harmfulness of these substances in the
environment is needed. EU Member States are required to monitor the concentrations of
45 substances or groups of substances in the aquatic environment [9]. These substances are
listed in the directive 2013/39/EU (amending Directives 2000/60/EC and 2008/105/EC as
regards priority substances in the field of water policy). Moreover, some of the substances
are listed as priority hazardous substances. Furthermore environmental quality standards
(EQS) are included in the directive for these 45 substances or groups of substances that EU
Member States are required to monitor. The concentrations of the substances in water or
biota must not exceed the EQS set for them. With the aim of achieving good surface water
chemical status, the revised EQS for existing priority substances should be met by the end
of 2021 and the EQS for newly identified priority substances by the end of 2027.
At the WWTPs pharmaceuticals may transform, retain in sewage sludge, or end up
in receiving water. In a recent risk assessment study concerning Finnish surface waters,
the calculated environmental risk was assessed by a so called risk component; or risk
quotient (RQ). A risk quotient > 1 was found for 29 of the evaluated substances, suggesting
that these substances potentially pose a risk in Finnish surface waters. Four substances:
diclofenac (DCF) (0.022 µg L−1 ), azithromycin (0.0015 µg L−1 ), ciprofloxacin (0.034 µg L−1 ),
and 17α- ethinylestradiol (0.00018 µg L−1 ) concentrations measured in Finnish surface
waters exceeded concentrations assessed as harmful [10].
As the pharmaceuticals and other anthropogenic substances are not properly removed
in current WWTP processes, alternative, tentatively more efficient removal options such
as novel disinfection methods to remove these substances from wastewater have been
studied. For example in Mexico, Mejía-Morales et al. studied a post treatment with advanced oxidation process (AOP) based on an ultraviolet (UV)/H2 O2 /O3 system in hospital
wastewaters [11]. In addition, various other methods have been tested to remove inorganic
and organic impurities from water such as porous ceramic disk filter (PVDF) ultrafiltration
membrane [12] and porous ceramic disk filter coated with Fe/TiO2 nano-composites [13].
Here we studied the efficiency of three disinfection methods, i.e., ozonation (760 mL min−1 )
with OxTube mixing; a combination of peracetic acid (PAA) (<5 mg L−1 ) and UV disinfection (12 mJ/cm2 ), and a combination of hydrogen peroxide (<10 mg L−1 ) and UV
disinfection (12 mJ/cm2 ) in order to reduce the amount of anthropogenic substances in
treated wastewater. This study was one part of a project in which we studied the removal of
certain microbes and chemicals in different water matrices with different disinfection methods.
2. Materials and Methods
Treated wastewater samples (N = 3) were collected from the municipal WWTP of
the city of Kuopio (Lehtoniemi WWTP) in the spring of 2019. The wastewater that was
used in the tests was from the channel where purified wastewater is discharged into the
surface water. The population of the service area of the Lehtoniemi WWTP is 90,697; and
the total population of the city of Kuopio is 118,000. The disinfection methods tested
herein were an ozone purification process with the OxTube hermetic dissolution method, a
combination of the usage of PAA (<5 mg L−1 ) and UV disinfection (12 mJ/cm2 ) processes,
and a combination of hydrogen peroxide (<10 mg L−1 ) and UV disinfection (12 mJ/cm2 )
processes. A wide set of chemical substances were analysed (N = 121). Wastewater samples
were taken before and after each disinfection treatment. All wastewater samples were
frozen and stored at −20 ◦ C and subsequently sent to a commercial laboratory (Eurofins
Environment Testing Finland Oy, Lahti) for analysis. Analysed substances are listed in the
Table S1. The substances were analysed with the U.S. Environmental Protection Agency
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3. Results and Discussion
3. Results and Discussion
The anthropogenic substances with detected concentrations over 1 µg L−1 in the
wastewater are shown in Table 1, as well as the removal efficiencies for the chemicals
with the tested disinfection methods. The measurement uncertainty is between 45–51% in
the analyses presented here. Each of the substances is discussed later in this manuscript.
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Anthropogenic substances detected concentrations below concentrations of 1 µg L−1 in the
wastewater are presented in the Supplemental Materials (Table S1).
Table 1. Anthropogenic substances with detected concentrations over 1 µg L−1 in wastewater effluent and their removal
efficiencies with the depicted methods.
Anthropogenic
Substance
(Intended Use)

Ozone and Ox Tube Device
(N = 1)

Peracetic Acid (PAA) and
Ultraviolet (UV)
Disinfection
(N = 1)

H2 O2 and UV Disinfection
(N = 1)

EQS

Initial Concentration
(µg L−1 )

Reduction
(%)

Initial Concentration
(µg L−1 )

Reduction
(%)

Initial Concentration
(µg L−1 )

Reduction
(%)

Cetirizine
(antihistamine)

5.8

99.9

6.0

5.0

3.7

−

NR

Benzotriazole
(chemical,
anticorrosive)

2.8

67.9

2.5

−

0.98

−

NR

Hydrochlorothiazide
(diuretic)

1.8

91.1

1.7

5.9

1.5

−

NR

Furosemide (diuretic)

1.8

99.7

1.7

5.9

1.4

−

NR

Lamotrigine
(antiepileptic/
antidepressant)

1.4

46.4

1.5

−

1.5

6.7

NR

Diclofenac (DCF)
(anti-inflammatory
medicine)

1.5

99.7

1.4

7.1

1.2

16.7

NR

Venlafaxine
(antidepressant)

1.1

91.3

1.1

−

0.87

1.1

NR

Losartan (used to treat
high blood pressure)

1.2

99.6

0.8

13.8

0.84

−

NR

− = no removal detected; NR = not regulated in Directive 2013/39/EU.

3.1. Cetirizine
Cetirizine is an ingredient that is used in the treatment of symptoms of seasonal allergic
rhinitis [15], perennial allergic rhinitis, and chronic idiopathic urticarial in adults [16].
Unfortunately, cetirizine has been shown to induce adverse biochemical effects in the
mussel Mytilus galloprovincialis and is thus problematic from the ecotoxicological point of
view [17]. In our study, the concentration of cetirizine detected in the Kuopio wastewater
effluent (5.2 ± 1.3 µg L−1 ) clearly exceeds the concentrations reported earlier in Finland.
The appearance and level of cetirizine in municipal wastewaters has previously been
studied in the city of Turku in 2007 [7]. In that study cetirizine was found to be the
dominating antihistamine in nearly all samples. The sampling included 12 influent and
12 effluent samples, and it was conducted between March and September. The highest
detected concentration of cetirizine in that study was 0.22 µg L−1 (influent) and elimination
rate of cetirizine in the sewage treatment process was 16% [7]. Concentrations ranging from
0.1 µg L−1 to 0.7 µg L−1 have been detected in the influent of WWTPs in Berlin. Cetirizine
levels were significantly increased between the hay season [18]. The concentration of
this chemical is only slightly degraded during the wastewater treatment process [7]. For
instance cetirizine removal from wastewater has been tested with granular activated carbon
(GAC). Only 30.4% of cetirizine was removed even when the contact time was 15 min
with a GAC column [19]. The purification process with ozone and the OxTube hermetic
dissolution method removed 99.9% of the cetirizine. The method consisting of PAA with
UV disinfection was clearly less efficient, as it removed only 5%. The third method (with a
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combination of H2 02 and UV) did not remove any of the cetirizine. The result obtained
indicates that wastewater effluent disinfection with ozone is a very efficient method to
remove cetirizine.
3.2. Benzotriazoles (BZTs)
Benzotriazoles (BZTs) are heterocyclic aromatic compounds that are widely used in industrial applications due to their excellent properties as corrosion inhibitors [20], antifreeze
agents, and UV radiation stabilizers [21]. Another cause for the occurrence of BZTs in
municipal wastewaters is their use in dishwasher products; tablets and powders [22]. BZTs
are highly water soluble and highly polar compounds. In addition, they are moderately
resistant against biological and photochemical degradation processes in the aquatic environment [23]. Moreover, BZTs have been identified in river water, groundwater, drinking
water, wastewater as well as in soil, and in human samples. This is due to the low volatility
of these compounds, their strong resistance to oxidation, and limited degradation under
environmental conditions [24]. In our tests, the ozone purification process with the OxTube
hermetic dissolution method removed 67.9% of the found BZT. PAA or H2 02 together with
UV disinfection did not achieve removal efficiency. Loos et al. (2013) found that median
concentrations of BZTs in an EU-wide wastewater treatment plant study were 2.7 µg L−1
for 1H-benzotriazole, and 2.1 µg/L for methylbenzotriazole (mixture of 4- and 5-isomers,
also called tolyltriazoles), with maximum values up to 221 µg L−1 and 24.3 µg L−1 , respectively. In our study concentrations of 2.1 ± 0.98 µg L−1 of BZT in wastewater were detected
(BZTs were not specified), which were median concentrations compared to concentrations
measured in the EU [25]. Our study addresses the fact that when using ozone disinfecting
for wastewater effluent, significant removal of BZT can be achieved.
3.3. Hydrocholorothiazide
Hydrochlorothiazide is a diuretic and an antihypertensive drug that is widely used by
itself or in combination with other drugs for the treatment of edema and hypertension, as
well as for other disorders such as diabetes insipidus, hypoparathyroidism, or hypercalciuria [26,27]. In Finland, hydrochlorothiazide concentrations of 1.8–6.7 µg L−1 have been
reported in effluent wastewaters [28], which were on average higher than concentrations
found in this study (1.7 ± 0.2 µg L−1 ). This compound has been frequently detected in
the influents and effluents of WWTPs in Europe. In the Netherlands [29] concentrations of
1.27 ± 0.26 µg L−1 (effluent) of hydrochlorothiazide were detected in municipal wastewater
samples. In Spain, detected concentrations ranged between 2.5 µg L−1 and 14 µg L−1 in
raw wastewater [30].
The removal of hydrochlorothiazide from wastewater has been studied using biological membranes in the laboratory and reduction percentages between 56% and 85% have
been achieved. Slightly better removal has been achieved by conventional wastewater
treatment [31]. In the present study, a removal rate of 91.1% was achieved with ozone
purification using an OxTube hermetic dissolution method. With PAA and UV disinfection
treatment, the removal was only 5.9%. The combination of H2 02 and UV did not remove
hydrochlorothiazide at all. Therefore, ozone disinfection was a superior method in terms
of hydrochlorothiazide removal.
3.4. Furosemide
Furosemide, a diuretic that has been widely used since the 1960s, is poorly metabolized
by humans [32]. In 2016, it was the most used diuretic in Finland [33]. The average
concentration of furosemide detected in the Kuopio wastewater effluent (1.6 ± 0.2 µg L−1 ) is
slightly higher than concentrations detected before in Finland. A furosemide concentration
of 1.4 µg L−1 in wastewater effluent has previously been reported in another Finnish WWTP,
at the Turku Kakolanmäki WWTP (Turku, Finland) [28]. It has previously been detected at
concentrations of 0.615 and 0.2 µg L−1 in the Viskan river at Jössabron Borås, in Sweden [34].
In Norwegian surface water sample concentrations of up to 0.05 µg L−1 and up to 1.9 µg L−1
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in treated wastewater [35] were detected. Deblonde et al. [1] presented in their review
furosemide concentrations of 0.413 µg L−1 and 0.166 µg L−1 in wastewater influent and
effluent, respectively. Among human pharmaceuticals divided into six categories (IA, IB,
IIA, IIB, III, IV), furosemide belongs to the highest risk group (IA) as it has been shown
to pose a risk to the aquatic environment already at concentrations of potential exposure
(PEC) > 0.1 µg L−1 [36]. In the study by Jelic et al. (2011) removal rates for furosemide
were found between WWTPs to be 30%, 60% and 80% [37]. In our experiment, 99.7% of
furosemide was removed with ozone purification with the OxTube hermetic dissolution
method and 5.9% using PAA and UV disinfection. With the treatment of H2 O2 and UV
disinfection, no reduction was detected. Thus furosemide was successfully removed from
the wastewater effluent with using ozone as the disinfection method.
3.5. Lamotrigine
Lamotrigine is an anticonvulsant medication used to treat epilepsy and bipolar disorder. Lamotrigine has recently been recognized as a persistent pharmaceutical in the water
environment and in wastewater effluent. Bollman et al. [38], found N2-glucuronide conjugates of lamotrigine cleaved to form lamotrigine and that the concentration of lamotrigine
increased from 1.1 to 1.6 µg L−1 in WWTPs. In this study, the lamotrigine concentration
in wastewater was within the range of 1.5 ± 0.06 µg L−1 . In a previous study [39], it was
found to be present in 94% of the studied wastewater samples, with a mean concentration
of 0.488 µg L−1 . The same study found lamotrigine in two drinking water samples. As
lamotrigine has also been detected in groundwater, it has been suggested that lamotrigine
could be used as an indicator for the presence of treated wastewater in raw water used
for drinking water production [38]. Lamotrigine is very persistent chemically and physically and can resist UV photolysis and ozone, but it reacts rapidly with hydroxyl radicals.
Therefore, advanced oxidation processes might be effective for removing this compound
during water treatment [40]. In this study, 46.4% of lamotrigine was removed by ozone
purification with the OxTube hermetic dissolution method. With PAA and UV disinfection
there was no reduction and with H2 O2 and UV disinfection the reduction was 6.7%. The
removal capacity of the ozone disinfection was less efficient for lamotrigine than for other
anthropogenic substances studied. However, ozone disinfection was more efficient for
removal of lamotrigine than any other tested disinfection method.
3.6. Diclofenac
Diclofenac (2-2-2,6-dichlorophenylaminophenylacetic acid; DCF) is a common nonsteroidal anti-inflammatory drug that is used as oral tablets or as a topical gel. It is
especially known for its harmful effects on vultures [41,42]. DCF is commonly found
in municipal wastewater in Finland [43]. In 2002, the average concentration of DCF in
wastewater influents was 0.35 ± 0.1 µg L−1 [44]. In 2013, DCF was selected for inclusion
on the watch list of the WFD in order to collect data on it for the determination of risk
reduction measures. According to the proposed EQS document, the maximum allowable
concentrations of DCF is 0.1 µg L−1 in fresh waters and 0.01 µg L−1 in marine waters [45].
In recent years, the highest detected concentration of DCF in wastewater effluents
in Finland has been 0.62 µg L−1 [46] and in surface waters 0.022 and 0.05 µg L−1 [10].
Furthermore, Lindholm-Lehto et al. [43] found some high concentrations of DCF. In this
study, 1.4 ± 0.2 µg L−1 DCF was detected in the Kuopio wastewater effluent. Even though
DCF is removed by natural processes such as photodegradation, the residues still remain
in the environment as potential toxic metabolites and as the original compound. In the
environment DCF is detected in lower concentrations, such as ng L−1 to mg L−1 , than
in wastewater. It has been stated that DCF has adverse effects on several environmental
species already at concentrations of ≤1 µg L−1 [47]. It has been suggested that DCF used
as an NSAID (non-steroidal anti-inflammatory drug) and as a pain gel cannot be removed
effectively in WWTPs. The removal efficiencies of diclofenac in WWTPs varied from
0% up to 80%, but were in mainly in the range of 21–40% in the study by Zhang et al.
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(2008) [48]. In our current study, DCF removal from the tested wastewater was 99.7%
using ozone purification with the OxTube hermetic dissolution method. PAA and UV
disinfection removed 7.1% and with H2 O2 and UV disinfection the reduction of DCF was
16.7%. Diclofenac was efficiently removed from the wastewater effluent by using the ozone
disinfection. Also, the combined H2 O2 and UV disinfection was able to remove diclofenac
more efficiently compared to the other studied substances.
3.7. Venlafaxine
Venlafaxine is one of the most abundant antidepressants in municipal wastewaters
where concentrations of the substance have been generally shown to range between 0.003
and 0.743 µg L−1 wastewater effluent receiving waters [49]. In this study concentrations of 1.0 ± 0.13 µg L−1 were found. Venlafaxine has also been detected at very low
(<0.005 µg L−1 ) concentrations in untreated drinking water [50]. More than 60% of venlafaxine has successfully been removed with anaerobic biological reactors [51]. Ozone
purification with the OxTube hermetic dissolution method removed 91.3% of the detected
venlafaxine. H2 O2 and UV disinfection removed 1.1%, and with PAA and UV disinfection there was no reduction. In this study, venlafaxine was removed efficiently from the
wastewater effluent by using ozone disinfection.
3.8. Losartan
Losartan, an antihypertensive, was one of the 10 most used medicines in Finland in
2018 [52]. Losartan can undergo structural modification resulting in formation of valsartan
acid, which is a persistent pollutant ending up into activated sludge [53]. Losartan can
also be found in various water matrices such as surface water and rivers [54]. It has been
shown to be present in municipal wastewaters, e.g., in Colombia losartan has been detected
in wastewater effluent at concentrations of 1.97 and 1.00 µg L−1 [55]. When studying
pharmaceutical residues, Kot-Wask et al. (2016) found signs of losartan in wastewater from
the Pomerania area in Poland [56]. In this study, a mean concentration of 0.9 ± 0.2 µg L−1
was detected. The removal of losartan has been studied with a WWTP that was designed
for biological nitrogen removal and chemical precipitation of phosphorus. The removal
efficiency of losartan in the system varied between 50–80% [57]. In our current study 99.6%
of losartan was removed using ozone purification with the OxTube hermetic dissolution
method. With PAA and UV disinfection, and H2 O2 and UV disinfection the reduction was
13.8% and zero, respectively. Thus, the disinfection method using ozone as a disinfectant
worked well in removal of losartan. Partial losartan reduction was also achieved with
combined PAA and UV disinfection.
3.9. The Most Efficient Removal of Anthropogenic Substances Achieved by Using Ozone
Purification with OxTube Hermetic Dissolution Method
Dissolved ozone has been used for years to disinfect and purify water [58]. Ozone
is produced by separating oxygen from the air with an oxygen generator or industrial
bottled instrument oxygen gas O2 . Pure oxygen is passed through a strong electric field
with continuous corona discharge. When ozone decomposes in water, the hydrogen peroxy
(HO2 ) and hydroxyl (OH) are formed and they have great oxidizing capacity [59,60]. The
half-life of ozone in aqueous solution depends, among other things, on pH and temperature
of the water. In our study, the usage of ozone with the OxTube hermetic dissolution method
was relatively efficient in removing of the detected anthropogenic substances. The reason
for the achieved reduction capacities could be due to free radicals that are formed.
The use of ozone-based cleaning and disinfecting agents has increased in recent
years in industry and water treatment sectors. The advantage of ozone compared to
chlorine or other disinfectants is that ozone is very reactive, degrades rapidly and leaves
no toxic or unwanted end products. It is an exceptionally good disinfectant with faster
disinfection kinetics and more potency to eliminate most microorganisms than other
chemical disinfectants in use. Ozonation followed by chlorination is proved to be better in
terms of producing less disinfection byproducts than the sole use of chlorination [61].
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Wastewater is a complex mixture of water and various substances, its viscosity is
usually higher than water, the movement between substances is slow and thus its handling
differs greatly from e.g., domestic water. This may be one reason why using OxTube
hermetic dissolution method produced such good results in our case although we did not
test the efficiency of ozone disinfection without this device.
4. Conclusions
Many anthropogenic substances are harmful to the environment. Out of the 121 analysed substances 44 were detected (Table S1) in the treated wastewater samples collected
from the Kuopio (Lehtoniemi) WWTP. Eight substances (cetirizine, BZT, hydrocholorothiazide, furosemide, lamotrigine, DFC, venlafaxine, and losartan) were detected at concentrations over 1 µg L−1 . Among these eight substances, DCF is the only one that appears on
the European Union’s WFD monitoring list. In 2013, it was included on the first watch list
to gather monitoring data for the purpose of facilitating the determination of appropriate
measures to address the risk posed by the substance.
The results from this study showed that ozone disinfection using an OxTube hermetic dissolution method can efficiently reduce the concentration of pharmaceuticals in
wastewater effluent. In future work, the OxTube hermetic dissolution method should be
compared to other ozone mixing devices to prove the performance and capacity of this
novel dissolution technique.
Supplementary Materials: The following are available online at https://www.mdpi.com/2073-444
1/13/3/360/s1, Figure S1: Equipment used in the experiments; Table S1: List of the concentrations
of analysed anthropogenic substances
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