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Ozonation is an established technique used to reduce the discharge of organic micropollutants into the
aquatic environment, but the possibility of predicting the ozone demand for different wastewater matrices
is still limited, especially in the presence of suspended solids (SS). A new tool for the prediction of the re-
moval of organic micropollutants with ozone, based on dissolved and particulate matter in activated sludge
effluents, was therefore developed. The removal of 25 organic micropollutants was determined on labora-
tory scale in the presence and absence of suspended solids. The linear trajectories of the dose–response
curves enabled the determination of a new set of removal constants, based on dissolved chemical oxygen
demand (COD) and SS. The presence of SS had a more negative effect on the removal of slow-reacting
micropollutants (removal constant <3.5 mg CODCr,diss·mg O3

−1) with ozone than on the fast-reacting
micropollutants (removal constant >3.5 mg CODCr,diss·mg O3

−1). However, the decreased removal of the or-
ganic micropollutants was generally small, <10%, at typical SS concentrations, <25 mg SS·L−1. Integration
of the new removal constants based on COD and SS enabled the removal in an ozone pilot plant to be
modelled with an average deviation of <10% for several organic micropollutants. The use of the frequently
measured parameters, COD and SS, as input parameters could facilitate the future use of the tool to predict
the removal of micropollutants during ozonation.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Ozonation can be used to reduce the discharge of organic
micropollutants and is generally applied in full-scale plants down-
stream the biological treatment with a subsequent biological post-
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treatment step to remove biodegradable by-products (Baresel et al.,
2016; Bourgin et al., 2018; Itzel et al., 2020). Mechanistical predictions
of the removal of organic micropollutants by ozone oxidation have pri-
marily been based on kinetic constants (Lee et al., 2014; Liu et al., 2020).
During ozonation, organic micropollutants can react with ozone and
formed hydroxyl radicals (Miklos et al., 2018; von Sonntag and von
Gunten, 2012). Significant efforts have been made to establish kinetic
second-order rate constants for micropollutants with ozone, kO3, and
hydroxyl radicals, k•OH (Benner et al., 2008; Dodd et al., 2006; Hermes
et al., 2020; Lee and von Gunten, 2010; Zimmermann et al., 2010).
These kinetic constants have enabled reliable ranking of the removal
of micropollutants during ozonation (Lee et al., 2013; Mathon et al.,
2021; Sgroi et al., 2021). However, the direct use of second-order con-
stants to predict the removal of micropollutants in wastewater and
the ozone demand for different wastewater matrices is partly limited
by the simultaneous oxidation of a large number of wastewater constit-
uents, dissolved and particulate, with known and unknown reaction
rate constants and concentrations, which requires additional knowl-
edge on the ozone and hydroxyl radical exposures (Gulde et al., 2021;
Kim et al., 2020; Mathon et al., 2021).

Dissolved organic and inorganic matter, such as amines, activated ar-
omatic compounds and nitrite, affect ozone decomposition and hydroxyl
formation rates in wastewater (Buffle et al., 2006; von Sonntag and von
Gunten, 2012), and thus the oxidation of organic micropollutants. As or-
ganic micropollutants constitute only a minute fraction of the dissolved
constituents of the wastewater matrix, most of the applied ozone is ex-
pected to be consumedbyother constituents (Elovitz et al., 2000). Various
strategies have been applied to incorporate these scavenging effects into
predictions of the removal of organic micropollutants in wastewater
and thereby circumventing the need for determining the ozone and hy-
droxyl radical exposures. To adjust for these scavenging effects, dissolved
organic carbon (DOC) and UV absorption at a wavelength of 254 nm
(UVA254) have been used to compare removal efficiencies (Altmann
et al., 2014; Gerrity et al., 2012; Hollender et al., 2009; Reungoat et al.,
2010; Schaar et al., 2010; Wert et al., 2009) and to control and estimate
the ozone demand (Stapf et al., 2016). The chemical oxygen demand
measured with the dichromate method (CODCr) has also been proposed
as an alternative to DOC in estimation of the ozone dose, as it includes
most organic compounds and many oxidizable inorganic compounds,
such as nitrite (Ekblad et al., 2019). COD can also be measured with the
permanganate method (CODMn), which is a weaker oxidant than dichro-
mate. Since CODCr, in contrast to UVA254 and DOC, is frequently used in
control programs within WWTPs and is a fundamental parameter in
wastewatermodelling (Henze et al., 2015), normalization of ozonedosing
by CODCr could be useful in extending existing models for the estimation
of ozone requirements in plant upgrades.

Particulate matter can react with ozone and thereby decreasing the
amount of ozone available for the oxidation of organic micropollutants
(Zimmermann et al., 2010; Zucker et al., 2015), but particulate matter
is rarely included in calculations of the ozone demand. Despite differ-
ences in the dissolved and particulate composition of wastewater, the
dose–response profiles of organic micropollutants during ozonation of
unfiltered wastewater on laboratory and pilot scale tend to be linear
(Altmann et al., 2014; El-taliawy et al., 2017; Yang et al., 2017), indicat-
ing the possibility of developing an easy-to-use calculation tool for lin-
ear predictions of the removal of micropollutants (Ekblad et al., 2019).

The objective of this studywas to develop a calculation tool integrat-
ing dissolved CODCr and suspended solids (SS) for the prediction of the
ozone dose required for the removal of organic micropollutants. By
including these two parameters in an ozone prediction tool, it may be
possible to reduce the uncertainties related to suspended solids and in-
organic compounds, thereby improving future assessment and planning
of ozonation processes at wastewater treatment plants (WWTPs).
Further comparisons of dissolved CODCr with other normalization
parameters such as DOC, dissolved CODMn and UVA254 were also per-
formed to assess the suitability of the applied prediction method.
2

2. Materials and methods

2.1. Wastewater and suspended solids

Effluent wastewater for use in laboratory-scale experiments was col-
lected downstream of six activated sludge processes: one with BOD re-
moval (Sjölunda WWTP), one with nitrification (Klagshamn WWTP),
two with nitrification-denitrification (Källby and Svedala WWTPs), and
two with nitrification-denitrification and biological phosphorus removal
(Lundåkra and Öresund WWTPs). After collection, the wastewater was
stored at 4 °C until ozonation (<24 h). SS in the form of activated sludge,
were collected from the last aeration step of the activated sludge process
at LundåkraWWTP and stored at 4 °C under aerobic conditions (<4days).

2.2. Ozonation on laboratory scale

Ozonation experiments were performed on filtered wastewater sam-
ples fromsixWWTPs (using a 0.45 μmcellulosenitratefilter,Whatman™,
GE Healthcare, Chicago, Il, USA) to assess the influence of dissolved mat-
ter. Organic micropollutants were added without organic solvent to the
wastewater, by evaporating the methanol in the initial stock solution
and redissolving the micropollutants in a separate water solution. The
concentration of the added organic micropollutants was 2 μg·L−1 for all
the investigated compounds except iodinated contrast media, where
the added concentration was 10 μg·L−1. As most of the micropollutants
were already present in the wastewater, the average concentrations in
the ozonation experiments were 2.7 ± 1.4 μg·L−1 when 2 μg·L−1 of the
individual micropollutants was added and 13.9 ± 10.1 μg·L−1 when
10 μg·L−1 was added (Tables S1–S2). SS were added to the wastewater
from Lundåkra WWTP at concentrations of 10, 25, 50, 75, 100 and
200 mg SS·L−1 in the experiments with particulate matter.

Ozone was produced by a pressurized oxygen-fed ozone generator
(GM1, Primozone®, Löddeköpinge, Sweden). An ozone stock solution
was prepared by sparging ozone into an ice-cooled vessel containing
deionized water (2 L) until a concentration of at least 65 mg O3·L−1

was reached. The concentration of the ozone stock solution was deter-
mined spectrophotometrically (Cary® 100, Varian Inc., Palo Alto, CA,
USA) with a potassium indigotrisulfonate reagent, according to the in-
digo method (Bader, 1982).

A series of ozone dose–response curves, 1–40 mg O3·L−1, was ob-
tained for each wastewater and SS concentration by transferring the
ozone stock solution with a glass pipette to glass bottles containing
the wastewater samples under continuous stirring. In the experiments
with particulate matter, SS were added as a suspension of thickened
sludge (7600 ± 400 mg SS·L−1) to filtered wastewater (0 mg SS·L−1)
prior to the addition of the ozone stock solution. The duration of the in-
cubation experiments was at least 60 min, as this has been reported to
be more than sufficient for complete ozone decay in wastewater
(Cséfalvay et al., 2007; Hansen et al., 2016). The ozone dose applied to
the wastewater samples was calculated based on triplicate ozone mea-
surements of the stock solution and the added volume to the reactors,
both before and after ozone dosing (Calculations S1).

To avoid biological degradation during storage, samples containing
SS were centrifuged (10 min; 3894 g) and 10 mL of the supernatant
was transferred to amber glass vials. These were stored at −18 °C
until analysis of organic micropollutant.

2.3. Ozonation on pilot scale

An ozone pilot plant was operated downstream of the biological treat-
ment at Lundåkra WWTP, as described by (Edefell et al., 2021). In brief,
ozone was generated with the GM2 ozone generator (Primozone®) and
dispersed in the wastewater with a static mixer (WEM-80-3, Noritake Co.
Ltd., Nagoya, Japan), after which it was led to a pressurized reaction tank
(0.5 m3; 0.2–0.4 bar) with a hydraulic retention time of 10 min. Paired
grab samples were collected at the same time point in the inlet and the
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outlet of the ozone pilot plant at various ozone doses. Samples (10mL) for
micropollutant analysis were collected in amber glass vials and stored at
−18 °C until analysis. Samples for the analysis of the main parameters,
such as COD, DOC,UVA254 andnitrogen species,were analyzedwithin 24 h.

2.4. Analytical methods

A set of 25 organic micropollutants (Table S1) frequently detected in
effluent wastewater and with different reactivities with ozone were se-
lected for this study. Analysis of the organic micropollutants was per-
formed with high-performance liquid chromatography with tandem
mass spectrometry (HPLC/MS-MS), as described by (Svendsen et al.,
2020) according to the settings in Tables S3–S5. In brief, samples were
centrifuged to prevent pollution of the HPLC-MS/MS. After extracting
900 μL of the supernatant, 100 μL of an internal standard solutionwith iso-
tope labelled micropollutants (Table S3) was added and mixed with the
sample. Aliquots (100 μL) were then injected into an Ultimate 3000
dual-gradient low-pressure mixing HPLC system with an Ultimate 3000
autosampler (Dionex, Sunnyvale, CA, USA) connected to an API 4000
triple-quadrupole mass spectrometer (AB Sciex, Framingham, MA, USA).
Chromatographic separationwas performed using a Synergi Polar-RP col-
umn (150 × 2 mm I.D., particle size 4 μm, Phenomenex, Torrance, CA,
USA) with acidic elution using formic acid (0.2%) in both mobile phase
A (water) and phase B (methanol). The gradient program is provided in
Table S4. Multiple reaction monitoring was used to quantify the analytes
(Table S5), anddata handlingwas performedwithAnalyst 1.6.3 (ABSciex,
Farmingham, MA, USA). Initial calibration was performed at 7 concentra-
tion levelswith internal standards (Table S3) and the calibrationwas then
repeated every 48 h,which corresponds to ~50 sampleswith duplicate in-
jections. Blankswere also generally run after each set of ~50 samples. The
limits of quantification were in the range of 10 to 100 ng·L−1 for most
micropollutants (Table S6) and the standard deviations were typically
below 10% as detailed in Tables S1 and S2.

Dissolved CODCr, dissolvedCODMn, organic carbon andnitrogen frac-
tions were analyzed spectrophotometrically (Hach-Lange DR 2800,
Hach, Düsseldorf, Germany) in filtered samples (Whatman™ 0.45 μm
cellulose nitrate filter) using Hach cuvettes: TOC (Total organic carbon)
(LCK 385), COD (LCK 314), CODMn (LCK 394), NH4

+-N (LCK 303), NO3
−-N

(LCK 339), and NO2
−-N (LCK 341). UVA254 was measured in a 1 cm

pathlength quartz cuvette using a Hach-Lange DR 6000 spectrophotom-
eter (Hach, Düsseldorf, Germany). Bromidewas analyzed at an external
laboratory (Eurofins, Linköping, Sweden) according to SS-EN ISO
17294-2:2016. SS concentrations were determined according to SS-EN
872:2005, and the pHwas recordedwith a pH 320m (WTW,Weilheim,
Germany) before the addition of the ozone stock solution to the sample.
A correction factor was used to compensate for the dilution of the sam-
ples by the ozone stock solution (Calculations S2). Details on the limit of
quantification and relative standard deviations for the analyzed param-
eters are provided in Table S7.

2.5. Modelling the ozonation of organic micropollutants

Linear regression with the least-squares method was used to deter-
mine the slope of the ozone dose–response curves in absence (os) and
presence of suspended solids (osp) in a removal range up to 95%. A re-
moval of 0% at an ozone dose of 0 mg·L−1 was assumed, as no abiotic
transformation in wastewater could be observed for the investigated
micropollutants over a 3-day period (Edefell et al., 2021). Organic
micropollutants with concentrations below limit of quantification
(Table S6) and data setswith only two recordedmicropollutant concen-
trations were omitted from further calculations.

The slope of the ozone dose curves obtained for filtered wastewater
was used to assess the influence of the dissolved matter, according to
Eq. (1):

Rs ¼ os � O3=sCODð Þ � 100 ð1Þ
3

where Rs is the predicted removal in the absence of suspended solids
(%), O3 the ozone concentration in wastewater (mg O3·L−1), sCOD the
concentration of dissolved CODCr (mg CODCr,diss·L−1), and os the re-
moval constant in the absence of suspended solids, expressed as the
slope obtained from the dose–response curve (mg CODCr,diss·mg O3

−1).
To predict the influence of particulate matter, the linear decrease in

the slope of the dose–response curves with increasing concentration of
SS was determined according to Eq. (2):

osp ¼ os−kp � X ð2Þ

where osp is the removal constant in the presence of suspended solids,
kp the particle constant (mg CODCr,diss·mg O3

−1·g SS−1·L) and X the SS
concentration (g SS·L−1).

The particulate part, kp and X, in Eq. (2) was included in Eq. (1),
thereby allowing the predicted removal in the presence of suspended
solids, Rsp, to be calculated according to Eq. (3):

Rsp ¼ osp � O3=sCODð Þ � 100 ð3Þ

3. Results and discussion

3.1. Ozonation of the dissolved components of the wastewater matrix

The influence of the dissolved components of thewastewatermatrix
on the ozonation of organic micropollutants was investigated in six ac-
tivated sludge effluents with respect to DOC, CODCr,diss, CODMn,diss and
UVA254.

3.1.1. Composition and changes in the water matrix
The characteristics of the effluents from the six activated sludge pro-

cesses are summarized in Table 1. The concentrations of CODCr,diss in the
six effluents covered the typical COD range for wastewater effluents,
20–50 mg·L−1 (Ekblad et al., 2019). Similar COD Cr,diss:DOC (2.6 ±
0.1) and CODMn,diss:DOC (1.0 ± 0.1) ratios were observed for the six
effluents, although the CODCr,diss, CODMn,diss and DOC concentrations
varied by a factor 2 between the effluents. These findings indicate that
the number of electrons required for oxidation of the dissolved water
matrix by CODCr and CODMn correlates well with the DOC content.
Only slight differences were observed in the UVA254:DOC ratio (SUVA,
2.1 ± 0.2), indicating that the effluents have similar fractions of
UVA254-absorbing structures per unit DOC.

The concentrations of the inorganic and ozone-reactive ions nitrite
and bromide varied by a factor 10 between the effluents (NO2

−–N <
0.1–1.6 mg·L−1 and Br− 0.07-0.9 mg·L−1; Table 1). Nitrite is a well-
known ozone scavenger (kO3 = 1.8·105 M−1 s−1 (Hoigné et al.,
1985)) with a stoichiometric reaction ratio of 1:1 with ozone, corre-
sponding to 3.43 mg NO2

−-N per mg O3. Bromide, on the other hand,
has a much lower second-order reaction rate constant (kO3 =
2.58·102 M−1 s−1 (Liu et al., 2001)) and is problematic primarily due
to the formation of carcinogenic bromate (Wunderlin et al., 2017).

The ozone-dose-dependent removal of DOC, CODCr,diss, CODMn,diss

andUVA254 is provided in Fig. S1 for the six effluents. Among the param-
eters studied, the reduction inUVA254 showed the strongest response to
the ozone dose, and has previously been proposed as a surrogate pa-
rameter to control the removal of organic micropollutants during ozon-
ation (Altmann et al., 2014; Chon et al., 2015; Stapf et al., 2016).

Only small amounts of DOC were removed, even at the highest
ozone doses (~30 mg O3·L−1), in line with the results of previous stud-
ies (Nishijima et al., 2003; Nöthe et al., 2009). This suggests thatmost of
the DOC is oxidized rather than being mineralized, which agrees with
the slightly higher removal of dissolved CODCr (Fig. S1). Somewhat
higher removal was observed for the weaker oxidation measure
(CODMn) than CODCr, which could be due to CODMn having a more sim-
ilar oxidation capacity to ozone, with a lesser oxidation of the organic



Table 1
Characteristics of the effluents from six activated sludge processes (average ± standard deviation, n = 3). Values of bromide and pH are presented as single measurements.

Lundåkra WWTP Källby WWTP Svedala WWTP Öresund WWTP Klagshamn WWTP Sjölunda WWTP

DOC [mg·L−1] 9.5 ± 0.2 11.7 ± 0.4 17.0 ± 0.1 8.0 ± 0.2 13.2 ± 0.2 17.4 ± 0.3
CODCr,diss [mg·L−1] 24.6 ± 0.5 29.9 ± 0.6 42.6 ± 0.3 20.2 ± 0.4 35.1 ± 0 43.1 ± 0
CODMn,diss [mg·L−1] 10 ± 0.7 12.7 ± 0.2 18.1 ± 0.6 7.6 ± 0.6 12.5 ± 2.2 14.1 ± 1.1
UVA254 [m−1] 22.7 ± 0.0 27 ± 0.1 32.5 ± 0.0 17.7 ± 0 25.4 ± 0.2 30.9 ± 0.1
SUVA [L·mg−1·m−1] 2.4 ± 0.0 2.3 ± 0.1 1.9 ± 0.0 2.2 ± 0.1 1.9 ± 0.0 1.8 ± 0.0
NO2

−-N [mg·L−1] 0.2 ± 0.0 0.1 ± 0.0 0.7 ± 0.0 0.2 ± 0.0 1.6 ± 0.0 <0.1
NO3

−-N [mg·L−1] 0.8 ± 0.1 4.2 ± 0.1 1.7 ± 0.0 6.7 ± 0.0 17.8 ± 0.4 0.4 ± 0.1
NH4

+-N [mg·L−1] 5.2 ± 0.0 0.4 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 14.7 ± 0.1 33.0 ± 0.5
Br− [mg·L−1] 0.26 0.07 0.09 0.25 0.89 0.78
pH [−] 8.0 8.0 8.0 7.6 7.9 8.3
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matter in wastewater than CODCr. Ozone, CODMn and CODCr are how-
ever all able to oxidize nitrite to nitrate, which could be an advantage
of COD-based normalizations.

Several aspects affect the use of DOC, CODCr,diss, CODMn,diss and UVA254

as control and design parameters for ozonation. Online measurement of
UVA254 is easily implemented to control the ozone dose (Gerrity et al.,
2012). DOC is usually employed as a normalization parameter for ozone
(Hollender et al., 2009; Lee et al., 2013),whereas CODCr ismore frequently
Fig. 1. Dose–response curves for atenolol, venlafaxine, iohexol and gabapentin in six activated
95% confidence intervals. Lines show the results of linear regression.

4

used for monitoring andmodelling of wastewater treatment. This speaks
in favor of the use of CODCr for design andmodelling purposes, for exam-
ple, by incorporation into existing activated sludge models (Henze et al.,
2015) based on recorded CODCr concentrations.

3.1.2. Removal of organic micropollutants
Fig. 2 showsdose–response curves for fourmodelmicropollutants and

six activated sludge effluents with CODCr-based normalization. Atenolol,
sludge effluents after normalization to CODCr,diss together with removal constants, os, with



Fig. 2. Distribution of the relative standard deviation in os for DOC, CODCr,diss, CODMn,diss

and UVA254 (n = 25, micropollutants). Boxes show 25th–75th percentiles, whiskers
5th–95th percentiles, dots mean values, and crosses outliers.
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venlafaxine, iohexol and gabapentin, were selected as model compounds
as they are frequently detected in effluent wastewater (Bogunović et al.,
2021;Wiest et al., 2021) and exhibit different reactivities to ozone (aten-
olol and venlafaxine, kO3 > 103M−1 s−1 at pH 7 (Lee et al., 2014;Mathon
et al., 2021); gabapentin, kO3 2.2·102 M−1 s−1 at pH 7 (Lee et al., 2014);
iohexol,most likely in the same range as reported for other iodinated con-
trast media kO3 ~ 1M−1 s−1, such as iopromide (Huber et al., 2003)). Lin-
ear dose–responses with ozone were generally observed for the organic
micropollutants (Figs. S2–S26) with typical R2 values >0.90 (Table S8).

The slope of the dose–response curves was used to estimate the re-
moval constant, os (Fig. 1 and Tables S9–S10). A typical variation of a fac-
tor 2 for os was observed for each micropollutant in the six effluents.
This observation indicates certain variations in the reactivity of ozone
and hydroxyl radicals with the dissolved matter components between
the effluents, possibly due to different water sources and industrial in-
puts. To further assess the use of different correction strategies for the
ozone demand, a comparison between DOC, CODCr,diss, CODMn,diss and
UVA254 normalization was performed. The relative standard deviation
of the slope of the dose–response curves across the six effluentswas cal-
culated for each micropollutant and normalization parameter
(Table S11). Comparable relative standard deviations were observed
for the four normalization scenarios, with average values of 18 to 23%
(Fig. 2). This similarity agrees well with the comparable CODCr,diss:
DOC (2.6 ± 0.1), CODMn,diss:DOC (1.0 ± 0.1) and UVA254:DOC (2.1 ±
0.2) ratios in the six activated sludge effluents, thus indicating inter-
changeable use of DOC, CODCr,diss, CODMn,diss and UVA254 as normaliza-
tion parameters.

Fig. 3 shows the average removal constant using CODCr,diss as nor-
malization parameter, os, across the six activated sludge effluents for
Fig. 3. Removal constants, os, across the six activated sludge effluents for all the inves
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each micropollutant. The 25 organic micropollutants analyzed were di-
vided into two groups, A and B, based on their removal constant. The
micropollutants in Group A are those that are generally poorly reactive
with ozone,with kO3 values of <1–200M−1 s−1, while Group B contains
compounds that are more fast-reacting, with kO3 values of 1·103–106

M−1 s−1, at pH 7 (Benner et al., 2008; Lee et al., 2014).

3.2. Ozonation with different concentrations of suspended solids

Experiments with suspended solids were performed with efflu-
ent wastewater from Lundåkra WWTP (0.1 mg NO2

−-N·L−1, 0.4 mg
NO3

−-N·L−1 and 4.9 mg NH4
+-N·L−1) spiked with thickened acti-

vated sludge. The intended SS concentrations and the concentrations
of TOC, CODCr and CODMn are summarized in Table S12. Linear corre-
lations were observed between SS and TOC, CODCr and CODMn con-
centrations, with consistent ratios of 0.31 ± 0.02 mg TOC·mg SS−1,
1.1 ± 0.1 mg CODCr·mg SS−1 and 0.21 ± 0.04 mg CODMn·mg SS−1.
However, the presence of suspended solids affected the ozone
dose–response curves in terms of CODCr, CODCr,diss and UVA254. The
total CODCr concentration decreased with increasing ozone dose,
while dissolved CODCr increased (Table S13), which indicates partial
destruction of suspended solids by ozone. This partial destruction of
suspended solids is probably also contributing to the decreased
abatement of the UVA254 signal during ozonation at elevated SS con-
centrations (Fig. S27).

3.2.1. Removal of organic micropollutants in the presence of suspended solids
Experiments with suspended solids were performed in a concentra-

tion range of 0 to 200 mg SS·L−1, where ≤10 mg SS·L−1 represent typ-
ical annual averages in effluentwastewater (Fig. S28), 25–75mg SS·L−1

represent temporally elevated SS concentrations, and 100–200 mg
SS·L−1 represent extreme situations of sludge escaping the secondary
clarifier. Fig. 4 shows ozone dose–response curves for atenolol,
venlafaxine, iohexol and gabapentin at four of the investigated SS con-
centrations. The presence of suspended solids had a negative effect on
the removal of the 25 investigated micropollutants by ozone
(Figs. S29–S30). The linearity of the ozone dose–response curves was
generally preserved in the presence of suspended solids, with typical
R2 values of >0.90 (Table S14).

As the dose–response curves displayed linear trajectories, it was
possible to use the slope of the curve to estimate the removal constant
in the presence of suspended solids, osp (Table S15). A decrease in the
slopes of the dose–response curves was observed with increasing SS
concentration (Fig. 5), indicating the effect of ozone scavenging by the
suspended solids.

To quantify the effects of suspended solids on micropollutant re-
moval by ozonation, the slope of the dose–response curves was plotted
tigated micropollutants. Average values are given ± standard deviation (n = 6).



Fig. 4. Ozone dose–response curves for atenolol, venlafaxine, iohexol and gabapentin at various suspended solids (SS) concentrations. Dashed lines show the results of linear regression.
0 mg SS·L−1 corresponds to filtered effluent.
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as a function of SS concentration, as illustrated for atenolol, venlafaxine,
iohexol and gabapentin in Fig. 6. The contribution of suspended solids to
the decrease in micropollutant removal could then be estimated by
linear regression of the obtained data from all particle experiments
with varying SS concentrations (Figs. S31–S33). Although some incon-
sistencies were observed for metoprolol, sulfamethoxazole and sulfadi-
azine, in the newly generated slopes (particle constant, kp) the influence
of the suspended solids appeared to be comparable for most com-
pounds in both Group A and Group B (Table S16). No statistical differ-
ence between the two groups could however be observed (z-test; p >
0.05) and an average particle constant, kp, for all compounds was there-
fore calculated (5.4 ± 2.4 mg CODCr·mg O3

−1·g SS−1·L).
Fig. 5. Removal constants, osp, for all investigatedmicropollutants at four suspended solids (SS)
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3.3. Predicting ozonation of organic micropollutants with CODCr and
suspended solids

To assess the influence of SS on the oxidation of micropollutants dur-
ing ozonation, Eq. (3)was used to predict themicropollutant removal at a
fixed CODCr,diss concentration (30 mg·L−1) and at five SS concentrations
for a slow-reacting micropollutant in Group A and a fast-reacting
micropollutant in GroupB. For themicropollutant in GroupA, a typical re-
moval constant, os, of 2 mg CODCr,diss·mg O3

−1 was used, while a removal
constant of 4 mg CODCr,diss·mg O3

−1 was used for the micropollutant in
Group B. A particle constant, kp, of 5.4 mg CODCr,diss·mg O3

−1·g SS−1·L
was used in both scenarios.
concentrations, 0, 50, 75 and 200mg SS·L−1. 0 mg SS·L−1 corresponds to filtered effluent.



Fig. 6. Removal constant, osp, for atenolol, venlafaxine, iohexol and gabapentin at various suspended solids (SS) concentrations. Dashed lines indicate the results of linear regression.
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Themodelled results indicate that the ozone dose required to obtain a
removal of 80% had to be increased by less than 10% (3% for the fast-
reacting and 7% for the slow-reacting micropollutant; i.e. within the un-
certainty range of normal ozone dosing) at 25 mg SS·L−1, corresponding
to a situation of an elevated SS concentration from the secondary clarifier.
Thus, it appears as the typical variations of SS in effluentwastewater have
less influence on the removal efficiency during ozonation than the ob-
served variations in the dissolved matter across wastewater effluents,
where the difference was in the range of ±20%. However, at highly ele-
vated SS concentrations at 100 mg SS·L−1, corresponding to an extreme
situation of sludge escaping the secondary clarifiers, the estimated
ozone dose required to reach a removal of 80% had to be increased by
16% for the fast-reacting micropollutants in Group B and by 37% for the
slow-reactingmicropollutants in Group A (Fig. 7). Based on these predic-
tions, it appears that the ozonation of slow-reacting micropollutants is
more affected by SS than that of the fast-reactingmicropollutants, as pre-
viously suggested (Huber et al., 2005). Corresponding estimates could be
Fig. 7. Predicted removal during ozonation at 30 mg CODCr,diss·L−1 and five suspended
solids (SS) concentrations for a micropollutant in Group A (osp, 4 mg CODCr,diss·mg O3

−1)
and a micropollutant in Group B (osp, 2 mg CODCr,diss·mg O3

−1) with a particle constant,
kp, of 5.4 mg CODCr,diss·mg O3

−1·g SS−1·L.
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used to determine when ozonation should be by-passed, and to evaluate
the need for pre-filtration (Echevarría et al., 2019; Knopp et al., 2016) at a
specific wastewater treatment plant.

To further investigate the practical use of the proposed prediction tool,
the modelled micropollutant removal was compared with the measured
removal at the ozone pilot plant. Observed concentrations of SS (2 to
27 mg SS·L−1) and CODCr,diss (24.2 to 36.3 mg·L−1) in the inlet to the
ozone pilot plant were used as input parameters in the Eq. (3), together
with the removal constants, os, expressed as an average across the six
effluents (Table S10), and the particle constant, kp (5.4 mg CODCr,diss·mg
O3
−1·g SS−1·L). The average deviation between the observed and the pre-

dicted removal was less than 10% for atenolol, venlafaxine, iohexol and
gabapentin (Fig. 8), independently of whether the suspended solids
were included in the prediction or not (Fig. S34). Although slightly higher
deviations were observed for iomeprol and citalopram (Fig. S35), the
overall agreement between predicted and recorded removal (group A,
2 ± 15%; group B, 4 ± 9%; all micropollutants, group A and B, 3 ± 13%)
supports the use of the proposed prediction method of organic
micropollutant removal during ozonation. Site-specific refinement of
the removal constants could also be incorporated, based on laboratory
measurements, to support the needs at specific WWTPs.

4. Conclusions

The development of a new tool for the prediction of organic
micropollutant removal by ozonation through the determination of a
new set of removal constants resulted in the following conclusions:

• The ozone dose–response curves for 25 organic micropollutants
displayed linear trajectories in six activated sludge effluents.

• The use of DOC, CODCr,diss, CODMn,diss or UVA254 as normalization pa-
rameters were interchangeable for the investigated activated sludge
effluents.

• The removal of micropollutants with low reactivity to ozone was
more affected by the presence of SS than those with high reactivity.

• The typical variations of SS in effluent wastewater have less influence
on the removal efficiency during ozonation than thenormal variations
in the dissolved matter.



Fig. 8. Predicted versus measured removal of atenolol, venlafaxine, iohexol and gabapentin. Shaded areas represent 20% deviation, and error bars indicate standard deviations in the
predicted removal.
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• A prediction tool based on CODCr and SS, enabled estimation of the
micropollutant removal in an ozone pilot plant with an average devi-
ation of <10% for several micropollutants.

We hope that the proposed prediction tool, including dissolved
CODCr and SS as input parameters, can be developed into existing acti-
vated sludge models and used as a complement to more mechanistic
models. The tool can also be used to estimate ozone demands based
on the parameters included in most control programs.
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