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Abstract: Municipal wastewater treatment plants are important contributors to the discharge of micropollutants to
the aquatic environment. Therefore, in Switzerland it has been decided to treat the water at these point sources
to reduce the discharge of micropollutants from municipal wastewater effluents. A team of scientists at Eawag
has evaluated treatment options, which need to be readily available, easily applicable, and cheap. Based on a
rigorous assessment, activated carbon-based processes and ozonation were selected. In this paper the focus
is on ozonation, and the different aspects of its application are discussed, including kinetics and mechanisms
for ozone reactions with micropollutants and matrix components, formation, and fate of transformation products
in biological post-filtration and toxicological aspects. Finally, upgrading of ozonation is described including out-

reach of this approach to other countries.
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1. Introduction

The contamination of the aquatic environment by synthetic
organic compounds is a major problem for the ecosystem and
potentially human health if water resources are used for drinking
water and food production.'l Many anthropogenic activities lead
to the discharge of organic micropollutants to aquatic systems by
point or diffuse sources, including domestic use, industries, agri-
culture, traffic and urban water management.!]

Based on an initiative from the Swiss Federal Office for the
Environment and several European projects, a multidisciplinary
Eawag team consisting of environmental chemists, ecotoxicolo-
gists and environmental engineers have shown early on by a rig-
orous assessment of fluxes of organic chemicals that municipal
wastewaters are an important source of synthetic organic com-
pounds in receiving water bodies with diverse impacts on aquatic
organisms.[231 This was the starting point of an Eawag-based re-
search initiative to develop concepts for mitigation of wastewater
treatment plant effluents to protect aquatic ecosystems and drink-
ing water resources from an important source of contaminants
such as pharmaceuticals, personal care products, endocrine dis-
ruptors, pesticides and industrial chemicals. Many of the chemi-
cals are not or only partly biodegradable in conventional wastewa-
ter treatment.[+-%) It was demonstrated that a more advanced treat-
ment is needed to abate a broad selection of micropollutants.[”l To
this end, the Eawag team tested activated carbon-based adsorption
processes8! and many different chemical oxidants such as chlo-
rine, chlorine dioxide, ferrate(VI), iron complexes of tetra-amido
macrocyclic ligands (TAML), hydroxyl radicals (‘OH) formed
by the Fenton process or a combination of ultraviolet irradiation
and H,0,, and ozonation.’! Activated carbon-based processes and
ozonation were found to be feasible and economic solutions. The
focus of this paper is oxidation because it involves chemical trans-
formation reactions that need more in-depth evaluation.

In compliance with various criteria, such as availability of ox-
idants, kinetics for the reaction with a broad selection of organic
contaminants, energy demand/costs and the potential to form tox-
ic products from the reaction with the organic matrix, ozonation
was selected as the most suitable oxidation process. Ozone itself
has significant reactivity with many functional groups that have
high electron density and are present in bioactive compounds,
such as activated aromatic moieties, olefins, neutral amines and
reduced sulfur groups,l'®!1l and additionally it decomposes in
water to the hydroxyl radical which reacts with most compounds
at near diffusion-controlled rates.[!0]

2. Assessment of Ozonation for Micropollutant
Abatement

Fig. 1 shows the different aspects that need to be considered
during oxidation (ozonation) of micropollutants. They will be dis-
cussed in the following subsections.
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Fig. 1. Oxidation of micropollutants during ozonation with the crucial
aspects and tools, from left to right: Reaction kinetics; Formation of
transformation products (TPs); Biological effects of TPs; Biodegradability
of TPs during biological post-treatment. Fig. 1 from Water Res. 2024,
253, 121148, published under licence CC BY 4.0. Copyright the authors,
ref. [12].

2.1 Reaction Kinetics

Bench-scale experiments were performed to determine sec-
ond-order rate constants for the reactions of a large number of
chemicals including pharmaceuticals, endocrine disruptors and
personal care products with ozone and hydroxyl radicals.[10.13.14]
The second-order rate constants were measured by various
methods including quench-flow, stopped-flow, and competition
kinetics.!4l The selected organic contaminants were previously
detected in municipal wastewater effluents by analytical meth-
ods developed by the team and others with liquid chromatogra-
phy mass spectrometry (LC-MS)I!5.16] and they were grouped
based on their oxidant reactivities with oxidants, rather than the
applications of the compounds. To extrapolate kinetic informa-
tion to other compounds, we developed Quantitative Structure
Activity Relationships (QSAR) based on Hammett-type param-
eters!!7l and orbital energies derived by quantum chemical com-
putations.l'8] By the combination of kinetic information with
measurements of the ozone and hydroxyl radical exposures in
wastewaters, the abatement efficiency of micropollutants can be
estimated, which is crucial for the feasibility of ozonation.[!%]
Based on the developed kinetic database for ozone and the hy-
droxyl radical, we concluded that ozonation is a suitable process
for the effective removal of a broad range of diverse micropol-
lutants.

2.2 Product Formation

During ozonation, micropollutants are only partially modified
and not fully mineralized. Therefore, the elucidation of the forma-
tion of any transformation products (TPs) and the fate of micro-
pollutants and their TPs, especially related to their toxicity and
biodegradability, has to be assessed (Fig.1). For this step, ad-
vanced analytical techniques such as high resolution mass spec-
trometry (HRMS) are required in combination with methods like
NMR for product identification.[20-221 There is already a signifi-
cant knowledge base for transformation product formation during
ozonation, which is based on reactions of ozone with organic
functional groups (Fig. 2).

However, under realistic conditions, both ozone and "OH re-
act in parallel or in sequence with micropollutants and this has
to be considered for TP formation. Therefore, we performed an
ozonation study with a large number of compounds (>50) with
different functional groups by tentatively identifying the corre-
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Fig. 2. Primary reactions of ozone with the main ozone-reactive
functional groups: Olefins, activated aromatic compounds, amines, and
sulfur-containing compounds. Fig. 2 from Water Res. 2022, 213, 118053,
published under licence CC BY 4.0. Copyright the authors ref. [11].



SCS MaJor Awarps 2024 / SCS FaLL MeeTing 2025

493

CHIMIA 2025, 79, No. 7/8

sponding ozonation TPs through a combination of non-target LC-
HRMS data and kinetic/mechanistic considerations, which were
derived from a large body of experimental and quantum chemical
based fundamental studies performed in the Eawag team. 227 TPs
were detected from 39 target compounds which corresponds to
an average of >5 TPs per target compound.[23] No TPs were de-
tected from 12 target compounds, which is due to limitations of
the analytical approach. It can be hypothesized that the detected
TPs make up only a fraction of the formed compounds. The iden-
tified TPs could be explained by general mechanisms for ozone
and "OH reactions with organic compounds. One example is the
transformation of flecainide, a human pharmaceutical for heart
beat control (Fig. 3).1231 The primary product of ozone attack on
the secondary amine function is a transient imine N-oxide (two
isomers), which then further reacts with ozone at the double bond
by ring opening, resulting in formation of nitro compounds with
a carbonyl group. The ‘OH can further react at one of the carbonyl
groups to form an acid.

These results, along with other studies performed in waste-
water matrices,!?2! demonstrate that a large number of TPs can be
formed during ozonation.[?3 Since there are mostly no commer-
cial standards available to assess the toxicity of TPs, methods have
been developed to determine the biological effects of mixtures;
this will be discussed in the next section.
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Fig. 3. Pilot-scale ozonation of spiked Lake Zirich water. Left: Evolution
of flecainide and the transformation products as a function of the ozone
exposure. Right: Potential reaction mechanism involving ozone and
‘OH with the structures of flecainide and the detected transformation
products. Fig. 3 from Water Res. 2021, 207, 117812, published under
licence CC BY 4.0. Copyright the authors ref. [23].

2.3 Biological Effects and Toxicity

During oxidation of micropollutants, mineralization rarely
occurs, and the main question is whether the ensuing transfor-
mation products still contain the initial biological activity. It
was demonstrated by the team that estrogenic compounds lost
their biological effects in parallel to the abatement of the target
compound. One case in point is the estrogenl7a-ethinylestra-
diol (EE2) which has been shown to cause fish population
decline at ng/L levels.[?#l Fig. 4 shows that the abatement of
170-ethinylestradiol (EE2), the active ingredient of the contra-
ceptive pill, by ozone and *OH, occurs in parallel to the reduction
of estrogenicity (EEEQ) measured by the Yeast Estrogen Assay
(YES).[251 This means that the primary attack of the oxidants
on this compound leads to a complete loss of the estrogenicity.
Therefore, ozonation is well suited to abate the effects of EE2 in
municipal wastewater effluents.

Effect-based studies for micropollutant ozonation have al-
so been performed with other bioactive compounds, such as
pesticides and antimicrobial compounds, and generally an ef-
ficient abatement of the original biological activities has been
observed.[26-301 OQverall, this means that for these classes of com-
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Fig. 4. Relative abatement of 17a-ethinylestradiol (EE2) by ozone (left
panel, closed circles) and hydroxyl radicals produced by the UV/H,O,
process (right panel, closed circles). The relative abatement of the
estrogenicity, measured by the Yeast Estrogen Assay (EEEQ), is shown
with the open circles. Reprinted (adapted) with permission from Lee et
al. ref. [25], Copyright (2008) American Chemical Society.

pounds the original biological effects are mostly abated, so are
not preserved in the transformation products. Nevertheless, there
are also cases, in which more toxic compounds are formed dur-
ing ozonation. One case in point is the formation of the muta-
genic N-nitrosodimethylamine (NDMA) from the ozonation of
N,N-dimethylsulfamide, a metabolite of the fungicide tolylflua-
nide during ozonation of bromide-containing waters.[3!32] In an-
other study the formation of estrogenicity (YES) was observed
by ‘OH-induced oxidation of quinoline.[33 However, the estro-
genic potency of the hydroxylated quinoline is very low and not
relevant under realistic conditions. In conclusion, a careful as-
sessment needs to be performed to evaluate ozonation, including
several biotests (see below).

2.4 Biodegradability

To degrade potentially toxic TPs and oxidation products from
the matrix (see below), ozonation needs to be followed by a bi-
ological post-treatment. The fate of TPs was investigated in a
pilot-scale ozonation of water from Lake Zurich by dosing 51
compounds with different ozone-reactive functional groups.[23]
Transformation products were identified by LC-HRMS (see
above) and their fate was investigated in a post-treatment with a
biological sand filter. It could be demonstrated that only a small
portion of the detected transformation products were biodegrad-
able or showed a higher degree of biodegradability than their
parent compounds. These TPs contained carbonyl, carboxylic
acid and amide groups, and were mostly derived from activated
aromatic compounds and/or olefins (Figs. 2 and 5). TPs derived
from amine-type compounds such as N-oxides, nitro or nitroso
compounds did not show significant biodegradability in the sand
filter (Fig. 5). This was also confirmed in a parallel study in a
municipal wastewater effluent.[?2] Even though this shows that
many of the observed transformation products are quite stable,
the abatement of the observed toxicity/biological effects of par-
ent compounds as well as of the oxidized matrix constituents
warrants an improved quality of the discharged wastewater if a
biological post-treatment is implemented after ozonation!34! (see
also Section 2.5).

2.5 Reactions with Dissolved Organic Matter

One of the limiting factors of water treatment and in particular
for oxidation processes is the presence of dissolved organic matter
(DOM) (natural origin or wastewater-derived). Since micropollut-
ant concentrations are in the ng/L-ug/L range and DOM is in the
mg/L range (as DOC), there is a huge competition between the
targets and DOM. It can be assumed that >95% of the ozone and
even a higher fraction of ‘OH are consumed by DOM, making
this process inherently inefficient. Fig. 6 shows the competing
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Fig. 5. Biological post-treatment in a pilot-scale biological sand filtration
after ozonation of Lake Zurich water. Effect of functional groups of target
compounds on the biodegradability by comparison of target compounds
with transformation products. Orange: TPs are less efficiently
biodegraded than parent compounds; blue: similar biodegradability for
parent and TPs; green: better biodegradability of TPs compared to the
parents. Fig. 5 from Water Res. 2021, 207, 117812, published under
licence CC BY 4.0. Copyright the authors ref. [23].

scheme for oxidants, on the one hand the desired abatement of
targets (micropollutants, microorganisms) and on the other hand
reactions with DOM and some inorganic constituents (bromide,
iodide, nitrite).

The reactions of oxidants with DOM leads to a lower abate-
ment of micropollutants but also influences the relative contri-
bution of ozone and ‘OH to the oxidation of the targets.[35-38] In
addition, disinfection by-products are formed from the reactions
of these oxidants with DOM. They consist of oxygen-containing
compounds such as aldehydes, ketones and carboxylic acids.[3
To detect carbonyl compounds after ozonation of lake water and
wastewater, a derivatization method with p-toluenesulfonylhy-
drazine (TSH) coupled to LC-HRMS was developed.[40411 178
carbonous and nitrogenous carbonyl compounds were detected
during bench-scale ozonation of two lake waters and three sec-
ondary wastewater effluents, and during full-scale ozonation of a
secondary wastewater effluent. A subset of carbonyl compounds
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Fig. 6. Ozonation during water treatment. Reactions of ozone and
hydroxyl radical with the targets (micropollutants and microorganisms)
and the side reactions with dissolved organic matter (DOM) and the
inorganic constituents, bromide, iodide, and nitrite. Fig. 6. from Water
Res. 2024, 253, 121148, published under licence CC BY 4.0. Copyright
the authors from ref. [12].
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Fig. 7. Fate of (a) target and (b) non-target carbonyl compounds during
full-scale wastewater ozonation (Werdholzli, Zurich, Switzerland) as
a function of increasing specific ozone doses and after biological
sand filtration (SF, effluent samples for all specific ozone doses). (a)
Total concentration of 8 target carbonyl compounds. Boxes show the
concentration range and the lines inside the mean concentrations. (b)
Relative peak areas (A/A__, with A = area in each sample type and
A, = highest area measured in all samples) of 40 non-target carbonyl
compounds. Lines inside the boxes correspond to the first quartile and
the whiskers correspond to the minimum and maximum concentrations
(including outliers). Fig. 7 from Water Res. 2023, 237, 119751, published
under licence CC BY 4.0. Copyright the authorfrom ref. [40].

(20%) was detected in all water types.[*!l1 8 out of 17 target car-
bonyl compounds were detected above limits of quantification
(LOQs) in most ozonated samples. The concentrations of the 8
identified target compounds decreased in the order: formalde-
hyde > acetaldehyde > glyoxylic acid > pyruvic acid > glutaralde-
hyde > 2,3-butanedione > glyoxal > I-acetyl-1-cyclohexene.[*0]
Fig. 7 shows the formation of target (Fig. 7a) and non-target (Fig.
7b) carbonyl compounds as a function of the specific ozone dose
for full-scale ozonation of a municipal wastewater. The degra-
dation of the carbonyl compounds in the biological post-sand
filtration is also shown. It could be demonstrated that carbonyl
compounds are well biodegradable, which is also in line with the
observation that occasional toxicity after ozonation is abated dur-
ing post-filtration.[*2-441 In addition, non-target screening showed
that 50-80% of the signals that appeared in LC-HRMS after
ozonation are TPs or oxidation by-products and were removed
in post-treatments with granular activated carbon filtration per-
forming the best.[45:40]

2.6 Reactions with Bromide, lodide and Nitrite

The water matrix also contains inorganic ions, which can be
oxidized by ozone and "OH (Fig. 6). Bromide is present in low
concentrations in natural waters in Switzerland (< 20 pg/L) but
its concentration may be much higher in municipal wastewaters
mainly due to industrial discharges.[*”] Bromide can be oxidized
to bromate during ozonation in a complex mechanism includ-
ing ozone and ‘OH.8] This is problematic and often the limit-
ing factor for ozonation, because bromate is a possible human
carcinogen with a strict drinking water standard of 10 pg/L.[48]
Since bromate is difficult to remove after its formation, chemical
and hydraulic strategies have been developed to avoid its forma-
tion.[48:491 Since bromate formation is a relatively slow process,
its formation in wastewater effluents can be typically minimized
for specific ozone doses < 0.6 g0,/gDOC.[#7 lodide is typically
present in fresh waters at very low concentrations (<< 20 pg/L).150]
During oxidative water treatment iodide can be oxidized to io-
dine, which then may lead to the formation of potentially toxic
iodo-organic compounds.l’%>11 However, during ozonation iodide
is readily oxidized to the non-toxic iodate, which is the desired
inert sink for iodine.52-531 Therefore, in contrast to other oxidants,
ozonation can be applied to avoid the formation of iodo-organic
compounds. Finally nitrite, which may be present in wastewaters
due to insufficient nitrification,> is problematic during ozona-
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tion. First, it consumes ozone in a fast 1:1 reaction,>3! leading to
a loss of efficiency and the formation of nitrate. However, even
though nitrate is the final oxidation product from an oxygen atom
transfer, a side reaction produces NO," by an electron transfer.
It has been demonstrated, that this leads to nitro compounds,
which are potentially toxic.[3%1 Therefore, complete nitrification
is a critical pre-requisite for the ozonation of municipal waste-
water effluents.

2.7 Assessment of Feasibility of Ozonation
for Municipal Wastewater Treatment

As outlined above, ozonation of municipal wastewater efflu-
ents is complex because of the many facets that need to be as-
sessed. Therefore, a teared test system was developed to determine
the feasibility of ozonation for specific wastewater effluents.[57-58
An outline of this procedure is provided in Fig. 8. It starts with
an assessment of the catchment, especially the presence of indus-
trial activities, which may lead to unexpected by-products during
ozonation. As discussed above, monitoring of bromide is a central
task, because ozonation may be limited due to undesired bromate
formation.

In the next step, the ozone stability and formation of "OH
are determined and compared to previous data sets to detect
potential unexpected matrix effects. In the next module, bro-
mate and N-nitrosamines are measured before and after ozo-
nation. Bromate should not exceed 5 pg/L since pollution of
receiving waters is not allowed in the water protection act.
Then the abatement of micropollutants is determined and it
should be in the typical range of previously ozonated waste-
water effluents. The last module consists of biotests (Ames
(mutagenicity), algal and daphnia toxicity). If there are unex-
pected findings in any of the modules, further tests need to be
done. If a wastewater is not suitable for ozonation, this is often
already manifested in the chemical tests which means that the
biotest can be omitted.

Assessment of catchment l

Module 1: Matrix effects on ozone
stability

Comparable with lreference system

Module 2: Oxidation by-products I

Irregular

Comparable with 1reference system
behavior

Further Tests

Module 3: Elimination efficiency
of micropollutants

Comparable withlreference system

Module 4: Bioassays

®*  Ames test

=  Algae test (Pseudokichneriella subcapitata,
photosynthesis, growth inhibition)

=  Daphnia (Ceriodaphnia Dubia)

Fig. 8. Test procedure to assess the feasibility of ozonation of municipal
wastewater. The tiered approach includes an assessment of the
catchment, (1) test of the ozone stability, (2) determination of formation
of the oxidation by-products bromate and N-nitrosodimethylamine
(NDMA), (3) abatement efficiency of micropollutants, and (4) bioassays.
Fig. reprinted (adapted) with permission from Schindler Wildhaber et al.
[67], Copyright (2015) Elsevier.
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ozonation followed by a biological sand filtration step. Ozone is
produced on site from oxygen, which is evaporated from liquid oxygen.
Fig. adapted from ref. [59].

3. From Laboratory to Full-scale Implementation

3.1 Full-scale Tests

The assessment of ozonation processes for micropollutant
abatement was based initially on laboratory experiments. Howev-
er, there are several issues to upscale this process: (i) transferabil-
ity of kinetics and mechanisms, (ii) positioning of ozonation and
reactor hydraulics, (iii) energy and logistics. To get this informa-
tion, pilot-scale and full-scale data need to be generated. Fig. 9
shows a typical scheme of a municipal wastewater treatment with
an ozonation step.l®! It consists of a full wastewater treatment
unit followed by ozonation and biological sand filtration, which
degrades biodegradable organic reaction products (see above).

Fig. 10 shows the relative abatement of selected micropollut-
ants as a function of the specific ozone dose for ozonation at a
full-scale wastewater treatment plant (Wiieri, Regensdorf, Swit-
zerland). Compounds with high second-order rate constants (k >
10° M's™) for the reactions with ozone are readily abated (> 80%)
even at the lowest applied specific ozone dose of 0.4 gO,/gDOC.
For compounds with an intermediate ozone reactivity (k: 10? — 103
M's™), specific ozone doses of 0.62-0.79 g0,/gDOC are required
for > 80% abatement and for compounds with low ozone reactiv-
ities (k < 10> M's™), an 80% abatement cannot be reached even
for the highest ozone dose (1.18 gO,/gDOC).

The full-scale data shown in Fig. 10 could be predicted within
a factor 1.5 by laboratory experiments with the same ozone doses
and the same water quality.l°!l This demonstrates that upscaling
of the ozonation step is possible based on laboratory experiments
within certain limits. To quantify the efficiency of ozonation,
12 indicator substances with different ozone-reactivities were
selected. On an average abatement of 80% should be achieved
for all 12 substances (or for at least for six of them according to
their categories in case not all 12 can be measured in sufficient
concentration)62631 over the whole wastewater treatment plant
including biological treatment and ozonation. Fig. 11 shows the
abatement of the 12 indicator substances for 4 upgraded waste-
water treatment plants (WWTPs) with ozonation. The required
average 80% elimination of indicator substances over the whole
plant was reached.

To further test these results, a campaign in a full-scale WWTP
including biological treatment and ozonation was performed for
a target list of 550 micropollutants (including metabolites) at a
specific ozone dose of 0.55 gO,/gDOC. In total, 175 compounds
were found in the influent of the WWTPs, and Fig. 12 shows
their average abatement in biological treatment (BIO, 34%), and
ozonation (OZO, >67%).[951 Over the whole plant, the average
abatement of all substances was >80%.

For full-scale implementation, aspects such as hydraulic
retention times, reactor hydraulics, ozone control, dosing and
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Fig. 10. Abatement of selected micropollutants during ozonation at the
full-scale wastewater treatment plant Wueri (Regensdorf, Switzerland)
as a function of the specific ozone doses. Reprinted (adapted) with
permission from Hollender et al. ref. [60], Copyright (2008) American

Chemical Society.
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Fig. 11. Abatement of the selected Swiss indicator substances over the
whole wastewater treatment plant including biological treatment and
ozonation applying a specific ozone dose of 0.4 - 0.6 gO,/gDOC for 4
upgraded full-scale wastewater treatment plants in Switzerland. Fig.
from ref. [64].

monitoring, safety and reliability were developed and tested by
the Eawag team. Since it is time-consuming and costly to monitor
micropollutant abatement in real time, proxies were developed
based on bulk parameters. Correlations between abatement of mi-
cropollutants and the difference of the UV absorbance and elec-
tron donating capacity (EDC) before and after ozonation were
established and they allow the estimatation of the efficiency of
the ozonation process in terms of micropollutant abatement.[66.67]
Based on full-scale experiments, cost and energy estimates could
be made for the planned upgrade of wastewater treatment plants
in Switzerland with ozonation.[%8! It was estimated that the energy
demand for ozonation (0.5 gO,/gDOC, 5 mg/L. DOC) including
production of pure oxygen is ~0.05 kWh/m?, which is in the order
of 10% of the total energy consumption of a municipal wastewa-
ter treatment plant.[%) The cost for the upgrade is mostly covered
by a tax of 9 CHF per person in Switzerland and the increase of
cost at municipal wastewater treatment plants is about 10-15%
(0.02-0.25 CHF/m?®). Furthermore, a cost-benefit analysis re-
vealed that the Swiss population showed high willingness to pay
for the reduction of micropollutants in wastewater.[%] All these
factors showed that ozonation in wastewater treatment is eco-
nomic, technically feasible, robust in operation and acceptable
by the public.
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Fig. 12. Distribution of abatement of 175 compounds in biological
wastewater treatment (BIO), ozonation (OZO), both together and

over the whole plant including sand filtration (SF). Box-whisker plot
(minimum, 25" percentile, median, 75" percentile, maximum and (#)
average). Specific ozone dose 0.55 mgO,/gDOC, two 48 h composite
samples, wastewater treatment plant Neugut, Diibendorf, Switzerland.
Reprinted with permission from Bourgin et al. ref. [65], Copyright (2018)
Elsevier.

3.2 Current Situation and Outlook

The upgrade of the selected ~120 Swiss municipal wastewa-
ter treatment plants, covering around 70% of Swiss inhabitants,
started in 2016 and is ongoing. The implementation of a new Wa-
ter Protection Ordinance in such a short time was only possible
thanks to the good collaboration of researchers with authorities
and all relevant stakeholders from the very beginning. Fig. 13
shows the current situation at the end of 2024 with 33 wastewater
treatment plants upgraded already and with another 42 plants in
the construction or planning phase for the different processes.

As illustrated in Fig. 13, about 30% of the municipal wastewa-
ter treatment plants have been upgraded with ozonation. Typical-
ly, these are the larger plants and they make up about > 50% of the
connected residents of the upgraded plants. A similar proportion
of plants are under construction or in the planning phase for the
addition of an ozonation step. Research is still ongoing with re-
gard to combined treatments of ozonation with activated carbon,
and optimal design of GAC filtration.

Based on political interpellations, there might be a larger
number of municipal wastewater treatment plants that need to be
upgraded. For diclofenac (active anti-inflammatory ingredient of
e.g. Voltaren), the environmental quality standard of 0.05 pg/L as
recorded in the Swiss water protection ordinance since 2020, has
been exceeded in many river stretches, which might necessitate
more WWTPs with advanced treatment processes in the future.[7!]

The efforts in Switzerland also have a strong influence and
outreach on the global situation regarding abatement of micro-

Number of WWTP per process

PAC B GAC Ozonation B Combination

Fig. 13. Number of operational Swiss municipal wastewater treatment
plants and plants under construction/planned in December 2024 with
the different processes. From micropoll.ch.
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pollutants during municipal wastewater treatment. The Europe-
an Union has adopted a very similar strategy in the new Urban
Wastewater Treatment Directive which entered into force at the
beginning of 2025 (European Union, 2024).172! In addition, the
findings from this study are also applicable in the context of pota-
ble water reuse, where municipal wastewater effluents are treated
to drinking water quality. This approach becomes more important
due to enhanced water scarcity with climate change.

4. Conclusions

The application of ozonation has been investigated for mi-
cropollutant abatement from municipal wastewater effluents in
various projects for more than 10 years. This required advanced
analytical tools and detailed chemical knowledge of reaction ki-
netics, mechanisms of ozone reactions with micropollutants and
inorganic and organic matrix components, toxicological assess-
ment of transformation products and disinfection by-products.
In addition, know-how on upscaling and process control for full-
scale application of ozone to municipal wastewater treatment
plants had to be developed. Overall, these projects required an
interdisciplinary team of chemists, ecotoxicologists, and environ-
mental engineers.
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