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Wastewater remediation of pharmaceuticals with
ozone and granular active carbon: a risk-driven
approach
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This study aimed to investigate the removal efficiency of (psycho)pharmaceuticals by ozonation and

granular active carbon (GAC) in wastewater effluent, using risk as the metric for adequate removal instead

of aqueous concentrations. Conventionally treated effluent was further treated with ozone or GAC until

there was a 25% reduced UVA254 absorbance, to allow for a direct comparison of the two treatment types.

Samples were analysed using Ultra High-Performance Liquid Chromatography-Quadrupole Time of Flight-

High Resolution Mass Spectrometry (UHPLC-qTOF-HRMS), where 20 (psycho)pharmaceuticals were

quantified, and their risk was assessed using Predicted No Effect Concentrations (PNECs). A further

assessment was performed using Quantitative Structural Activity Relationships (QSARs) for both parent

compounds and their Oxidation Transformation Products (OTPs) to compare the relative toxicity of new

species being formed by the ozone treatment. The total median removal efficiency across all compounds

was 60 ± 3% for ozone in terms of concentration, yielding a 73 ± 2% reduction in terms of risk for the

parent compounds, while the median removal efficiency for GAC is 57 ± 9% as expressed in concentration,

and 46 ± 11% in terms of risk reduction. When factoring in the OTP toxicity, the median risk reduction for

ozone flips to −274 ± 124%, indicating that there may be an increase in risk during ozonation. Pearson

correlations on molecular descriptors indicated that ozone removal most strongly correlated with the

number of activated aromatic rings (r = 0.65), while for GAC the topological polar surface area correlated

strongest with removal (r = 0.54), therefore indicating that ozone and GAC target different types of

molecules. The study demonstrates the merits of a risk-driven approach over concentration-based removal

targets in current legislation, but also highlighted some drawbacks, especially with regards to data gaps and

model accuracies.

1. Introduction

Pharmaceuticals have become essential in modern medicine,
contributing to increased physical and mental health, and to

a higher standard of living for many people around the
world.1 Psychopharmaceuticals, defined by the World Health
Organisation under the Anatomical Therapeutic Class of N
(ATC-N),2 are a subclass of pharmaceuticals designed to treat
medical conditions related to the nervous system, often by
altering the neurochemistry of the human brain.3,4 A growing
number of people use psychopharmaceuticals on a regular
basis, fuelled by several factors such as growing and aging
populations, a loss of social stigmas of the underlying
diseases (e.g. depression), and a growing number of
psychopharmaceuticals entering global markets.5–10

In surface waters, psychopharmaceuticals have been
shown to be a unique class of contaminants by exerting both
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Water impact

Using a risk-driven approach, it was found that ozone removed (psycho)pharmaceutical parent compounds from wastewater effluent slightly better than
granulated active carbon. However, due to the expected creation of oxidative transformation products the risk to the environment may actually increase
after ozonation.
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lethal and sub-lethal adverse effects on many aquatic species,
which is due to the similar neurochemical architecture
shared between humans and other non-target species.11,12

Importantly, the sub-lethal effects of psychopharmaceuticals
can alter the behaviour of non-target organisms, leading to
changes in feeding, social interactions, predator avoidance,
and locomotion, amongst other effects.13–19 These
ecotoxicological effects have been demonstrated at
environmentally relevant concentrations.18 Although an
absence of effects has also been demonstrated.20 Despite
large data gaps still hindering proper risk assessment, it is
evident that the presence of psychopharmaceuticals can pose
risks to the aquatic ecosystem.16,21–24

Psychopharmaceuticals enter the aquatic environment
through wastewater discharges due to insufficient removal by
Wastewater Treatment Plants (WWTPs).25–27 Since
psychopharmaceuticals are often designed for chronic use due
to the types of conditions they treat (e.g. depression), they tend
to have long metabolic half-lives, ranging from days (e.g.
carbamazepine) to weeks (e.g. fluoxetine) opposed to common
pharmaceuticals with much shorter half-lives in the order of
minutes to hours,28 which in turn leads to lower
biodegradation rates in traditional WWTPs.29 Conventional
Activated Sludge (CAS) WWTPs usually consist of a
combination of a primary sedimentation step, aeration/
activated sludge step, followed by a secondary sedimentation
step. These WWTPs are mainly designed to remove nutrients
and reduce biochemical oxygen demand and are reliant on
adsorption to sludge and biodegradation to remove the bulk of
micropollutants, which is why many psychopharmaceuticals
still enter the aquatic environment.25,30–32 Removal efficiencies
of many (psycho)pharmaceuticals by conventional treatment
methods do not meet targets,25 and some
psychopharmaceuticals can demonstrate concentration-based
removal efficiencies of less than 50% in modern WWTPs.25,32

While WWTP effluent is not the only contributing factor to
occurrence of (psycho)pharmaceuticals in the environment,
with intermittent sources including storm overflow, spillage,
and dumping,33 it remains the primary and continuous source
of (psycho)pharmaceuticals into the environment.33–38

Advanced treatments in WWTPs include at least one
additional step after conventional CAS treatment,39–41 and
have demonstrated significantly higher removals for many
micropollutants when compared to conventional
treatments,42 albeit with increases to the capital, operation,
and maintenance costs of WWTPs.40,43 Advanced treatment
is a broad term that can refer to multiple different treatment
techniques, such Advanced Oxidation Processes (AOPs),
which may use ozone or ultra-violet light (UV) in combination
with H2O2 and other catalysts.44–46 Another example of
advanced treatments are adsorption/biodegradation-based
processes, such as sand filtration and active carbon (granular
or powdered).47–51 In addition, so-called nature-based
solutions (NBS) may also be considered advanced treatments,
which refer to techniques that utilise natural systems and
biota, such as natural and constructed wetlands or algae, to

bind and biodegrade the micropollutants, and try to reduce
the capital and operational costs.52–57

Unlike the adsorptive techniques, AOPs are known to
produce by-products, known as Oxidative Transformation
Products (OTPs), which can be toxic to aquatic ecosystems,
and their potential formation may negate the
environmental benefits from parent compound
removal.58–60 In response, AOPs are generally only used if
an additional biofilter is used afterwards, such as GAC or
sand filtration. While analytical advances do allow for the
semi-quantification of transformation products, including
OTPs,59 there is still a lack of data for OTPs, especially for
individual OTPs.60,61 Without accurate occurrence data or
ecotoxicity data, risk assessment on individual OTPs
remains a challenge, with most OTP toxicity studies
focusing on mixture bioassays.60–66

However, while inaccurate and only used by some
environmental risk assessors as a last resort,67 and not by
others,68 Quantitative Structural Activity Relationships (QSAR)
models can be used to provide an estimation of the
ecotoxicity of a compound provided the structure of the
compound is known, and therefore provide a qualitative,
preliminary risk assessment. This type of risk assessment
would not be comparable to assessments used to derive
environmental quality standards,68–70 but would advance the
scientific discussion on OTPs, specifically through the lens of
prioritisation. This approach would also compliment other
risk-based approaches to psychopharmaceutical
remediation.25

In recent years, there has been a growing consensus for
the need for advanced treatments to help to further remove
micropollutants, including (psycho)pharmaceuticals, from
wastewater effluent.27,49,71,72 The EU's revised urban
wastewater treatment directive73 progressively more rigorous
measures over time, starting from 2025 for WWTPs that are
connected to populations of over 150 k to include advanced
treatment technologies. The UWWTD also sets concentration-
based removal targets of 80% for 12 guide substances once
quaternary (advanced) treatment has been implemented. The
UWWTD leaves room for a ‘risk-based approach’ to
determine if advanced treatment is needed for smaller
WWTPs in certain circumstances, such as an outlet into a
sensitive ecosystem affecting sources for drinking water or
into a system with low dilution. Discussions are ongoing
outside the UWWTD regarding the removal targets, with risk-
based removal targets seen as a viable option provided that
enough high quality ecotoxicity data are available23,73

especially when compared to concentration-based removal
targets.44,49,71,74

While studies have shown that both adsorptive and AOP
methods can yield high removals for
psychopharmaceuticals44,46,49,75–77 there have been concerns
about the lack of comparability between different advanced
treatment techniques due to inconsistent experimental
approaches.45,78 Notably, removal efficiencies between
adsorptive and oxidative methods may be quite different
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based on the specific physicochemical properties of the
compounds,76,79 yet determining which advanced treatment is
better placed to remove these compounds become complex
due to differing dosages used in those
experiments.45–48,50,65,70,72,76,77,79–82 One method to harmonise
the results to allow direct comparison of removals by different
technologies is the UVA254 method developed by Altmann
et al.,47 which has been validated in recent lab- and pilot-scale
ozone experiments82,83 and active carbon experiments.48 Here,
the UV absorbance at 254 nm is measured during treatment
until there is predetermined drop in absorbance (e.g. 25%)
correlating to a drop in micropollutant concentration. Direct
comparison of advanced treatments is needed for better
decision making around scaling to pilot setups, which has
been hindered by the lack of homogeneity of experimental
setups.45,78

Given that psychopharmaceuticals have unique modes of
action, their use is increasing, and current WWTP removals
are sub-optimal, further investigation into advanced
treatment techniques to reduce the impact of these
compounds on the aquatic environment is imperative. As
such, risk assessments can be used to evaluate environmental
impact and can aid in the understanding of the impact of
OTPs. Therefore, the present study aimed to test the risk-
based removal efficiencies for psychopharmaceuticals for
ozone and GAC as two commonly used advanced treatment
methods. To this end, firstly a preliminary risk assessment as
an indicator for successful remediation of
psychopharmaceuticals was employed, and secondly a further
risk analysis was performed on OTPs from ozonation using a
simple mass balance approach coupled with ecotoxicity QSAR
models.

2. Methods
2.1. Materials and target list

The target list included 30 psychopharmaceuticals,
following the method developed by Davey et al.,25 which
are all from the ATC-N class of pharmaceuticals. We
complemented this list by adding 5 pharmaceuticals that
are not considered psychopharmaceuticals (ATC-N), but are
highly studied, to maximise comparability to literature data
(SI-1, column K). The isotopically labelled and unlabelled
internal standards (SI-1) used for both the method
optimization and measurements were purchased from
Sigma-Aldrich Chemie (Schnelldorf, Germany). Stock
solutions were prepared using MeOH and stored at −20 °C.
Oasis HLB cartridges (6 cc, 150 mg) were purchased from
Waters (Etten-Leur, the Netherlands). The solvents used for
solid phase extraction (SPE), chromatographic separation
and stock solutions were of LC-MS grade from Biosolve
(Valkenswaard, the Netherlands), and ultra-pure water used
for SPE, and separation was produced by a Milli-Q® Direct
Water Purification System from Merck (Damstadt,
Germany).

2.2. Samples & Treatments

Ozone and GAC were chosen as advanced treatment types,
since these are commonly applied.27,39–41 Effluent samples
were obtained from the Bennekom wastewater treatment
plant (51.997205, 5.658341) on 02/08/2022 and 03/08/2022.
The treatment plant uses a CAS setup and is connected to a
population of 20 000 inhabitant equivalents80 and has been
used for other effluent polishing experiments.54 The ozone
and GAC treatment of the effluent was carried out at the
Netherlands Institute of Ecology (NIOO-KNAW, Wageningen,
the Netherlands) on the same day as sampling. Two effluent
batches of 1200 L and 1350 L were collected for further
treatment with ozone and GAC respectively (sample names
PreOZ and PreGAC). These batches were subsequently used
in another study for long-term mesocosm experiments to
study non-lethal food web effects of differently treated
effluents, hence the large volumes.

The effluent batches were treated until there was a 25%
reduction of UV absorbance at 254 nm (UVA254), which
allowed a straightforward method for comparing removal
efficiency of trace contaminants across different advanced
treatment methods.47,84 A 25% reduction in UVA254
corresponds with an ozone dosage of approximately 0.2–0.5 g
O3 g−1 DOC and a GAC dosage of approximately 4 g L−1 and
indicates average organic micropollutant removals of >80%
based on previous experiments.47,82,83 The dissolved organic
carbon (DOC) concentration of the wastewater before
treatment was 10 mg L−1.

Four effluent batches of 300 L were ozonated with an
ozone generator with pure oxygen until UVA254 was reduced
by 25% (37 minutes of exposure) after which the effluent
batches treated with ozone were mixed. Granular activated
carbon (Hydraffin AR 8 × 30 diameter, 0.8–1 mm) was used
as sorption material in the GAC treatment. The GAC
treatment was done in two batches, with one of the tanks
filled with 450 L of wastewater and 1850 g of activated
carbon, the second tank was filled with 900 L of wastewater
and 3700 g of activated carbon, reflecting an estimated GAC
dosage of 4.1 g L−1. Again, the treatment with GAC was
stopped when the UVA254 was reduced by 25%, (5 hours and
15 minutes of exposure). Directly after the treatment, the
activated carbon particles were removed using a 0.425 mm
filter, after which the effluent batches treated with GAC were
homogenised by mixing. No additional (psycho)
pharmaceuticals were added to the samples, and all analytes
were already present in the effluent before treatment.

After treatment, 100 ml samples were collected in dark
HDPE bottles (DS2185-0004, Thermo Scientific) using grab
sampling. The samples from the Ozone treatment were taken
from the untreated effluent before (“Pre-Ozone”, 2 samples)
and after ozonation (“Post-Ozone”) from each batch (8 in
total), while the samples from the GAC treatment were taken
from the untreated effluent before (“Pre-GAC”, 2 samples)
and after (“Post-GAC”) each batch (4 samples total), leading
to 14 samples overall. All samples were stored at −20 °C and
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transported to the Institute for Biodiversity and Ecosystem
Dynamics (IBED) at the University of Amsterdam (the
Netherlands) for further analysis. Prior to analyses, samples
were thawed overnight in 4 °C before extraction in October
2023.

2.3. Solid phase extraction

The extraction method used in this study is detailed in Davey
et al.25 Briefly, after thawing, samples were spiked with
labelled standards and shaken at 90 rpm for 30 minutes.
Outlets, tubes, and adapters were cleaned with ultrapure
water followed by methanol. Conditioning of the Oasis HLB
cartridge (150 mg, 6 cc) was done with 6 mL MeOH and 6 mL
ultrapure water. After sample loading (50 mL, in duplicate),
the cartridge was dried for 30 minutes under vacuum and
washed with 6 mL of ultrapure water. Before elution, a 0.22
μm polypropylene syringe filter was placed in between the
cartridge and SPE inlet. Elution was achieved with 2 × 5 mL
methanol under vacuum. The collected elution fractions were
evaporated under a gentle nitrogen flow at 37 °C to <1 mL
and reconstituted to 1 mL in methanol for storage until
analysis.

2.4. UHPLC-HRMS method

The analytical method used here was the same as Davey
et al.25 Briefly, a LC system (Nexera 30 Shimadzu, Den Bosch,
The Netherlands) was coupled to a maXis 4G quadrupole
time-of-flight HRMS (qToF/HRMS) upgraded with HD
collision cell and ESI source (Bruker Daltonics, Leiderdorp,
The Netherlands). The LC column used was an Acquity UPLC
CSH C18 column (130 Å, 2.1 × 150 mm, 1.7 μm, Waters
Corporation, Milford) kept at a temperature of 40 °C. The
mobile phases consisted of ultrapure water (Milli-Q) with
0.05% acetic acid (A) and MeOH (B). The gradient started
with a 7-minute equilibration at 10% B and gradually
increased to 100% B in 10 minutes, held at 100% B for 5
min, and back to 10% B in 0.5 minutes, totalling 22.5
minutes. The flow rate was 0.3 mL min−1 and the injection
volume 20 μL. For compounds above the linear
quantification range, a second round of injections was
performed with an injection volume of 5 μL. The samples
were analysed in both positive and negative mode, acquiring
HRMS1 spectra for 20–1000 m/z with a resolving power of
30 000–60 000 at full width half maximum (FWHM), with a
spray voltage of +3.5 kV and −3.5 kV for positive and negative
modes respectively.

Qualification and quantification of
psychopharmaceuticals was carried out with TASQ version
2021.0 316 (Bruker Daltonics, Leiderdorp, the Netherlands).
Qualification of target compounds was based on the mass
accuracy of full-scan HRMS spectra and MS/MS ions
acquired in data-independent MS/MS mode (DIA), and their
retention time match with the calibration series.

During quantification, only chromatograms with a
retention time (RT) of >1 minute, RT tolerance of ±0.3

minutes, mass tolerance of 0.002 Da, detectable qualifier
ion, mSigma of <100, and a peak intensity of >1000, were
considered (see SI-1 for further details). Calibration curves
for quantification were calculated by analysing ultrapure
water spiked with target compounds and serially diluted to
obtain 18 concentration levels. The 18 solutions were
further spiked to contain 10 μg L−1 of Internal Standard
(IS). Concentration calibration was achieved using the
calibration series in compared to calibration IS area to
determine the per-sample recoveries and adjust for losses.
For more information on the quantification method, see
Davey et al.25 The instrumental and methodological limits
of detection and quantification (LoD/LoQ) can be found in
SI-5, columns Z-AA.

2.5. Method validation

The method for 30 selected psychopharmaceuticals was
validated in a previous study25 while the method for an
additional 5 pharmaceuticals was validated in the present
study (SI-2). The method validation followed the same
workflow as Davey et al.,25 where 5 sample types were made
in order estimate the matrix effects and recovery efficiency
for each of the 5 new pharmaceuticals. Only recoveries and
matrix effects of between 60–140% were considered
acceptable. The method validation results are reported in SI-
2. Two compounds (caffeine and clonidine) were removed
from further study due to contamination issues for caffeine
and bad calibration results for clonidine (SI-3), thus the study
included 33 compounds.

2.6. Removal efficiencies and preliminary risk analysis

After quantification, blank subtractions, and dilution
adjustments, concentration-based removal efficiencies per
compound were calculated using eqn (1) for both advanced
treatment methods (SI-4):

Concentration Based Removal% ¼ CPre −CPostð Þ
CPre

× 100 (1)

where CPre is the pre-treatment concentration, CPost is the
post-treatment concentration, and Concentration Based
Removal% is the concentration-based removal expressed as a
percentage.

A second removal calculation was also performed using
the sum of the concentrations of all compounds per sample
to allow direct comparison to risk-based removal (eqn (4)):

Total Concentration Based Removal%¼
P

CPre −
P

CPostð Þ
P

CPre
× 100 (2)

A preliminary risk analysis was performed to better
understand the impact of the removal efficiencies by
factoring the ecotoxicity of each compound to come to risk-
based removal efficiencies. Risk quotients (RQs) were
calculated per compound using eqn (3), based on the
lowest available freshwater Predicted No Effect
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Concentration (PNEC) values taken from the NORMAN
database (NORMAN, 2021).

RQ ¼ C
PNEC

(3)

where C is the concentration (both pre and post treatment),
PNEC is the predicted no effect concentration and RQ is
the Risk Quotient.

Risk-based removal efficiencies for the treatments were
then calculated in the same manner as total concentration-
based removal efficiencies; however, using RQ instead of
concentration (eqn (4), SI-5):

Risk Based Removal% ¼
P

RQPre −
P

RQPostð Þ
P

RQPre
× 100 (4)

where RQPre is the pre-treatment Risk Quotient, RQPost is the
post-treatment Risk Quotient, and Risk Based Removal% is
the risk-based removal expressed as a percentage.

Risk-based removal can only be calculated for the sum of
the RQs, since the risk-based removal percentage would be
identical to the concentration-based removal if done on a
compound by-compound basis. Around 66% of (psycho)
pharmaceuticals demonstrate additive mixture effects,22,85

thus the method of summing RQs for (psycho)
pharmaceuticals has been argued for to bridge knowledge
gaps.86

While the PNECs sometimes contained assessment factors
according to the source used (SI-5, column C) no further
assessment factors or dilution factors were applied during
the preliminary risk assessment, contrary to what is done for
deriving environmental quality standards.87 For compounds
below limit of quantification (LOQ), or the limit of detection
(LOD), the LOQ or LOD were used respectively for a worst-
case risk calculation, which is then explicitly indicated in the
results section.

2.7. Oxidation transformation product risk analysis

A literature search for expected oxidation transformation
products (OTPs) from the ozone treatment was conducted for
all parent compounds that returned a measurable
concentration in the pre-treated effluent. The search was
carried out in June 2024 using both Google Scholar and
ScienceDirect using the search terms “<Compound Name>,
Oxidation Transformation Product, OTP, Ozone,
Pharmaceutical”.58,60,63,66,88–101

The OECD Toolbox was used to generate ecotoxicity data
for the OTPs found in literature (QSAR Toolbox Version
4.7).102 Simplified Molecular-Input Line-Entry System
(SMILES) or the chemical structure were used as input data
for the QSAR toolbox (the SMILES for all OTPs are provided
in SI-6). The lowest chronic ecotoxicity value (ChV) was taken
from the QSARs for use as a PNEC. If the QSARs returned no
ChV, or if the QSAR was outside of its applicability domain,
then only an Effect Concentration (EC50) or a Lethal
Concentration (LC50) was used with an assessment factor of
1000 to bring the EC50 or LC50 in line with the chronic

ecotoxicity values. The QSAR PNECs were converted into
molar PNECs to account for OTP mass differences, and the
lowest OTP molar PNEC for each pharmaceutical (i.e. the
most toxic OTP) was compared to molar PNEC of the parent
to produce the toxicity difference between the parent
compound and its most toxic TP (SI-6, column N). Using this
relative worst-case toxicity factor of the OTP, a further risk
assessment was performed to calculate the maximum risk
possible if all removed parent compound would be
transformed into the most toxic OTP as a worst-case
scenario:

OTP Risk ¼ QSARParent

QSAROTP
×ΔRQ (5)

where: QSARparent is the molar PNEC as predicted by the
QSAR model for the parent, QSAROTP is the molar PNEC as
predicted by the QSAR model for the OTP, and ΔRQ is the
change in RQ from the ozone treatment.

2.8. Statistical analysis

Paired T-tests were performed comparing the concentrations
before and after treatment for each treatment type to test if
significant removal had occurred. Since the ozone and GAC
treatment occurred on separate days (see 2.2), a Mann–
Whitney U test was performed as an independent non-
parametric test comparing the removals of each treatment
type. Analysis was performed in Microsoft Excel (see SI-7).
Pearson correlations were run comparing the removal
percentages of both treatments against structural molecular
descriptors obtained from Chemicalize.103

3. Results and discussion
3.1. Concentrations and concentration-based removal
efficiencies

Out of 33 target compounds 22 were detected in at least one
sample, however clozapine and quetiapine returned
unreliable results (SI-4), leaving the final of total quantified
compounds as 20 out of 33. Concentrations range from 1 ng
L−1 to 2.5 μg L−1 (SI-4). Hydrochlorothiazide, gabapentin, and
pregabalin were the compounds with the highest
concentrations, returning concentrations above 1 μg L−1

before treatment and remaining the highest concentrations
after treatment. The effluent concentrations found in the
present study are higher than in another recent Dutch study
at a WWTP in Amsterdam.25 For example, carbamazepine is
5 times higher in the present study, and pregabalin and
lamotrigine are one order of magnitude higher. The results
in Bennekom, however, are in line with European medians.25

Fig. 1 shows the concentration-based removal efficiencies
for the 20 quantified compounds, where removals range from
−128% to 97% (median 63 ± 5%, p < 0.05) for ozone, and
from −15% to 71% (median 54 ± 9%, p < 0.05) for GAC. The
Mann–Whitney U test showed a significant difference
between the removals of the two treatment types ( p < 0.05, r
= 0.37, SI-07). Two compounds returned a higher median
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concentration after treatment and thus showed negative
removal; these were topiramate with −128 ± 57% in ozone
and sertraline with −15 ± 8% in GAC. For these compounds
deconjugation cannot be an explanation for the negative
removal, since neither of these compounds have conjugated
metabolites.28,104 Analytical artefacts due to the proximity to
the LOQ of these two compounds may explain the negative
removal. Large standard deviations in removals (Fig. 1) of
fluoxetine and amitriptyline, for example, are due to one or
more of the samples being <LOQ, see SI-4 for full results.

The Pearson correlations indicated that for ozone, the
number of activated aromatic rings correlated with better
removal (r = 0.65), while the fraction of carbon atoms that
are sp3-hybridised negatively correlated with removal the
most (r = −0.63). This confirms that ozone is behaving as
expected in this study, as the electrophilic ozone can attack
the electron rich activated aromatic rings (e.g. diclofenac,
carbamazepine, paracetamol, etc., Fig. 1), while it struggles to
attack sp3 bonds, with compounds that lack aromatic rings
and are sp3 rich, such as gabapentin and pregabalin, showing
the lowest removal efficiencies by ozone (SI-8). The
correlations agree with the qualitative analysis by Zoumpouli
et al.79 (2020), which identified reactive and non-reactive
functional groups in ozone removal. For GAC, topological
polar surface area correlated strongest with removal (r =
0.54), while logKow correlated the most negatively (r = −0.46).
Again, this is in line with what can be expected for an

absorptive material, with compounds with higher polar
surface areas able to interact with the surface of the GAC,
while compounds such as amitriptyline are non-polar and
very lipophilic returning very low GAC removals (Fig. 1). Since
ozone favours electron-rich aromatics and GAC favours polar
molecules, the two treatment types can target different
compounds, as shown by the inverse of the Pearson
correlation between the two treatment types across all the
molecular descriptors (SI-8).

Making direct comparisons to removal efficiencies found
in literature remains difficult, due a lack of standardisation
in testing methodologies45,78 and differences in dosages
between studies.45–48,50,65,70,72,76,77,79–82 The dosage and
exposure time used this study have been shown to produce
removals of >80% for micropollutants in studies with
dosages and exposure times.47,82,83 The results presented
here for removal by ozonation are broadly in line with other
literature. Similar removal rates to Bourgin et al.44 after
ozone treatment were found for carbamazepine, diclofenac
and sulfamethoxazole (>90% removal, SI-4), and compared
to Spilsbury et al.70 the present study had significantly better
ozone removal at a comparable dose of 0.35 g O3 g−1 DOC.
However, for other compounds, removal efficiencies were
slightly lower than those of other lab-, or pilot-scale
experiments.27,44,105 For GAC, removal efficiencies found here
were substantially lower than those reported in literature.
This is likely due to the lower dose used in the present study

Fig. 1 Median concentration-based removal efficiencies for the 20 quantified compounds calculated for treatment by GAC (n = 4) or ozone (n =
8), with error bars presenting the standard deviation. Negative removals for topiramate (ozone = −128%) and sertraline (GAC = −7%) are not shown
in this figure.
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compared to literature,27,77 as well as the lack of a biofilm in
the present study. GAC is commonly implemented as a fixed
bed adsorber with biofilm development that can provide
additional biodegradation over longer operation.77 Here,
virgin GAC was used as a purely adsorptive substrate, with
the dosage and contact time being similar to other GAC
studies.50,81 However, using Powdered Activated Carbon
(PAC) to increase sorption surface area, or extending the
operation of GAC to allow for a biofilm to form, incurring
biodegradation potential may improve the removals
presented here.48,49,77

3.2. Risk analysis

Ecotoxicological preliminary risks for the parent compounds
were calculated for all 33 compounds present in the study
(Fig. 2, SI-5), since LOD and LOQ values were used as
surrogates for the compounds that could not be quantified or
detected, to present a worst-case scenario. Here, ibuprofen,

diclofenac, and sertraline present a risk in the untreated
effluent (RQs of 21, 13, and 1.3 respectively). Diclofenac,
citalopram, amitriptyline, clozapine, carbamazepine,
venlafaxine, sulfamethoxazole, aripiprazole, propranolol, and
lamotrigine had RQs of over 0.1, meaning they were within 1
order of magnitude to a risk. Aripiprazole was within an
order of magnitude to an RQ of 1 despite all measurements
being below the LOQ, due to the small distance between the
potentially toxic concentrations and the LOQ. The median
RQs were 0.025, 0.013, 0.023, 0.014 for Pre-Ozone, Post-
Ozone, Pre-GAC, and Post-GAC respectively.

The PNECs obtained from the NORMAN database
originate from diverse sources. While many were from
literature, 9 out of 30 were QSAR predicted, and the
assessment factors used in the NORMAN database ranged
from 0 to 1000 (SI-5). The use of the NORMAN PNECs was a
pragmatic choice due to their availability, however the
shortcomings of these PNECs has been discussed before.25

The risk assessment performed here is illustrative and not

Fig. 2 Risk quotients for all 33 compounds in the study, for all 4 samples. The red line indicates where a risk is seen (i.e. RQ > 1) and the error
bars indicate the standard deviation. Striped bars indicate that the risk assessment was based on the LOD or LOQ. Asterisks next to the names
indicate the assessment factor used by the NORMAN database. * = 10, ** = 50, *** = 100, **** = 1000 (QSARS only), no asterisk indicates no
assessment factor present.
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designed to be compared to EMA style risk assessments,
since the ecotoxicity data for those are generally
lacking.23,24,69 For the mentioned highest risk compounds,
the PNECs were based on literature data, and had assessment
factors of only 10–50 applied (Fig. 2).106

3.3. OTP toxicity and QSAR data gap filling

146 structures of known OTPs that might be formed by ozone
treatment were obtained from literature for 17 of the 22
detected compounds (SI-6).58,60,63,66,88–101 The number of
OTPs per parent compound range from 4 to 30. Most of the
OTPs returned ChVs, with only 18 OTPs returning an EC/
LC50 value and requiring an assessment factor (SI-6). Based
upon the QSAR calculations, the risk of most OTPs that could
be produced by the ozone treatment is greater than the risk
that was removed by it, where a total of 29 OTP structures
returned ecotoxicity values lower than their parents, and thus
more toxic. For diclofenac, sertraline, citalopram,
propranolol, amitriptyline, sulfamethoxazole, carbamazepine,
venlafaxine, hydrochlorothiazide, gabapentin, and
paracetamol the possible contribution of the most toxic OTP
to the toxicity of the effluent was higher than the toxicity by
the parent compound that was removed (Fig. 3, SI-6). In the
case of paracetamol, the most toxic OTP was around 100
times more toxic than the parent compound on molar basis.
As a result of the OTP analysis, citalopram, amitriptyline,
carbamazepine, and hydrochlorothiazide went from no
predicted risk based only on the parent compound, to a
predicted risk based on parent and OTP after ozonation
(Fig. 3).

The formation of ecotoxic OTPs has been discussed in
literature58,60,62 but the exact effects of individual OTPs in
these studies are difficult to unravel due to the lack of OTP
standards, and most studies on OTP toxicity being broad-

scope bioassays on ozonated water.62 The analysis performed
here attempted to bridge this gap by estimating the
individual OTP toxicity using in silico methods and is broadly
in agreement with literature that the formation of OTPs can
be detrimental to the ecosystem without an additional
treatment step to remove them. However, it should be
reiterated that the actual concentrations of the OTPs were
unknown, and thus the analysis performed and shown in
Fig. 3 should be seen as a worst-case scenario which may not
reflect the real situation.

When assessing the risk of pharmaceuticals, many studies
neglect transformation products for practical reasons.21,25

The current lack of analytical standards leads to large
uncertainties in quantification, and including analytes
without standards is often advised against.107 Additionally,
the lack of standards leads to a lack of ecotoxicity data for
these transformation products. While the use of QSARs on
the confirmed OTP structures provided data to fill gaps, there
is still many missing data to accurately estimate the risk after
ozonation. Firstly, there are probably more OTP structures
than those reported in literature,59 and there were some
compounds with missing literature on OTP structures (SI-6).
There are also the OTP structures of human metabolites of
the psychopharmaceuticals, which were available only for
some pharmaceuticals,91,92,95,97,101 and which are not
included here but could add to the risks. Secondly, there are
some general limitations with the use of QSARs. Quality and
performance of the models are highly dependent on the
training dataset and thereby applicability domain.108

However, none of the QSARs used in the present study were
outside the applicability domain. Toxicological mode of
action is also a limitation for QSARs. Like the PNECs,
behavioural endpoints are not covered in the QSARs,
although they might be vital to understanding the ecological
impact of psychopharmaceuticals.16,109

Fig. 3 Risk quotients of 17 detected parent compounds including a worst-case risk estimation of probable OTPs after ozonation. Error bars
indicate standard deviation.
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3.4. Risk-based removal efficiencies

Comparing total concentration-based removal efficiencies to
risk-based removal efficiencies when not factoring in OTP
toxicity, the summed median concentration-based removal
efficiency across all compounds was 60 ± 3% for ozone
yielding a 73 ± 2% risk-based removal, while the summed
median concentration-based removal efficiency for GAC is 57
± 9% and 46 ± 11% in terms of risk reduction. When
factoring in the worst-case OTP toxicity, the risk-based
removal efficiency for ozone flips to −274 ± 124%, indicating
that there may be an increase in risk during ozonation. Thus,
ozone is slightly better at removal of parent compounds in
terms of mass, but due to the expected creation of OTPs the
risk to the environment is potentially even increased after
ozonation (SI-5).

The use of risk as a method of contextualising removal
efficiencies is a novel approach25,52,70 as often toxicity is
not factored into studies on removal efficiencies of
treatment technologies. Additionally, policy goals are often
expressed as removal efficiencies in terms of concentration
and not in terms of risk.44,49,73,74 However, the worst-case
risk analysis in this work reflects a scenario where risk is
evaluated in terms of PNECs for standard ecotoxicity test
endpoints such as growth, reproduction, or mortality, as
well as the known limitations of the PNECs which have
been discussed before.25 This includes the lack reflection of
more complex interactions such as behavioural effects in
available ecotoxicity studies, or ecosystem dynamics such as
changes in food webs, for which effects can be non-
monotonic.16,17 Availability of such data would increase the
accuracy of the risk assessment but also add to the
complexity of the assessment.21,110 Still, the risk-based
evaluation of removal efficiencies by treatment technologies
used in the current study has clear benefits over traditional
concentration-based removal efficiencies, as it relates much
better to the endpoint of a protected and healthy
ecosystem. Such a risk-driven approach has been discussed
as a model for policy makers but is not yet applied
generally in policies.73,111

Despite the specified limitations, the present study
demonstrates the value in using models to fill in for
missing experimental ecotoxicity data, even if the results
should be interpreted as more qualitative than
quantitative. Ecotoxicity tests are costly, time consuming,
and may provide a limited view on risks related to
ecological functioning and have ethical questions attached
to them. Modelling can negate some of these concerns
and allow for far more compounds to be included in the
analysis, elucidating potential risks. Combined with higher
throughput laboratory methods, such as non-target
screening tools with structure generation,112 and novel
semi-quantitative LCMS methods,113 there is a potential
for a high throughput risk assessment to be performed
using new and existing LCMS occurrence data, or even
modelled data.114

3.5. Implications for wastewater treatment

In this study, ozone outperformed GAC both in terms of
concentration-based removal and in terms of risk-based
removal (SI-5). However, the advantage of ozone may
disappear due to the formation of toxic OTPs, which is also
reflected in the literature.58,60,62 The inverse of the Pearson
correlations between the two treatment types across the
molecular descriptors indicates that GAC works well on
compounds which ozone does not (SI-8), which has also been
shown in other studies.77 This is why in practice ozone and
other AOPs are in tandem with an adsorptive technique such
as GAC, PAC, or other biofiltration methods.60 This type of
tandem setup is already used in many existing and pilot
advanced treatment setups for especially drinking water
treatment and to a lesser extent wastewater
treatment.65,115–119 However, there are still arguments against
the deployment of widespread advanced treatments, citing
the upfront and running costs of advanced treatments. This
argument is compounded by the lack of tertiary treatments
(e.g. CAS) in large parts of Europe,27 which should be the
priority in those regions. Some estimations indicate that
advanced treatment costs can be up to two times the current
operating costs of a WWTP, with GAC being more expensive
than ozone to implement.43

Lowering the operating costs of advanced treatments can
lower the barrier to their adoption,120 which may be possible
by lowering dosages if it can be assured that the risks are
sufficiently low, even when taking temporal variation of
influent concentrations into account.121 Utilising risk-based
removal, or other risk-based approaches, as have been
discussed in the EU,73 could provide a potential way to
reduce the dose of advanced treatments. A potential workflow
for reducing advanced treatment dosage could use the
UVA254 method alongside non-target and semi-quantitative
methods used in tandem with OTP structure and toxicity
prediction perform a preliminary risk assessment on
OTPs.59,112,113,122 If done on a tandem ozone-GAC setup, the
dosage of both ozone and GAC, as measured by UVA254, could
be raised or lowered based on predetermined risk thresholds
of both parent compounds and OTP. This workflow could
allow for a more dynamic system when compared to the
current flat, percentage-based removal targets.73

However, major knowledge gaps would need to be
addressed first, such as robust ecotoxicity data,23,123 and
concerns over the identity, quantity and toxicity of biological
metabolites and OTPs of the psychopharmaceuticals. It may
be possible to also use bioassays and effect-based studies as
combined with effect directed analysis to aid in answering
the question of ecotoxicity of OTPs after ozonation124–130 with
an alternative being broader mesocosm-style
experiments.17,131

4. Conclusions

The present study investigated a risk-driven approach to
directly assess the environmental risk and removal

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 6
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00600g


Environ. Sci.: Water Res. Technol., 2025, 11, 2986–3000 | 2995This journal is © The Royal Society of Chemistry 2025

efficiencies of two advanced wastewater treatment
technologies on (psycho)pharmaceuticals, i.e. ozone and
GAC. Ozone performed better in terms of both concentration-
based removal and risk-based removal for parent
compounds. When QSARs were utilised to fill ecotoxicity
data gaps on OTPs in a worst-case scenario, the results give
a strong indication that ozone produces toxic byproducts
that not only negate the risk reduction but may even
increase the toxicity of the ozonated effluent. Furthermore,
analysis on molecular descriptors indicates that ozone and
GAC can remove different, complementary groups of
(psycho)pharmaceuticals. Combined with the concerns over
OTP toxicity, a tandem ozone-GAC setups would therefore
be recommended. Finally, the study demonstrates the
merits of novel methodologies, namely the UVA254 method
for direct comparison of different treatment methods, and
the risk-driven approach over flat concentration-based
removal targets as a metric for removal. Future workflows
should include semi-quantitative risk assessment for OTPs
to further elucidate the potential risk of these
transformation products.

Conflicts of interest

There are no conflicts of interest to delcare.

Data availability

Supplementary information is available. See DOI: https://doi.
org/10.1039/D5EW00600G.

The data supporting this article have been included as
part of the supplementary information (SI).

Acknowledgements

This study was part of the Psychopharmac'eau project, funded
by the Dutch Research Council (Nederlandse Organisatie voor
Wetenschappelijk Onderzoek, NWO), The Netherlands, grant
number TWM.BL.019.003. This study was also financially
supported by the AQUACOSM-plus (Project No 871081) which
is funded by the European Commission EU H2020-INFRAIA.
The authors want to thank Eva de Rijke, Rick Helmus, Ingrida
Bagdonaite, Sven Teurlincx, Wiebe Lekkerkerk and Juan
Rubio Rios for their technical assistance.

References

1 K. Kümmerer, Pharmaceuticals in the environment, Annu.
Rev. Environ. Resour., 2010, 35, 57–75.

2 WHO Collaborating Centre for Drug Statistics Methodology,
ATC/DDD Methodology [Internet], ATC/DDD Methodology,
2018, Available from: https://www.whocc.no/atc_ddd_
methodology/history/.

3 M. Jóźwiak-Bebenista and J. Z. Nowak, Paracetamol:
mechanism of action, applications and safety concern, Acta
Pol. Pharm., 2014, 71(1), 11–23, Available from: https://www.
ncbi.nlm.nih.gov/pubmed/24779190.

4 S. Wrobel, Science, serotonin, and sadness: the biology of
antidepressants, FASEB J., 2007, 21(13), 3404–3417, DOI:
10.1096/fj.07-1102ufm.

5 T. G. Bean, B. A. Rattner, R. S. Lazarus, D. D. Day, S. R.
Burket and B. W. Brooks, et al., Pharmaceuticals in water,
fish and osprey nestlings in Delaware River and Bay,
Environ. Pollut., 2018, 232, 533–545.

6 EMA, European public assessment reports (EPAR)
[Internet], 2021, Available from: https://www.ema.europa.
eu/en/medicines/download-medicine-data.

7 P. Gao, H. Zhang, H. Xu, C. Zhang and D. Liu, Increased
use of antidepressants in Wuhan, China: A retrospective
study from 2006 to 2012, Medicina, 2013, 49(12), 529–534.

8 A. Massey, D. Cogan and E. Ross, Access to Medicine Index
2018, 2018, pp. 1–72, Available from: https://
accesstomedicinefoundation.org/media/uploads/downloads/
5e27136ad13c9_Access_to_Medicine_Index_2018.pdf.

9 J. Read, C. Cartwright, K. Gibson, C. Shiels and N. Haslam,
Beliefs of people taking antidepressants about causes of
depression and reasons for increased prescribing rates,
J. Affective Disord., 2014, 168, 236–242, DOI: 10.1016/j.
jad.2014.06.010.

10 WHO, Mental Health Atlas 2011, World Health
Organization, 2011.

11 E. Edsinger and G. Dölen, A Conserved Role for
Serotonergic Neurotransmission in Mediating Social
Behavior in Octopus, Curr. Biol., 2018, 28(19), 3136–3142.
e4, Available from: https://linkinghub.elsevier.com/retrieve/
pii/S0960982218309916.

12 B. J. Liebeskind, H. A. Hofmann, D. M. Hillis and H. H.
Zakon, Evolution of Animal Neural Systems, Annu. Rev. Ecol.
Evol. Syst., 2017, 48, 377–398.

13 T. Brodin, S. Piovano, J. Fick, J. Klaminder, M. Heynen and M.
Jonsson, Ecological effects of pharmaceuticals in aquatic
systems—impacts through behavioural alterations, Philos.
Trans. R. Soc., B, 2014, 369, 1656, DOI: 10.1098/rstb.2013.0580.

14 D. Cerveny, T. Brodin, P. Cisar, E. S. McCallum and J. Fick,
Bioconcentration and behavioral effects of four
benzodiazepines and their environmentally relevant
mixture in wild fish, Sci. Total Environ., 2020, 702, 134780.

15 M. M. Painter, M. A. Buerkley, M. L. Julius, A. M. Vajda,
D. O. Norris and L. B. Barber, et al., Antidepressants at
environmentally relevant concentrations affect predator
avoidance behavior of larval fathead minnows (Pimephales
promelas), Environ. Toxicol. Chem., 2009, 28(12), 2677–2684,
DOI: 10.1897/08-556.1.

16 N. V. Raman, A. Dubey, E. van Donk, E. von Elert, M. Lürling
and T. V. Fernandes, et al., Understanding the differential
impacts of two antidepressants on locomotion of freshwater
snails (Lymnaea stagnalis), Environ. Sci. Pollut. Res.,
2024, 31(8), 12406–12421, DOI: 10.1007/s11356-024-31914-0.

17 N. V. Raman, B. M. Gebreyohanes Belay, J. South, T. L.
Botha, J. Pegg and D. Khosa, et al., Effect of an
antidepressant on aquatic ecosystems in the presence of
microplastics: A mesocosm study, Environ. Pollut.,
2024, 357, 124439, DOI: 10.1016/j.envpol.2024.124439.

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 6
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1039/D5EW00600G
https://doi.org/10.1039/D5EW00600G
https://www.whocc.no/atc_ddd_methodology/history/
https://www.whocc.no/atc_ddd_methodology/history/
https://www.ncbi.nlm.nih.gov/pubmed/24779190
https://www.ncbi.nlm.nih.gov/pubmed/24779190
https://doi.org/10.1096/fj.07-1102ufm
https://www.ema.europa.eu/en/medicines/download-medicine-data
https://www.ema.europa.eu/en/medicines/download-medicine-data
https://accesstomedicinefoundation.org/media/uploads/downloads/5e27136ad13c9_Access_to_Medicine_Index_2018.pdf
https://accesstomedicinefoundation.org/media/uploads/downloads/5e27136ad13c9_Access_to_Medicine_Index_2018.pdf
https://accesstomedicinefoundation.org/media/uploads/downloads/5e27136ad13c9_Access_to_Medicine_Index_2018.pdf
https://doi.org/10.1016/j.jad.2014.06.010
https://doi.org/10.1016/j.jad.2014.06.010
https://linkinghub.elsevier.com/retrieve/pii/S0960982218309916
https://linkinghub.elsevier.com/retrieve/pii/S0960982218309916
https://doi.org/10.1098/rstb.2013.0580
https://doi.org/10.1897/08-556.1
https://doi.org/10.1007/s11356-024-31914-0
https://doi.org/10.1016/j.envpol.2024.124439
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00600g


2996 | Environ. Sci.: Water Res. Technol., 2025, 11, 2986–3000 This journal is © The Royal Society of Chemistry 2025

18 M. M. Schultz, M. M. Painter, S. E. Bartell, A. Logue, E. T.
Furlong and S. L. Werner, et al., Selective uptake and
biological consequences of environmentally relevant
antidepressant pharmaceutical exposures on male fathead
minnows, Aquat. Toxicol., 2011, 104(1–2), 38–47, DOI:
10.1016/j.aquatox.2011.03.011.

19 T. W. Valenti, G. G. Gould, J. P. Berninger, K. A. Connors,
N. B. Keele and K. N. Prosser, et al., Human therapeutic
plasma levels of the selective serotonin reuptake inhibitor
(SSRI) sertraline decrease serotonin reuptake transporter
binding and shelter-seeking behavior in adult male fathead
minnows, Environ. Sci. Technol., 2012, 46(4), 2427–2435,
Available from: https://pubmed.ncbi.nlm.nih.gov/22296170/.

20 E. Versteegen, M. Häkkinen, D. Wu, I. H. de Jong, I.
Roessink and E. T. H. M. Peeters, et al., Effects of the drug
carbamazepine on the structure and functioning of a
freshwater aquatic ecosystem, Ecotoxicol. Environ. Saf.,
2025, 294, 118009, Available from: https://linkinghub.
elsevier.com/retrieve/pii/S0147651325003458.

21 C. J. E. Davey, M. H. S. Kraak, A. Praetorius, T. L. ter Laak and
A. P. van Wezel, Occurrence, hazard, and risk of
psychopharmaceuticals and illicit drugs in European surface
waters, Water Res., 2022, 222(May), 118878, Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0043135422008259.

22 K. A. Kidd, T. Backhaus, T. Brodin, P. A. Inostroza and E. S.
McCallum, Environmental Risks of Pharmaceutical
Mixtures in Aquatic Ecosystems: Reflections on a Decade of
Research, Environ. Toxicol. Chem., 2024, 43(3), 549–558,
DOI: 10.1002/etc.5726.

23 V. Kisielius, S. Kharel, J. Skaarup, B. S. Lauritzen, M. Lukas
and A. Bogusz, et al., Process design for removal of
pharmaceuticals in wastewater treatment plants based on
predicted no effect concentration (PNEC), Chem. Eng. J.,
2023, 476, 146644, DOI: 10.1016/j.cej.2023.146644.

24 F. Spilsbury, P. A. Inostroza, P. Svedberg, C. Cannata,
A. M. J. Ragas and T. Backhaus, Defining the data gap:
What do we know about environmental exposure, hazards
and risks of pharmaceuticals in the European aquatic
environment?, Water Res., 2024, 251, 121002.

25 C. J. E. Davey, A. K. Hartelust, R. Helmus, A. Praetorius, A. P.
van Wezel and T. L. ter Laak, Presence, removal, and risks of
psychopharmaceuticals in wastewater streams, Environ.
Toxicol. Chem., 2025, 44(2), 375–385, Available from: https://
academic.oup.com/etc/article/44/2/375/7942961.

26 S. E. Hale, M. Neumann, I. Schliebner, J. Schulze, F. S.
Averbeck and C. Castell-Exner, et al., Getting in control of
persistent, mobile and toxic (PMT) and very persistent and
very mobile (vPvM) substances to protect water resources:
strategies from diverse perspectives, Environ. Sci. Eur.,
2022, 34(1), 1–24, DOI: 10.1186/s12302-022-00604-4.

27 J. van Dijk, S. C. Dekker, S. A. E. Kools and A. P. van Wezel,
European-wide spatial analysis of sewage treatment plants
and the possible benefits to nature of advanced treatment
to reduce pharmaceutical emissions, Water Res., 2023, 241,
120157, Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0043135423005936.

28 D. S. Wishart, Y. D. Feunang, A. C. Guo, E. J. Lo, A. Marcu
and J. R. Grant, et al., DrugBank 5.0: a major update to the
DrugBank database for 2018, Nucleic Acids Res.,
2018, 46(D1), D1074–D1082, Available from: https://
academic.oup.com/nar/article/46/D1/D1074/4602867.

29 T. M. Nolte, G. Chen, C. S. van Schayk, K. Pinto-Gil, A. J.
Hendriks and W. J. G. M. Peijnenburg, et al., Disentanglement
of the chemical, physical, and biological processes aids the
development of quantitative structure-biodegradation
relationships for aerobic wastewater treatment, Sci. Total
Environ., 2020, 708, 133863, Available from: https://www.
sciencedirect.com/science/article/abs/pii/S0048969719338112?
via%3Dihub.

30 J. W. Choi, Y. Zhao, J. K. Bediako, C. W. Cho and Y. S. Yun,
Estimating environmental fate of tricyclic antidepressants in
wastewater treatment plant, Sci. Total Environ., 2018, 634,
52–58.

31 L. Ferrando-Climent, N. Collado, G. Buttiglieri, M. Gros, I.
Rodriguez-Roda and S. Rodriguez-Mozaz, et al.,
Comprehensive study of ibuprofen and its metabolites in
activated sludge batch experiments and aquatic
environment, Sci. Total Environ., 2012, 438, 404–413.

32 R. Gurke, M. Rößler, C. Marx, S. Diamond, S. Schubert and R.
Oertel, et al., Occurrence and removal of frequently prescribed
pharmaceuticals and corresponding metabolites in wastewater
of a sewage treatment plant, Sci. Total Environ., 2015, 532,
762–770, DOI: 10.1016/j.scitotenv.2015.06.067.

33 OECD, Pharmaceutical Residues in Freshwater: Hazards and
Policy Responses, Paris, 2019.

34 D. L. Cunha, M. P. Mendes and M. Marques,
Environmental risk assessment of psychoactive drugs in the
aquatic environment, Environ. Sci. Pollut. Res., 2019, 26(1),
78–90, DOI: 10.1007/s11356-018-3556-z.

35 D. L. Cunha, F. G. de Araujo and M. Marques, Psychoactive
drugs: occurrence in aquatic environment, analytical methods,
and ecotoxicity—a review, Environ. Sci. Pollut. Res., 2017, 24,
24076–24091, DOI: 10.1007/s11356-017-0170-4.

36 R. D. Compagni, M. Gabrielli, F. Polesel, A. Turolla, S.
Trapp and L. Vezzaro, et al., Risk assessment of
contaminants of emerging concern in the context of
wastewater reuse for irrigation: An integrated modelling
approach, Chemosphere, 2020, 242, 125185, DOI: 10.1016/j.
chemosphere.2019.125185.

37 P. Gago-Ferrero, A. A. Bletsou, D. E. Damalas, R. Aalizadeh,
N. A. Alygizakis and H. P. Singer, et al., Wide-scope target
screening of >2000 emerging contaminants in wastewater
samples with UPLC-Q-ToF-HRMS/MS and smart evaluation
of its performance through the validation of 195 selected
representative analytes, J. Hazard. Mater., 2020, 387,
121712, Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0304389419316668.

38 X. Wang, N. Yu, J. Yang, L. Jin, H. Guo and W. Shi, et al.,
Suspect and non-target screening of pesticides and
pharmaceuticals transformation products in wastewater
using QTOF-MS, Environ. Int., 2020, 137, 105599, DOI:
10.1016/j.envint.2020.105599.

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 6
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1016/j.aquatox.2011.03.011
https://pubmed.ncbi.nlm.nih.gov/22296170/
https://linkinghub.elsevier.com/retrieve/pii/S0147651325003458
https://linkinghub.elsevier.com/retrieve/pii/S0147651325003458
https://linkinghub.elsevier.com/retrieve/pii/S0043135422008259
https://doi.org/10.1002/etc.5726
https://doi.org/10.1016/j.cej.2023.146644
https://academic.oup.com/etc/article/44/2/375/7942961
https://academic.oup.com/etc/article/44/2/375/7942961
https://doi.org/10.1186/s12302-022-00604-4
https://linkinghub.elsevier.com/retrieve/pii/S0043135423005936
https://linkinghub.elsevier.com/retrieve/pii/S0043135423005936
https://academic.oup.com/nar/article/46/D1/D1074/4602867
https://academic.oup.com/nar/article/46/D1/D1074/4602867
https://www.sciencedirect.com/science/article/abs/pii/S0048969719338112?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0048969719338112?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0048969719338112?via%3Dihub
https://doi.org/10.1016/j.scitotenv.2015.06.067
https://doi.org/10.1007/s11356-018-3556-z
https://doi.org/10.1007/s11356-017-0170-4
https://doi.org/10.1016/j.chemosphere.2019.125185
https://doi.org/10.1016/j.chemosphere.2019.125185
https://linkinghub.elsevier.com/retrieve/pii/S0304389419316668
https://linkinghub.elsevier.com/retrieve/pii/S0304389419316668
https://doi.org/10.1016/j.envint.2020.105599
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00600g


Environ. Sci.: Water Res. Technol., 2025, 11, 2986–3000 | 2997This journal is © The Royal Society of Chemistry 2025

39 K. Kosek, A. Luczkiewicz, S. Fudala-Książek, K. Jankowska,
M. Szopińska and O. Svahn, et al., Implementation of
advanced micropollutants removal technologies in
wastewater treatment plants (WWTPs) - Examples and
challenges based on selected EU countries, Environ. Sci.
Policy, 2020, 112, 213–226.

40 I. Logar, R. Brouwer, M. Maurer and C. Ort, Cost-benefit
analysis of the swiss national policy on reducing
micropollutants in treated wastewater, Environ. Sci. Technol.,
2014, 48(21), 12500–12508, DOI: 10.1021/es502338j.

41 P. R. Rout, T. C. Zhang, P. Bhunia and R. Y. Surampalli,
Treatment technologies for emerging contaminants in
wastewater treatment plants: A review, Sci. Total Environ.,
2021, 753, 141990.

42 O. González, B. Bayarri, J. Aceña, S. Pérez and D. Barceló, in
Treatment Technologies for Wastewater Reuse: Fate of
Contaminants of Emerging Concern BT - Advanced Treatment
Technologies for Urban Wastewater Reuse, ed. D. Fatta-
Kassinos, D. D. Dionysiou and K. Kümmerer, Springer
International Publishing, 2016, pp. 5–37, DOI: 10.1007/
698_2015_363.

43 R. R. Z. Tarpani and A. Azapagic, Life cycle costs of
advanced treatment techniques for wastewater reuse and
resource recovery from sewage sludge, J. Cleaner Prod.,
2018, 204, 832–847, DOI: 10.1016/j.jclepro.2018.08.300.

44 M. Bourgin, B. Beck, M. Boehler, E. Borowska, J. Fleiner
and E. Salhi, et al., Evaluation of a full-scale wastewater
treatment plant upgraded with ozonation and biological
post-treatments: Abatement of micropollutants, formation
of transformation products and oxidation by-products,
Water Res., 2018, 129, 486–498, Available from: https://
linkinghub.elsevier.com/retrieve/pii/S0043135417308734.

45 U. Hübner, S. Spahr, H. Lutze, A. Wieland, S. Rüting and W.
Gernjak, et al., Advanced oxidation processes for water and
wastewater treatment – Guidance for systematic future
research, Heliyon, 2024, 10(9), e30402, DOI: 10.1016/j.
heliyon.2024.e30402.

46 D. B. Miklos, C. Remy, M. Jekel, K. G. Linden, J. E. Drewes
and U. Hübner, Evaluation of advanced oxidation processes
for water and wastewater treatment – A critical review,
Water Res., 2018, 139, 118–131, Available from: https://
linkinghub.elsevier.com/retrieve/pii/S0043135418302380.

47 J. Altmann, L. Massa, A. Sperlich, R. Gnirss and M. Jekel,
UV254 absorbance as real-time monitoring and control
parameter for micropollutant removal in advanced
wastewater treatment with powdered activated carbon,
Water Res., 2016, 94, 240–245, Available from: https://
pubmed.ncbi.nlm.nih.gov/26963606/.

48 J. Streicher, A. S. Ruhl, R. Gnirß and M. Jekel, Where to
dose powdered activated carbon in a wastewater treatment
plant for organic micro-pollutant removal, Chemosphere,
2016, 156, 88–94.

49 O. Svahn and S. Borg, Assessment of full-scale 4th
treatment step for micro pollutant removal in Sweden: Sand
and GAC filter combo, Sci. Total Environ., 2024, 906(June
2023), 167424, DOI: 10.1016/j.scitotenv.2023.167424.

50 W. Xing, H. H. Ngo, S. H. Kim, W. S. Guo and P. Hagare,
Adsorption and bioadsorption of granular activated carbon
(GAC) for dissolved organic carbon (DOC) removal in
wastewater, Bioresour. Technol., 2008, 99(18), 8674–8678.

51 D. Y. Zhang, W. G. Li, S. M. Zhang, M. Liu, X. Y. Zhao and
X. C. Zhang, Bacterial community and function of
biological activated carbon filter in drinking water
treatment, Biomed. Environ. Sci., 2011, 24(2), 122–131.

52 C. J. E. Davey, T. V. van der Meer, T. L. ter Laak, P. F. M.
Verdonschot and M. H. S. Kraak, Removal of
psychopharmaceuticals from WWTP effluent by an algae–
mussel trophic cascade: a potential nature-based solution?,
Environ. Sci., 2025, 11(7), 1643–1656, Available from:
https://xlink.rsc.org/?DOI=D5EW00011D.

53 A. de Wilt, A. Butkovskyi, K. Tuantet, L. H. Leal, T. V.
Fernandes and A. Langenhoff, et al., Micropollutant
removal in an algal treatment system fed with source
separated wastewater streams, J. Hazard. Mater., 2016, 304,
84–92, Available from: https://linkinghub.elsevier.com/
retrieve/pii/S0304389415301485.

54 Y. Lei, T. Wagner, H. Rijnaarts, V. de Wilde and A.
Langenhoff, The removal of micropollutants from treated
effluent by batch-operated pilot-scale constructed wetlands,
Water Res., 2023, 230, 119494, DOI: 10.1016/j.
watres.2022.119494.

55 S. K. Maeng, E. Ameda, S. K. Sharma, G. Grützmacher and
G. L. Amy, Organic micropollutant removal from
wastewater effluent-impacted drinking water sources during
bank filtration and artificial recharge, Water Res.,
2010, 44(4014), 4003–4014, Available from: https://
linkinghub.elsevier.com/retrieve/pii/S004313541000223X.

56 R. K. Oruganti, K. Katam, P. L. Show, V. Gadhamshetty,
V. K. K. Upadhyayula and D. Bhattacharyya, A
comprehensive review on the use of algal-bacterial systems
for wastewater treatment with emphasis on nutrient and
micropollutant removal, Bioengineered, 2022, 13(4),
10412–10453, DOI: 10.1080/21655979.2022.2056823.

57 N. A. Sossalla, J. Nivala, T. Reemtsma, R. Schlichting, M.
König and N. Forquet, et al., Removal of micropollutants
and biological effects by conventional and intensified
constructed wetlands treating municipal wastewater, Water
Res., 2021, 201, 117349.

58 R. Gulde, M. Rutsch, B. Clerc, J. E. Schollée, U. von Gunten
and C. S. McArdell, Formation of transformation products
during ozonation of secondary wastewater effluent and
their fate in post-treatment: From laboratory- to full-scale,
Water Res., 2021, 200, 117200.

59 R. Helmus, I. Bagdonaite, P. de Voogt, M. R. van Bommel, E. L.
Schymanski and A. P. van Wezel, et al., Comprehensive Mass
Spectrometry Workflows to Systematically Elucidate
Transformation Processes of Organic Micropollutants: A Case
Study on the Photodegradation of Four Pharmaceuticals,
Environ. Sci. Technol., 2025, 59, 3723–3736, DOI: 10.1021/acs.
est.4c09121.

60 A. Zilberman, I. Gozlan and D. Avisar, Pharmaceutical
Transformation Products Formed by Ozonation—Does

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 6
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1021/es502338j
https://doi.org/10.1007/698_2015_363
https://doi.org/10.1007/698_2015_363
https://doi.org/10.1016/j.jclepro.2018.08.300
https://linkinghub.elsevier.com/retrieve/pii/S0043135417308734
https://linkinghub.elsevier.com/retrieve/pii/S0043135417308734
https://doi.org/10.1016/j.heliyon.2024.e30402
https://doi.org/10.1016/j.heliyon.2024.e30402
https://linkinghub.elsevier.com/retrieve/pii/S0043135418302380
https://linkinghub.elsevier.com/retrieve/pii/S0043135418302380
https://pubmed.ncbi.nlm.nih.gov/26963606/
https://pubmed.ncbi.nlm.nih.gov/26963606/
https://doi.org/10.1016/j.scitotenv.2023.167424
https://xlink.rsc.org/?DOI=D5EW00011D
https://linkinghub.elsevier.com/retrieve/pii/S0304389415301485
https://linkinghub.elsevier.com/retrieve/pii/S0304389415301485
https://doi.org/10.1016/j.watres.2022.119494
https://doi.org/10.1016/j.watres.2022.119494
https://linkinghub.elsevier.com/retrieve/pii/S004313541000223X
https://linkinghub.elsevier.com/retrieve/pii/S004313541000223X
https://doi.org/10.1080/21655979.2022.2056823
https://doi.org/10.1021/acs.est.4c09121
https://doi.org/10.1021/acs.est.4c09121
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00600g


2998 | Environ. Sci.: Water Res. Technol., 2025, 11, 2986–3000 This journal is © The Royal Society of Chemistry 2025

Degradation Occur?, Molecules, 2023, 28(3), 1227, Available
from: https://pmc.ncbi.nlm.nih.gov/articles/PMC9919501/.

61 F. Jesus, C. Bernardo, R. C. Martins, J. Gomes and J. L.
Pereira, Ecotoxicological Consequences of the Abatement of
Contaminants of Emerging Concern by Ozonation—Does
Mixture Complexity Matter?, Water, 2022, 14(11), 1801, DOI:
10.3390/w14111801.

62 K. Affek, A. Muszyński, M. Załęska-Radziwiłł, N. Doskocz, A.
Ziętkowska and M. Widomski, Evaluation of ecotoxicity and
inactivation of bacteria during ozonation of treated
wastewater, Desalin. Water Treat., 2020, 192, 176–184,
Available from: https://www.sciencedirect.com/science/
article/pii/S1944398624103359?via%3Dihub.

63 R. F. Dantas, C. Sans and S. Esplugas, Ozonation of
Propranolol: Transformation, Biodegradability, and Toxicity
Assessment, J. Environ. Eng., 2011, 137(8), 754–759, DOI:
10.1061/%28ASCE%29EE.1943-7870.0000377.

64 D. Stalter, A. Magdeburg, M. Weil, T. Knacker and J.
Oehlmann, Toxication or detoxication? In vivo toxicity
assessment of ozonation as advanced wastewater treatment
with the rainbow trout, Water Res., 2010, 44(2), 439–448.

65 J. Völker, M. Stapf, U. Miehe and M. Wagner, Systematic review
of toxicity removal by advanced wastewater treatment
technologies via ozonation and activated carbon, Environ. Sci.
Technol., 2019, 53(13), 7215–7533, DOI: 10.1021/acs.est.9b00570.

66 Z. A. Yacouba, G. Lesage, J. Mendret, F. Zaviska, E. Petit
and S. Brosillon, Fate and Toxicity of Carbamazepine and
Its Degradation By-Products During Coupling of Ozonation
and Nanofiltration for Urban Wastewater Reuse, Front.
Environ. Chem., 2021, 2, 798785.

67 S. E. Belanger, A. Beasley, J. L. Brill, J. Krailler, K. A.
Connors and G. J. Carr, et al., Comparisons of PNEC
derivation logic flows under example regulatory schemes
and implications for ecoTTC, Regul. Toxicol. Pharmacol.,
2021, 123, 104933, DOI: 10.1016/j.yrtph.2021.104933.

68 EMA, Guideline on the environmental risk assessment of
medicinal products for human use, 2024.

69 R. A. Wess, Update of EMA's Guideline on the
Environmental Risk Assessment (ERA) of Medicinal
Products for Human Use, Ther. Innov. Regul. Sci.,
2021, 55(2), 309–323, DOI: 10.1007/s43441-020-00216-1.

70 F. Spilsbury, V. Kisielius, K. Bester and T. Backhaus,
Ecotoxicological mixture risk assessment of 35 pharmaceuticals
in wastewater effluents following post-treatment with ozone
and/or granulated activated carbon, Sci. Total Environ.,
2024, 906, 167440, DOI: 10.1016/j.scitotenv.2023.167440.

71 R. I. L. Eggen, J. Hollender, A. Joss, M. Schärer and C.
Stamm, Reducing the discharge of micropollutants in the
aquatic environment: The benefits of upgrading wastewater
treatment plants, Environ. Sci. Technol., 2014, 48(14),
7683–7689, DOI: 10.1021/es500907n.

72 A. Pistocchi, N. A. Alygizakis, W. Brack, A. Boxall, I. T. Cousins
and J. E. Drewes, et al., European scale assessment of the
potential of ozonation and activated carbon treatment to reduce
micropollutant emissions with wastewater, Sci. Total Environ.,
2022, 848, 157124, DOI: 10.1016/j.scitotenv.2022.157124.

73 European Commission, Directive (EU) 2024/3019 of the
European Parliament and of the Council of 27 November
2024 concerning urban wastewater treatment (recast)
[Internet], 2024, Available from: https://data.europa.eu/eli/
dir/2024/3019/oj.

74 STOWA, Verwijdering Van Organische Microverontreinigingen -
Rapport [Internet], 2020, Available from: https://www.stowa.
nl/sites/default/files/assets/PUBLICATIES/Publicaties.

75 L. F. Angeles, R. A. Mullen, I. J. Huang, C. Wilson, W.
Khunjar and H. I. Sirotkin, et al., Assessing pharmaceutical
removal and reduction in toxicity provided by advanced
wastewater treatment systems, Environ. Sci., 2019, 6(1),
62–77, Available from: https://pubs.rsc.org/en/content/
articlehtml/2020/ew/c9ew00559e.

76 R. Guillossou, J. Le Roux, S. Brosillon, R. Mailler, E. Vulliet and
C. Morlay, et al., Benefits of ozonation before activated carbon
adsorption for the removal of organic micropollutants from
wastewater effluents, Chemosphere, 2020, 245, 125530.

77 V. Kårelid, G. Larsson and B. Björlenius, Pilot-scale removal
of pharmaceuticals in municipal wastewater: Comparison
of granular and powdered activated carbon treatment at
three wastewater treatment plants, J. Environ. Manage.,
2017, 193, 491–502, Available from: https://linkinghub.
elsevier.com/retrieve/pii/S0301479717301603.

78 A. Fischer, A. P. van Wezel, J. Hollender, E. Cornelissen, R.
Hofman and J. P. van der Hoek, Development and
application of relevance and reliability criteria for water
treatment removal efficiencies of chemicals of emerging
concern, Water Res., 2019, 161, 274–287, DOI: 10.1016/j.
watres.2019.05.088.

79 G. A. Zoumpouli, F. Siqueira Souza, B. Petrie, L. A. Féris, B.
Kasprzyk-Hordern and J. Wenk, Simultaneous ozonation of
90 organic micropollutants including illicit drugs and their
metabolites in different water matrices, Environ. Sci.,
2020, 6(9), 2465–2478.

80 A. de Wilt, K. van Gijn, T. Verhoek, A. Vergnes, M. Hoek
and H. Rijnaarts, et al., Enhanced pharmaceutical removal
from water in a three step bio-ozone-bio process, Water
Res., 2018, 138, 97–105.

81 N. K. Haro, I. V. J. Dávila, K. G. P. Nunes, M. A. E. de
Franco, N. R. Marcilio and L. A. Féris, Kinetic, equilibrium
and thermodynamic studies of the adsorption of
paracetamol in activated carbon in batch model and fixed-
bed column, Appl. Water Sci., 2021, 11(2), 38, DOI: 10.1007/
s13201-020-01346-5.

82 L. T. Phan, H. Schaar, E. Saracevic, J. Krampe and N.
Kreuzinger, Effect of ozonation on the biodegradability of
urban wastewater treatment plant effluent, Sci. Total
Environ., 2022, 812, 152466, DOI: 10.1016/j.
scitotenv.2021.152466.

83 T. Macsek, P. Krzeminski, M. Umar, T. Halešová, D.
Tomešová and M. Novotný, et al., Long-term application of
ozonation for removal of pharmaceuticals from wastewater
treatment plant effluent: Effectiveness, control strategies,
ecotoxicity, J. Hazard. Mater., 2025, 489, 137703, DOI:
10.1016/j.jhazmat.2025.137703.

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 6
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://pmc.ncbi.nlm.nih.gov/articles/PMC9919501/
https://doi.org/10.3390/w14111801
https://www.sciencedirect.com/science/article/pii/S1944398624103359?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1944398624103359?via%3Dihub
https://doi.org/10.1061/%28ASCE%29EE.1943-7870.0000377
https://doi.org/10.1021/acs.est.9b00570
https://doi.org/10.1016/j.yrtph.2021.104933
https://doi.org/10.1007/s43441-020-00216-1
https://doi.org/10.1016/j.scitotenv.2023.167440
https://doi.org/10.1021/es500907n
https://doi.org/10.1016/j.scitotenv.2022.157124
https://data.europa.eu/eli/dir/2024/3019/oj
https://data.europa.eu/eli/dir/2024/3019/oj
https://www.stowa.nl/sites/default/files/assets/PUBLICATIES/Publicaties
https://www.stowa.nl/sites/default/files/assets/PUBLICATIES/Publicaties
https://pubs.rsc.org/en/content/articlehtml/2020/ew/c9ew00559e
https://pubs.rsc.org/en/content/articlehtml/2020/ew/c9ew00559e
https://linkinghub.elsevier.com/retrieve/pii/S0301479717301603
https://linkinghub.elsevier.com/retrieve/pii/S0301479717301603
https://doi.org/10.1016/j.watres.2019.05.088
https://doi.org/10.1016/j.watres.2019.05.088
https://doi.org/10.1007/s13201-020-01346-5
https://doi.org/10.1007/s13201-020-01346-5
https://doi.org/10.1016/j.scitotenv.2021.152466
https://doi.org/10.1016/j.scitotenv.2021.152466
https://doi.org/10.1016/j.jhazmat.2025.137703
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00600g


Environ. Sci.: Water Res. Technol., 2025, 11, 2986–3000 | 2999This journal is © The Royal Society of Chemistry 2025

84 M. Stapf, U. Miehe and M. Jekel, Application of online UV
absorption measurements for ozone process control in
secondary effluent with variable nitrite concentration,
Water Res., 2016, 104, 111–118.

85 O. Martin, M. Scholze, S. Ermler, J. McPhie, S. K. Bopp and
A. Kienzler, et al., Ten years of research on synergisms and
antagonisms in chemical mixtures: A systematic review and
quantitative reappraisal of mixture studies, Environ. Int.,
2021, 146, 106206, Available from: https://www.
sciencedirect.com/science/article/pii/S0160412020321619?
via%3Dihub.

86 T. Backhaus, Environmental Risk Assessment of
Pharmaceutical Mixtures: Demands, Gaps, and Possible
Bridges, AAPS J., 2016, 18(4), 804–813, DOI: 10.1208/s12248-
016-9907-0.

87 C. J. Van Leeuwen, F. Bro-Rasmussen, T. C. J. Feijtel, R.
Arndt, B. M. Bussian and D. Calamari, et al., Risk
assessment and management of new and existing
chemicals, Environ. Toxicol. Pharmacol., 1996, 2(4),
243–299.

88 S. K. Alharbi, A. J. Ansari, L. D. Nghiem and W. E. Price,
New transformation products from ozonation and
photolysis of diclofenac in the aqueous phase, Process Saf.
Environ. Prot., 2022, 157, 106–114.

89 E. Borowska, M. Bourgin, J. Hollender, C. Kienle, C. S.
McArdell and U. von Gunten, Oxidation of cetirizine,
fexofenadine and hydrochlorothiazide during ozonation:
Kinetics and formation of transformation products, Water
Res., 2016, 94, 350–362.

90 N. H. El Najjar, A. Touffet, M. Deborde, R. Journel and
N. K. V. Leitner, Kinetics of paracetamol oxidation by ozone
and hydroxyl radicals, formation of transformation
products and toxicity, Sep. Purif. Technol., 2014, 136,
137–143.

91 N. Henning, U. Kunkel, A. Wick and T. A. Ternes,
Biotransformation of gabapentin in surface water matrices
under different redox conditions and the occurrence of one
major TP in the aquatic environment, Water Res., 2018, 137,
290–300.

92 S. Kharel, P. R. Tentscher and K. Bester, Further
transformation of the primary ozonation products of
tramadol- and venlafaxine N-oxide: Mechanistic and
structural considerations, Sci. Total Environ., 2022, 845,
157259.

93 V. Melin, P. Salgado, A. Thiam, A. Henríquez, H. D.
Mansilla and J. Yáñez, et al., Study of degradation of
amitriptyline antidepressant by different electrochemical
advanced oxidation processes, Chemosphere, 2021, 274,
129683.

94 F. Méndez-Arriaga, T. Otsu, T. Oyama, J. Gimenez, S.
Esplugas and H. Hidaka, et al., Photooxidation of the
antidepressant drug Fluoxetine (Prozac®) in aqueous media
by hybrid catalytic/ozonation processes, Water Res.,
2011, 45(9), 2782–2794.

95 M. C. Nika, R. Aalizadeh and N. S. Thomaidis, Non-target
trend analysis for the identification of transformation

products during ozonation experiments of citalopram and
four of its biodegradation products, J. Hazard. Mater.,
2021, 419, 126401.

96 L. Q. Shen, E. S. Beach, Y. Xiang, D. J. Tshudy, N. Khanina
and C. P. Horwitz, et al., Rapid, biomimetic degradation in
water of the persistent drug sertraline by TAML catalysts
and hydrogen peroxide, Environ. Sci. Technol., 2011, 45(18),
7882–7887, DOI: 10.1021/es201392k.

97 M. Sierra-Olea, S. Kölle, E. Bein, T. Reemtsma, O. J.
Lechtenfeld and U. Hübner, Isotopically labeled ozone: A
new approach to elucidate the formation of ozonation
products, Water Res., 2023, 233, 119740.

98 M. Voigt, I. Bartels, D. Schmiemann, L. Votel, K. Hoffmann-
Jacobsen and M. Jaeger, Metoprolol and Its Degradation
and Transformation Products Using AOPs—Assessment of
Aquatic Ecotoxicity Using QSAR, Molecules, 2021, 26(11),
3102, DOI: 10.3390/molecules26113102.

99 V. Yargeau and F. Danylo, Removal and transformation
products of ibuprofen obtained during ozone- and
ultrasound-based oxidative treatment, Water Sci. Technol.,
2015, 72(3), 491–500.

100 H. Yu, P. Ge, J. Chen, H. Xie and Y. Luo, The degradation
mechanism of sulfamethoxazole under ozonation: a DFT
study, Environ. Sci.: Processes Impacts, 2017, 19(3), 379–387,
Available from: https://pubs.rsc.org/en/content/articlehtml/
2017/em/c6em00698a.

101 I. Zucker, H. Mamane, A. Riani, I. Gozlan and D. Avisar,
Formation and degradation of N-oxide venlafaxine during
ozonation and biological post-treatment, Sci. Total Environ.,
2018, 619–620, 578–586.

102 T. W. Schultz, R. Diderich, C. D. Kuseva and O. G.
Mekenyan, The OECD QSAR Toolbox Starts Its Second
Decade, Methods Mol. Biol., 2018, 1800, 55–77, DOI:
10.1007/978-1-4939-7899-1_2.

103 ChemAxon, Chemicalize [Internet], 2024, Available from:
https://chemaxon.com/chemicalize.

104 D. S. Wishart, C. Knox, A. C. Guo, S. Shrivastava, M.
Hassanali and P. Stothard, et al., DrugBank: a
comprehensive resource for in silico drug discovery and
exploration, Nucleic Acids Res., 2006, 34, D668–D672, DOI:
10.1093/nar/gkj067.

105 S. Kharel, M. Stapf, U. Miehe, M. Ekblad, M. Cimbritz
and P. Falås, et al., Ozone dose dependent formation
and removal of ozonation products of pharmaceuticals
in pilot and full-scale municipal wastewater treatment
plants, Sci. Total Environ., 2020, 731, 139064, Available
from: https://linkinghub.elsevier.com/retrieve/pii/
S004896972032581X.

106 NORMAN, WELCOME TO THE NORMAN NETWORK |
NORMAN [Internet], 2021, Available from: https://www.
norman-network.net/.

107 European Commission, Implementing Council Directive 96/
23/EC concerning the performance of analytical methods
and the interpretation of results (notified under document
number C(2002) 3044) [Internet], 2002, Available from:
https://eur-lex.europa.eu/eli/dec/2002/657/2022-11-28.

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 6
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://www.sciencedirect.com/science/article/pii/S0160412020321619?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0160412020321619?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0160412020321619?via%3Dihub
https://doi.org/10.1208/s12248-016-9907-0
https://doi.org/10.1208/s12248-016-9907-0
https://doi.org/10.1021/es201392k
https://doi.org/10.3390/molecules26113102
https://pubs.rsc.org/en/content/articlehtml/2017/em/c6em00698a
https://pubs.rsc.org/en/content/articlehtml/2017/em/c6em00698a
https://doi.org/10.1007/978-1-4939-7899-1_2
https://chemaxon.com/chemicalize
https://doi.org/10.1093/nar/gkj067
https://linkinghub.elsevier.com/retrieve/pii/S004896972032581X
https://linkinghub.elsevier.com/retrieve/pii/S004896972032581X
https://www.norman-network.net/
https://www.norman-network.net/
https://eur-lex.europa.eu/eli/dec/2002/657/2022-11-28
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00600g


3000 | Environ. Sci.: Water Res. Technol., 2025, 11, 2986–3000 This journal is © The Royal Society of Chemistry 2025

108 M. A. Aljallal, Q. Chaudhry and N. R. Price, Assessment of
Performance of the Profilers Provided in the OECD QSAR
Toolbox for Category Formation of Chemicals, 2024, Available
from: https://www.researchsquare.com.

109 L. D. Burgoon, F. M. Kluxen, A. Hüser and M. Frericks, The
database makes the poison: How the selection of datasets
in QSAR models impacts toxicant prediction of higher tier
endpoints, Regul. Toxicol. Pharmacol., 2024, 151, 105663.

110 L. M. Schuijt, F. J. Peng, S. J. P. van den Berg, M. M. L.
Dingemans and P. J. Van den Brink, (Eco)toxicological tests
for assessing impacts of chemical stress to aquatic
ecosystems: Facts, challenges, and future, Sci. Total
Environ., 2021, 795, 148776, DOI: 10.1016/j.
scitotenv.2021.148776.

111 European Commission, Proposal for a DIRECTIVE OF THE
EUROPEAN PARLIAMENT AND OF THE COUNCIL
concerning urban wastewater treatment (recast) [Internet],
Off. J. Eur. Union, 2022, vol. 0345, pp. 1–68, Available from:
https://environment.ec.europa.eu/system/files/2022-10/
Proposal.

112 R. Helmus, B. van de Velde, A. M. Brunner, T. L. ter Laak,
A. P. van Wezel and E. L. Schymanski, patRoon 2.0:
Improved non-target analysis workflows including
automated transformation product screening, J. Open
Source Softw., 2022, 7(71), 4029, DOI: 10.21105/joss.04029.

113 J. Liigand, T. Wang, J. Kellogg, J. Smedsgaard, N. Cech and
A. Kruve, Quantification for non-targeted LC/MS screening
without standard substances, Sci. Rep., 2020, 10(1), 1–10,
Available from: https://www.nature.com/articles/s41598-020-
62573-z.

114 C. Zillien, T. Groenveld, O. Schut, H. Beeltje, D. Blanco-Ania
and L. Posthuma, et al., Assessing city-wide pharmaceutical
emissions to wastewater via modelling and passive
sampling, Environ. Int., 2024, 185, 108524.

115 M. B. Heringa, D. J. H. Harmsen, E. F. Beerendonk, A. A. Reus,
C. A. M. Krul and D. H. Metz, et al., Formation and removal of
genotoxic activity during UV/H2O2–GAC treatment of drinking
water, Water Res., 2011, 45(1), 366–374.

116 F. Itzel, N. Baetz, L. L. Hohrenk, L. Gehrmann, D. Antakyali
and T. C. Schmidt, et al., Evaluation of a biological post-
treatment after full-scale ozonation at a municipal
wastewater treatment plant, Water Res., 2020, 170, 115316.

117 F. Itzel, K. S. Jewell, J. Leonhardt, L. Gehrmann, U. Nielsen
and T. A. Ternes, et al., Comprehensive analysis of
antagonistic endocrine activity during ozone treatment of
hospital wastewater, Sci. Total Environ., 2018, 624,
1443–1454.

118 S. Kharel, M. Stapf, U. Miehe, M. Ekblad, M. Cimbritz and
P. Falås, et al., Removal of pharmaceutical metabolites in
wastewater ozonation including their fate in different post-
treatments, Sci. Total Environ., 2021, 759, 143989.

119 G. Knopp, C. Prasse, T. A. Ternes and P. Cornel, Elimination of
micropollutants and transformation products from a
wastewater treatment plant effluent through pilot scale
ozonation followed by various activated carbon and biological
filters,Water Res., 2016, 100, 580–592.

120 P. Garrone, L. Grilli, A. Groppi and R. Marzano, Barriers
and drivers in the adoption of advanced wastewater
treatment technologies: a comparative analysis of Italian
utilities, J. Cleaner Prod., 2018, 171, S69–S78.

121 A. Pistocchi, H. R. Andersen, G. Bertanza, A. Brander, J. M.
Choubert and M. Cimbritz, et al., Treatment of
micropollutants in wastewater: Balancing effectiveness,
costs and implications, Sci. Total Environ., 2022, 850,
157593.

122 D. S. Wishart, S. Tian, D. Allen, E. Oler, H. Peters and V. W.
Lui, et al., BioTransformer 3.0-a web server for accurately
predicting metabolic transformation products, Nucleic Acids
Res., 2022, 50(W1), W115–W123, Available from: https://
pubmed.ncbi.nlm.nih.gov/35536252/.

123 C. T. A. Moermond, R. Kase, M. Korkaric and M.
Ågerstrand, CRED: Criteria for reporting and evaluating
ecotoxicity data, Environ. Toxicol. Chem., 2016, 35(5),
1297–1309, DOI: 10.1002/etc.3259.

124 W. Brack, S. Ait-Aissa, R. M. Burgess, W. Busch, N. Creusot
and C. Di Paolo, et al., Effect-directed analysis supporting
monitoring of aquatic environments - An in-depth overview,
Sci. Total Environ., 2016, 544, 1073–1118, Available from:
https://pubmed.ncbi.nlm.nih.gov/26779957/.

125 J. Bröcker, W. Stone, A. Carstens and G. Wolfaardt,
Micropollutant transformation and toxicity:
Electrochemical ozonation versus biological metabolism,
Toxicol. Res. Appl., 2022, 6, DOI: 10.1177/
23978473221122880.

126 Y. Cheng, F. Zheng, H. Dong, F. Pan, L. Sun and N.
Aleksandr, et al., Enhanced oxidation of micropollutants by
ozone/ferrate(VI) process: Performance, mechanism, and
toxicity assessment, J. Water Process Eng., 2023, 55, 104211.

127 E. Dopp, H. Pannekens, A. Gottschlich, G. Schertzinger, L.
Gehrmann and M. Kasper-Sonnenberg, et al., Effect-based
evaluation of ozone treatment for removal of micropollutants
and their transformation products in waste water, J. Toxicol.
Environ. Health, Part A, 2021, 84(10), 418–439.

128 C. Kienle, I. Werner, S. Fischer, C. Lüthi, A. Schifferli and
H. Besselink, et al., Evaluation of a full-scale wastewater
treatment plant with ozonation and different post-
treatments using a broad range of in vitro and in vivo
bioassays, Water Res., 2022, 212, 118084.

129 S. D. Richardson, M. J. Plewa, E. D. Wagner, R. Schoeny and
D. M. DeMarini, Occurrence, genotoxicity, and carcinogenicity
of regulated and emerging disinfection by-products in
drinking water: A review and roadmap for research, Mutat.
Res., Rev. Mutat. Res., 2007, 636(1–3), 178–242.

130 S. D. Richardson and T. A. Ternes, Water analysis:
Emerging contaminants and current issues, Analytical
Chemistry, American Chemical Society, 2014, vol. 86, pp.
2813–2848.

131 T. E. Grantham, M. Cañedo-Argüelles, I. Perrée, M.
Rieradevall and N. Prat, A mesocosm approach for
detecting stream invertebrate community responses to
treated wastewater effluent, Environ. Pollut., 2012, 160(1),
95–102.

Environmental Science: Water Research & TechnologyPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
3/

20
25

 6
:0

1:
00

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://www.researchsquare.com
https://doi.org/10.1016/j.scitotenv.2021.148776
https://doi.org/10.1016/j.scitotenv.2021.148776
https://environment.ec.europa.eu/system/files/2022-10/Proposal
https://environment.ec.europa.eu/system/files/2022-10/Proposal
https://doi.org/10.21105/joss.04029
https://www.nature.com/articles/s41598-020-62573-z
https://www.nature.com/articles/s41598-020-62573-z
https://pubmed.ncbi.nlm.nih.gov/35536252/
https://pubmed.ncbi.nlm.nih.gov/35536252/
https://doi.org/10.1002/etc.3259
https://pubmed.ncbi.nlm.nih.gov/26779957/
https://doi.org/10.1177/23978473221122880
https://doi.org/10.1177/23978473221122880
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew00600g

	crossmark: 


