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Ozonation of secondary-treated wastewater for the abatement of micropollutants requires a reliable control of
ozone doses. Changes in the UV absorbance of dissolved organic matter (DOM) during ozonation allow to es-
timate micropollutant abatement on-line and were therefore identified as feed-back control parameter. In this
study, the suitability of the electron-donating capacity (EDC) as an additional surrogate parameter which is
independent of optical DOM properties was evaluated during full-scale ozonation. For this purpose, a recently
developed EDC analyzer was enhanced to enable continuous on-line EDC and UV absorbance measurements.
During a multi-week monitoring campaign at the wastewater treatment plant of Zurich, Switzerland, specific
ozone doses were varied from 0.13 to 0.91 mgog-ngoc’l and selected micropollutants with different ozone
reactivities were analyzed by LC-MS in conjunction with bromate analysis by IC-MS. In agreement with previous
laboratory studies, the relative residual UV absorbance and EDC both decreased exponentially as a function of
the specific ozone dose and, in comparison to the residual UV absorbance, residual EDC values showed a more
pronounced decrease at low specific ozone doses <0.34 mgos-mgpoc . Logistic regression models allowed to
estimate relative residual micropollutant concentrations in the ozonation effluent using either the residual UV
absorbance or EDC as explanatory variable. Averaging those models along the explanatory variables allowed to
estimate target values in relative residual UV absorbances and EDC for specific micropollutant abatement targets.
In addition, both parameters allowed to identify conditions with elevated conversions of bromide to bromate.
Taken together, these findings show that the integration of relative residual EDC values as a second control
parameter can improve existing absorbance-based ozonation control systems to meet micropollutant abatement
targets, particularly for treatment systems where low ozone doses are applied.

1. Introduction

Ozonation is increasingly applied for enhanced wastewater treat-
ment to oxidize a wide range of organic micropollutants thereby miti-
gating their discharge to the aquatic environment (Eggen et al., 2014;
Volker et al., 2019; von Gunten, 2018). For this purpose, ozone (O3) is
dosed to secondary-treated wastewater, where it selectively oxidizes
micropollutants containing electron-rich moieties such as olefins, acti-
vated aromatics including phenols, and neutral amines (Bourgin et al.,
2018; Hollender et al., 2009; Lee and von Gunten, 2010). At the same
time, O also reacts with dissolved organic matter (DOM) and dissolved
inorganic compounds forming hydroxyl radical (*OH), a less selective
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oxidant, which also contributes to the oxidation of micropollutants and
DOM (Buffle et al., 2006b; Buffle and von Gunten, 2006; Nothe et al.,
2009; Remucal et al., 2020). The extent of micropollutant abatement is
primarily determined by the exposure of the oxidants O3 and *OH (i.e.,
03 and *OH concentrations integrated over time) and the rate constants
of the reactions of these micropollutants with O3 and *OH (Lee et al.,
2013). Oxidant exposures not only depend on the O3 doses but also on
complex reaction systems involving DOM and inorganic compounds
such as nitrite (Lee et al., 2013; Schindler Wildhaber et al., 2015; von
Sonntag and von Gunten, 2012). At the same time, excessive oxidant
exposures can cause the formation of problematic oxidation by-products
such as bromate, a possible carcinogen and regulated drinking water
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contaminant (Soltermann et al., 2016; von Gunten and Hoigne, 1994).
In addition, the production of O3 consumes significant amounts of
electrical energy (Katsoyiannis et al., 2011). Overall, an accurate and
reliable control of applied O3 doses is critical to reach optimal oxidant
exposures and an energy-efficient abatement of micropollutants with a
minimal formation of oxidation by-products.

Because on-line predictions or measurements of oxidant exposures
and micropollutant concentrations are unfeasible in secondary-treated
wastewater, changes in optical DOM properties have been suggested
as surrogate parameters for micropollutant abatement during full-scale
ozonation (Bahr et al., 2007; Deniere et al., 2021; Dickenson et al.,
2009; Gerrity et al., 2012; Stapf et al., 2016; Wittmer et al., 2015).
Ozonation-induced decreases of the UV absorbance and fluorescence of
DOM reflect the oxidation of chromophoric DOM moieties (von Sonntag
and von Gunten, 2012; Wenk et al., 2013; Wert et al., 2009a; Westerhoff
et al., 1999). Numerous studies have reported correlations between
relative decreases in UV absorbances and the abatement of individual
micropollutants (Bahr et al., 2007; Buffle et al., 2006a; Dickenson et al.,
2009; Gerrity et al., 2012; Nanaboina and Korshin, 2010; Song et al.,
2021; Wert et al., 2009b). These relative decreases in UV absorbance
proved to be suitable surrogate parameters for the on-line estimation of
micropollutant abatement and control of O3 doses in secondary-treated
municipal wastewater (Stapf et al., 2016; Wittmer et al., 2015). Besides
changes in UV absorbance, effects of ozonation on fluorescence signals
have also been explored and used to expand existing surrogate models
for the estimation of micropollutant abatement (Chys et al., 2017;
Gerrity et al., 2012). While these approaches proved useful, the avail-
ability of a second surrogate parameter which is independent of optical
DOM properties would be beneficial to increase the accuracy, reliability
and resilience of existing on-line process monitoring and control systems
for the ozonation of secondary-treated wastewater.

In laboratory experiments, the electron-donating capacity (EDC) of
DOM was shown to potentially serve as such an additional, independent
surrogate parameter (Chon et al., 2015). The EDC is operationally
defined as the number of electrons transferred from DOM to an oxidant
at a constant pH and reduction potential Ey (Aeschbacher et al., 2010).
With the radical cation of 2,2'-azino-bis(3-ethyl-
benzthiazoline-6-sulphonate) (ABTS*") as oxidant, EDC values were
demonstrated to be a measure for the content of phenolic moieties of
DOM (Aeschbacher et al., 2012). ABTS*" can be prepared through a
chemical or electrochemical one-electron oxidation of ABTS and can be
detected electrochemically or photometrically, e.g. at an absorption
maximum at 730 nm (Aeschbacher et al., 2012; Chon et al., 2015; Scott
etal., 1993; Walpen et al., 2016). Because ozonation of DOM leads to the
oxidation of phenolic moieties (Ramseier and von Gunten, 2009;
Remucal et al., 2020; Tentscher et al., 2018), EDC values decrease in
parallel to the abatement of UV absorbances (Chon et al., 2015; Onnby
et al, 2018; Wenk et al, 2013). During the ozonation of
secondary-treated wastewater samples, decreases in EDC also correlated
with the abatement of spiked micropollutants (Chon et al., 2015).
However, these observations were only a proof of concept and limited to
a small number of micropollutants and, because of the lack of automated
devices for the quantification of EDC, limited to a few laboratory
ozonation experiments. To advance the analytical techniques and to
enable a continuous on-line monitoring of changes in EDC and UV
absorbance, we have recently developed an EDC analyzer and validated
the analyzer in the laboratory (Walpen et al., 2020). Yet, the EDC
analyzer required further development for an entirely automated,
on-site operation. For this, several practical issues have to be addressed
including (i) the continuous supply with filtered sample solution, (ii) a
more rugged fluidic system suitable for an industrial environment, and
(iii) a robust and resilient device control. Because of the lack of an
appropriate analytical device, a systematic study correlating continu-
ously measured decreases in EDC and the abatement organic micro-
pollutants during full-scale ozonation to evaluate EDC as a surrogate
parameter under realistic conditions is still missing.
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To address this gap, this study assesses the suitability of on-line EDC
measurements in comparison to UV absorbance measurements as sur-
rogate parameter for micropollutant abatement during the full-scale
ozonation at a municipal wastewater treatment plant. For this pur-
pose, the previously developed EDC analyzer was further improved and
completely automated to enable on-line measurements of changes in
EDC and UV absorbance. Compared to the previously presented analyzer
(Walpen et al., 2020), the new device additionally included sample
filtration modules, a more robust fluidic system mounted to a mobile
platform wagon, and was completely automated using an industry-grade
programmable logical controller for continuous sampling and mea-
surement. A repeated analysis of a batch of influent and effluent of the
ozonation reactors was performed to assess the analytical performance
of the analyzer and it was applied to continuously monitor the residual
UV absorbance and EDC during full-scale ozonation. During this moni-
toring campaign, O3 doses were varied and the resulting abatement of 22
selected micropollutants and formation of bromate were quantified in
grab samples. To assess on-line EDC measurements as surrogate
parameter for micropollutant abatement, regression models using either
the residual UV absorbance or EDC to estimate residual micropollutant
concentrations were compared.

2. Material and methods
2.1. Chemicals and solutions for the EDC analyzer

The EDC analyzer was supplied with two reactant solutions con-
taining ABTS and chlorine, respectively, a phosphate buffer solution as
well as deionized water and a 2-propanol-water mixture (50% v/v).
Aliquots of the ABTS and chlorine solutions were automatically mixed
during every measurement cycle to yield the oxidative reagent ABTS®*
(details see below). The ABTS solution contained 1 mM ABTS (>98%,
Sigma-Aldrich) and was acidified with sulfuric acid (95% w/w, Sigma-
Aldrich; final concentration: 18 mM) to prevent microbial growth and
to maintain a pH of 2 during the oxidation of ABTS to ABTS®' by
chlorine. The chlorine solution was prepared by diluting a concentrated
hypochlorite stock solution (6-14% active chlorine, Sigma-Aldrich) in
water. Free available chlorine concentrations were quantified in dilute
basic solution aliquots using the molar absorptivity of hypochlorite
(€292nm = 350 M Y-em ™1, pH 11, (Soulard et al., 1981)). To stabilize the
chlorine solution, the pH was raised to 11 using a NaOH solution (1
mM). The phosphate buffer solution (500 mM phosphate; disodium
hydrogen phosphate dihydrate, >99.5%; sodium dihydrogen phosphate
monohydrate, 99.0-102.0%, Merck) was used to buffer the final reac-
tion mixture of DOM-containing samples and the ABTS"" reagent solu-
tion at pH 7. The ABTS, chlorine, and buffer solutions were all prepared
using ultrapure water with a resistivity of >18 MQ-cm (Arium ultrapure
water system, Sartorius, Germany). Otherwise, deionized water was
used (quality not monitored). All solutions were stored at room tem-
perature in 1 L glass bottles except deionized water, which was stored in
5 L polyethylene canisters.

The stability of the ABTS and chlorine solution was ensured by
monitoring the resulting ABTS*" concentration in the final reaction
mixtures of DOM-free blanks and ABTS®*' reagent solution (<1%
decrease in ay3gnm over 24 days, see Figure S1, Supporting Information
(SI)). During routine operation, the EDC analyzer used approximately
24 mL ABTS solution and 10 mL chlorine solution per day. Both solu-
tions were replaced at least every two months.

2.2. Design and operation of the EDC analyzer

The EDC analyzer automatically determined the relative residual UV
absorbance and the EDC in sequential measurement cycles at a fre-
quency of approximately one measurement per hour. At the beginning of
a measurement cycle, a batch of ABTS® " reagent solution was prepared,
which was subsequently used to analyze (a) an ozonation influent, (b) a
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DOM-free blank, and (c) an ozonation effluent sample. This measure-
ment cycle was based on large parts on a previously validated procedure
(Walpen et al., 2020).

Transport of all liquids (Fig. 1) was handled by a syringe pump
(Cadent-3, IMI Precision) equipped with a zero-dead-volume syringe (V
= 2.5 mL) connected to a 12-way rotary selector valve. The syringe
pump was connected to four modules which enabled (i) preparation of
an ABTS"" reagent solution, (ii) sample collection and filtration, (iii)
detection of UV absorbance and mixing, and (iv) detection of EDC. To
enable the automatic operation of the EDC analyzer, all active units and
sensors were connected to a programmable logic controller (PFC200,
WAGO, Germany). The controller was programmed to automatically
start the measurement cycles including regular cleaning intervals (see
below) once the device is supplied with electrical power and was
therefore able to operate autonomously. Analysis results were stored
locally on a memory card and downloaded via a LTE connection to the
controller.

2.2.1. Preparation of ABTS®" reagent solution

To obtain a batch of ABTS®™ reagent solution (V = 2.4 mL), 1 mL of
ABTS solution (1 mM), 0.35 mL of chlorine solution (1 mM) as well as
1.05 mL of water were sequentially aspirated by the syringe. The entire
batch of solution was immediately dispensed to a custom-made mixing
chamber (V = 3 mL, poly(methyl methacrylate)) and aspirated back into
the syringe. This transfer of solution was repeated five times for com-
plete mixing. To facilitate vertical mixing, the solution was dispensed
into the mixing chamber from the top and aspirated from the bottom.
The mixing resulted in a pH of 2 and the rapid oxidation ABTS to ABTS*"
by the limiting reagent chlorine (Pinkernell et al., 2000):

HOCI + 2ABTS + Ht—-Cl™ + 2ABTS*" + H,0 (@))

Subsequently, the resulting ABTS®* reagent solution was dispensed
to the mixing chamber for temporary storage for the duration of the
measurement cycle.

2.2.2. Collection and filtration of in- and effluent of the ozonation reactor

To minimize microbial growth in the fluidic system and potential
damages by particles to moving parts of the syringe pump, sample so-
lutions were filtered. For this purpose, sample solutions from the in- and
effluent of the ozonation reactors, were each by-passed through two
separate containers (V = 18 L). Two solenoid pumps (Model DLX-VFT/
MBB, Etatron, Italy) continuously aspirated water from both by-pass
containers through ceramic filter disks (0.45-um pore size, Al;O3, 15
cm diameter, PMC model, ETL Filtration Technology, Germany) and
dispensed into two separate custom-made overflow sample-collection

Reagent Preparation

W ABTS™ i

& ) Ozonation

Influem

! 045pM

Sampling and Filtration

Effluent
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cylinders (V = 10 mL, poly(methyl methacrylate)). The by-pass con-
tainers and the sample-collection cylinder had a hydraulic residence
time of 3-5 and 7 min, respectively, based on the measured flow rate and
volumes of the vessels. The filter discs, membrane pumps and sample-
collection cylinders were connected with polyethylene tubing. The sy-
ringe pump was connected to the sample-collection cylinders through a
three-way/two-position valve which allowed to automatically select
either in- or effluent of the ozonation reactors.

2.2.3. Detection of UV absorbance and mixing with reagent solution

The analysis of a sample or DOM-free blank solution involved the
following steps: First, the sample solution was aspirated into the syringe
and partly dispensed to the photometer for the quantification of the UV
absorbance at 255 nm (azssnm). The fixed wavelength of the LED light
source of the photometer is a negligible shift in wavelength compared to
standard methods determining the UV absorbance at 254 nm. Next, the
phosphate buffer solution and an aliquot of the ABTS®** reagent solution
was aspirated. The entire reaction mixture was transferred to a second
mixing chamber and back for mixing. After a reaction time of 15 min,
the reaction mixture was finally dispensed to the photometer for the
photometric quantification of residual ABTS®' concentration at a
wavelength of 730 nm.

2.2.4. Detection and quantification the residual azssym and EDC

For the measurement of asssym of the DOM samples and the photo-
metric quantification of the residual ABTS®* concentration in the reac-
tion mixtures at aysonm, solutions were passed to a flow-through
photometer (Mikron 31, RS-485 prototype, Runge, Germany) equip-
ped with two LEDs (A = 255 and 730 nm) as light sources and a stainless-
steel flow cell with a 10-mm optical path length.

The relative residual asssnm (a255m'a5;5nm,0) was calculated as asssnm
of the ozonation effluent relative to the ozonation influent sample.

The EDC of a DOM sample was previously defined as the decrease in
ABTS** concentration due to the reduction by DOM normalized by the
DOC concentration (Walpen et al., 2020):

Ablank Ammﬁlt’ 1
EDC = —730mm__ “7730mm __ ~ )

€prst+ ! Cpoc

where ALk and ASTPE are the resulting absorbance values at 730 nm
of the reaction mixtures containing the DOM-free blank and the DOM
sample, respectively, eaprse+ is the molar absorption coefficient of
ABTS** (1.4-10* M~lem™?, Scott et al., 1993; Walpen et al., 2016), 1
(cm) is the optical pathlength, and cpoc (ngo(yL’l) is the DOC con-
centration in the final reaction mixture. Since DOC concentrations were

Mixing and Reaction Detection

Residual EDC

“ 100%

| Residual A,
ABTS* PN SV GO,
”/f‘ -

-

Syringe Pump &
Selector Valve

LED-Photometer
(255 & 730 nm)

Fig. 1. Scheme of the online EDC analyzer. A syringe pump connected to a selector valve was used for liquid handling. To continuously monitor the changes in
absorbance at 255 nm (asss,m) and the residual electron-donating capacity (EDC) during ozonation, the analyzer sequentially executed a measurement cycle which

consisted of four steps: First, an ABTS®*-reagent solution was prepared by adding chlorine solution to an ABTS-containing solution (left ABTS*"

solution). Second, a

filtered sample from the influent of the ozonation reactors was aspirated by the syringe. This sample was partially dispensed to the photometer to quantify asssnm.

Third, the sample was mixed with an aliquot of the ABTS®"-reagent solution and mixed with the phosphate buffer (right ABTS®"
time of 15 min, the solution was dispensed to the photometer to quantify the residual ABTS*"

then repeated for a DOM-free blank solution and for an effluent sample.

solution). Fourth, after a reaction
concentration absorbance at 730 nm (ay30nm)- Steps two to four were
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not measured on-line, EDC values for individual samples (i.e., before or
after ozonation) is reported as non-carbon-normalized EDC (EDC-cpoc).
However, because ozonation only marginally affects DOC concentra-
tions (Lee et al.,, 2012; Nothe et al., 2009), relative residual EDC
(EDC-EDC, 1) values can be determined with the absorption coefficients
at 730 nm (ay3onm) of the resulting reaction mixtures with the in- and
effluent as well as the DOM-free blank sample:

effluent blank effluent
_1 _EDC _ 730w~ %730mm
EDCEDC," = ———F— = =" 3)
an
0 EDle’luem ab’ ko amﬂuem
730nm 730nm

Iron(Il) species in the ozonation influent were not expected to
contribute significantly to the measured EDC, because total iron con-
centrations were small (<20 pg~L_1 in ozonation-influent grab samples,
Figure S2, SI) and iron(III) species were likely predominating the pool of
total iron, in particular after ozonation (Lggager et al., 1992).

2.2.5. Maintenance of the EDC analyzer

The EDC analyzer required regular automated as well as manual
cleaning intervals. During routine operation, the syringe pump executed
a daily automated chemical cleaning and disinfection of the sample line
tubing, sample mixing chamber, syringe, and photometer flow cell with
diluted chlorine solution (cog- = 0.2 uM = 0.01 mg~L’1). With this
procedure bacterial growth could be avoided and no manual cleaning of
the LED photometer was required. Biofilm or residues on the surfaces of
the ceramic filter disks were manually removed 2-3 times per week
using a brush and warm water.

2.3. Full-scale ozonation at the wastewater treatment plant of Zurich

The EDC analyzer was installed at the ozonation reactors of the
municipal wastewater treatment plant Werdholzli in Zurich,
Switzerland. The treatment plant has a capacity of 670’000 person
equivalents. Secondary treatment is performed in a nitrifying activated-
sludge system with alternating intermittent aeration followed by clari-
fication. Subsequently, the water is treated with Os for micropollutant
abatement in four parallel ozonation reactors each of which had a vol-
ume of 1535 m®. Each reactor is divided into eight compartments by
vertical flow-control baffles. Ozone-containing gas is introduced in
countercurrent mode through an array of diffusers at the bottom of the
first and third compartment. Finally, the ozonation effluent is passed
through a sand filter for biological post-treatment before discharge to a
river.

The ozonation process was monitored by measuring (i) the absorp-
tion at 254 nm (azs4nm) of the unfiltered in- and effluent using a flow-
through spectrophotometer equipped with a flash lamp (CAS51D,
Endress-+Hauser, Switzerland) and (ii) the nitrite concentration in the
influent wusing a nitrite analyzer (CA80NO, Endress-+Hauser,
Switzerland). For routine operation, the O3 dose was controlled based on
a combination of feed-forward (flow rate, DOC concentration estimated
based on ass4nm, and nitrite concentration) and feed-back (relative re-
sidual ags4nm) control parameters. The targeted value for the relative
residual agsanm was 68%. This value had been obtained previously to
reach a mean relative residual concentration of indicator compounds of
20% over the entire treatment plant as required by the Swiss authorities
(Federal Office for the Environment, 2015).

2.3.1. Repeated sample analysis for performance assessment

To initially assess the performance of the EDC analyzer under real
conditions, a batch of 500 mL was collected from both, the influent and
the effluent of the ozonation reactors. Both batches were filtered (0.45-
um pore size) and then analyzed repeatedly on-site. Quantification limits
(LOQ) were calculated based on the signal responses S and corre-
sponding standard deviations o of the analysis of DOM-free blanks (LOQ
= Sblank + 10-0planio-
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2.3.2. On-line monitoring of residual azssym and EDC

To observe the changes in dgssnm and EDC during ozonation on-line,
the EDC analyzer monitored the common influent and effluent of two
out of the four parallel ozonation reactors. The EDC analyzer had a
constant sampling interval of 34 min and the hydraulic residence time of
the ozonation reactor varied around a median of 29.6 min (25th and
75th percentiles were 25.3 and 38.4 min, respectively) depending on the
total flow rate and the number of operating ozonation reactors. This
difference between the sampling interval and the hydraulic residence
time was considered negligible in comparison to the slow changes of the
water quality at the in- and effluent.

2.3.3. Variation of Os doses in full-scale ozonation

To vary the O3 dose during full-scale ozonation, the process control
system was operated in an experimental mode based only on feed-
forward control parameters (flow rate g, DOC concentration estimated
based on on-line ass4nm, and on-line nitrite concentration) with different
targeted specific O doses ranging from 0.06 to 0.7 mgos-mgpoc . The
targeted O3 doses were manually adjusted on six days in January and
February of 2021 during two extended dry weather periods to minimize
variations in the composition of the ozonation influent.

For selected time points, pairs of in- and effluent grab samples were
collected from the sample-collection cylinders immediately after aspi-
ration of the sample by the syringe pump of the EDC analyzer. At this
point, the grab samples had already passed the ceramic filter disk and
were stored at 4 °C in the dark without any further sample treatment
until further laboratory analyses.

2.4. Analyses of water quality parameters of ozonation influent samples

Concentrations of DOC (LOQ = 0.5 ngOC-L_l), alkalinity (LOQ =
0.2 mM), ammonium (LOQ =5 pgN-L’l), and nitrite (LOQ =1 pgN~L’1)
were quantified in all grab samples as described in section 1.3 in the SI.

2.5. Analysis of micropollutants by LC-MS

Concentrations of 22 selected micropollutants, including pharma-
ceuticals, X-ray contrast agents, pesticides, a food additive and a
corrosion inhibitor, were quantified in the sample pairs collected from
the in- and effluent of the ozonation reactor. A complete list of micro-
pollutants and corresponding apparent second-order rate constants for
the reactions with O3 and hydroxyl radical at pH 7 is provided in
Table S1 (SI). The micropollutants were selected due to their typically
high abundance in WWTP effluents. Their apparent second-order rate
constants for the reactions with O3 at pH 7 covered a wide range from
5.0.1072 to 6.8-10° M~ s~! (Table S1, SI). The listed apparent second-
order rate constants should be considered as approximations for the
pH that prevailed during the monitoring campaigns (i.e., pH = 7.6 +
0.2). A subset of twelve micropollutants are also listed as indicator
compounds for advanced wastewater treatment by the Swiss regulators
(Federal Office for the Environment, 2015). Micropollutant concentra-
tions (LOQ = 100 ng-L 1) were quantified by liquid chromatography
coupled to mass spectrometry (LC-MS) as detailed in section 1.5 of the
SIL

2.6. Analyses of bromide, bromate, iodide and iodate by IC-MS

The O3-reactive halogen species bromide and iodide as well as their
oxidation products bromate and iodate were analyzed in the filtered
grab samples by ion chromatography coupled to mass spectrometry (IC-
MS). Details on the analysis are described in section 1.6 of the SI and
Table S2 (SI). LOQs were 5, 1, 5, and 2.5 pg~L_1 for bromide, bromate,
iodide and iodate, respectively, with a relative standard deviation of
<10%.
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2.7. Statistical modeling

Exponential regression models were fitted to the relative residual
azssnm and EDC as a function of specific O3 doses by a non-linear least
squares method. Logistic regression models were fitted to the relative
residual micropollutant concentrations with a quasibinomial probability
distribution, a logit link function and the relative residual azsspm and
EDC as estimators.

3. Results and discussion
3.1. Performance assessment of the EDC analyzer

The repeatability of assspm and EDC measurements was assessed by
repeatedly analyzing a batch of influent and effluent of the ozonation
reactors collected during routine full-scale ozonation (specific O3 dose
~0.64 mgog-mgc’l). Measurements of assspm (Fig. 2a) were highly
repeatable with mean values of 0.088 + 0.001 cm ™! and 0.043 + 0.001
cm ! (mean value + standard deviation; n = 28) for the in- and effluent,
respectively, and were significantly above the LOQ of 0.006 cm ™. Non-
carbon-normalized EDC measurements (EDC-cpoc) were also repeatable
(Fig. 2b) with mean values for EDC-cpoc of 16.2 + 0.4 uM,- and 3.6 +
0.3 uM,- (n = 28), respectively, and were also above the LOQ of 2.8
UM,-. As expected, both parameters, azssnm and EDC, decreased signif-
icantly during ozonation to relative residual values of 49 + 1% and 22 +
2% (Fig. 2c).

The slightly larger variations of EDC values compared to agssnm were
due to errors introduced by the additional analytical steps required for
the EDC measurement (i.e., (i) addition of reagent solutions and (ii)
mixing of the resulting reaction mixture). Additional advancements and
optimizations of the analyzer, specifically of the liquid handling, may
further improve the precision of EDC measurements. Nevertheless, the
repeatability and LOQs demonstrated that the precision of the EDC
analyzer was suitable to monitor changes in assspm and EDC during
routine ozonation.

3.2. On-line monitoring of azssnm and EDC during full-scale ozonation

An exemplary nine-days series of on-line measurement results ob-
tained in February 2021 with the EDC analyzer and process data from
the ozonation system is shown in Fig. 3. An equivalent time series ob-
tained in January 2021 is shown in Figure S3 (SI). Both time series were
recorded to a large part under typical dry-weather conditions with high
levels of nitrogen removal in the preceding nitrifying activated-sludge
treatment as evidenced by the low residual ammonium concentrations
of 0.5 + 0.2 mgy-L™! in the influent of the ozonation reactor. Selected
water quality parameters (i.e., DOC, nitrite, and ammonium concen-
trations, and alkalinity, pH and conductivity) of the influent grab sam-
ples are shown in Figure S4 (SI). The consumption of O3 by nitrite will be
addressed separately below.

3.2.1. Variability of azssnm and EDCecpoc in ozonation influent

In this time series (Fig. 3), agssnm and EDC-cpoc of the ozonation
influent exhibited minor, diurnal fluctuations with stable daily average
values. Values of asssym and EDC-cpoc measured in the influent of the
ozonation reactor ranged from 0.086 to 0.104 cm ' and 17.9-22.0
UM,-, respectively. Maximum daily values of azsspm and EDC-cpoc were
reached around midnight between 22:00 and 02:00 h. The largest
relative daily increase was recorded on the second day during which
azssnm and EDC-cpoc increased by 16% and 23%, respectively. Nitrite
concentrations measured on-line ranged from 0.06 to 0.33 mgy-L ™! in
agreement with values for similar nitrifying wastewater treatment
plants (Schindler Wildhaber et al., 2015) and also followed a diurnal
pattern with maximum daily values typically reached between 17:00
and 19:00. These diurnal patterns were attributed to changes in the
carbon and nitrogen loads entering the activated-sludge treatment
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Fig. 3. Time series of asssnm and EDCecpoc measured in the influent of the ozonation reactors (empty and filled circles, respectively), nitrite concentrations of the
influent (gray line), O3 dose (orange line), and residual azssnm and EDC of the ozonation effluent (empty and filled circles, respectively). This time series was recorded
in February 2021. The horizontal bar above the O3 dose indicates when the specific O3 dose was adjusted from the routine ozonation (orange lines). The empty circles
on the time axis indicate the time points at which grab samples were collected for laboratory analyses. The gaps in the time series on the third day were caused by

maintenances of the sampling system of the treatment plant.

basins and the effectiveness of the activated-sludge treatment. Overall,
the monitored parameters indicated stable process conditions
throughout this time series.

The frequency of approximately one measurement per hour was
considered sufficient to capture the diurnal patterns of azsspm and
EDC-cpoc in the ozonation influent. However, it is conceivable that these
parameters may vary more rapidly under certain circumstances. For
such cases, a faster measuring frequency than currently available with
the EDC analyzer would be beneficial and could be achieved by short-
ening the reaction time or by parallel EDC measurements of the ozon-
ation in- and effluent and the blank sample using multiple syringe

pumps.

3.2.2. Stable decrease of azsspm and EDC during routine ozonation
During routine ozonation (Fig. 3, gray horizontal bars), the treat-
ment plant’s control system maintained a constant decrease in the UV
absorption of the unfiltered in- and effluent of the ozonation reactors.
This resulted in O3 doses of 2.9-4.9 mgog-L’1 during the monitored time
series (Fig. 3, orange line during routine ozonation). The primary driver
for the variations in the O3 dose was the changes in nitrite concentra-
tions in the ozonation influent. Because nitrite readily reacts with O3 via
an O-transfer reaction forming nitrate (Hoigné et al., 1985; Naumov
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et al., 2010), the nitrite measured in the influent accounted for 7-43% of
the O3 dose. Ozonation resulted in a significant and stable decreases in
both, azssnm and EDC, independent of the water quality fluctuations in
the influent. The mean residual value of asss,m, decreased to 48 + 3%,
while the mean residual value of EDC decreased to 19 + 3%. These small
relative standard deviations illustrate the reliability of the measure-
ments obtained with the EDC analyzer.

3.3. Variations of Oz doses during full-scale ozonation

To investigate the effects of changes in the specific O3 dose on azsspym
and EDC during full-scale ozonation, the feed-back control system was
temporarily disabled and targeted specific O3 doses were varied using
only the feed-forward control (Fig. 3, orange horizontal bars). This
resulted in O3 doses of 0.7-4.8 mg03~L_1. Similar experiments were
conducted on two more days (time series data shown in Figure S3, SI).
Generally, these O3 doses were lower compared to the doses, which
would have been applied during routine operation except on the second
day of the time series when slightly higher O3 doses were reached.

3.3.1. Responses of residual azsspm and EDC to lower Oz doses

The lower O3 doses resulted in higher residual agssym and EDC in
comparison to routine ozonation with maximum values of 88% and
61%, respectively (Fig. 3). The slightly higher O3 doses on the second
day only resulted in an additional decrease in the residual azsspm but did
not appear to affect residual EDC values.

The time points at which grab samples were collected from the in-
and effluent of the ozonation reactors are indicated on the time axis in
Fig. 3 (circles). The corresponding residual assspm and EDC values
(circles in Fig. 4b) spanned the entire range observed for both parame-
ters during the monitoring campaign.

3.3.2. Consumption of Os by nitrite and iodide

Laboratory analyses of anions in- and effluent grab samples indicated
that nitrite and iodide competed with DOM for Os. Nitrite concentra-
tions ranged from 0.09 to 0.55 mg-N-L7! in the influent samples
(Figure S5a, SI). Residual nitrite concentrations relative to the corre-
sponding influent concentrations decreased proportionally to the
applied Oz doses (Figure S5b, SI) in agreement with the fast oxidation of
nitrite to nitrate by Og with kyo, = 5.83-10° M 's™! (Liu et al., 2001).
Iodide was present at unexpectedly high concentrations in a subset of
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influent grab samples. While iodide concentrations in the influent
samples ranged between 2.6 and 11.0 ug-L™! on January 11-13, they
ranged between 31.3 and 547 pg-L ™! on February 22-26 (Figure S5c, SI),
exceeding the expected range for municipal wastewater (Gong et al.,
2018) by approximately one order of magnitude. The source of those
large iodine loads remained unclear. As iodide is rapidly oxidized by O3
forming iodate (Bichsel and von Gunten, 1999), iodate formation also
increased proportionally with increasing applied Os doses (Figure S5d,
SI). For all time points, the mean mass balance of iodide and iodate
concentration from in- to effluent (i.e., (¢ + cfglg') /(4 c?('qu')) was
102 + 20% (Figure S5e, SI), indicating that Os oxidized a fraction of
iodide completely to iodate. Because of this significant consumption of
O3 by nitrite and iodide, both oxidation reactions were accounted for in
the calculation of specific O3 doses (see below).

3.3.3. Decreases in agssym and EDC during ozonation

The variations in O3 doses allowed to monitor changes in azssym and
EDC as a function of the specific O3 dose. In the grab samples, specific Og
doses, which were calculated by carbon-normalizing O3 doses and cor-
recting for nitrite consumption (A[O3]/A[NO; ] ~ 1) as well as iodate
formation (A[O3]/A[I03 ] =~ -—3), ranged from 0.13 to 0.91
mgog-ngocfl. Along this range, the relative residual assspm, and EDC
decreased exponentially with increasing specific O3 dose (Fig. 4a). Re-
sidual values of asssny decreased relatively uniformly to 42% at the
highest specific O3 dose. In comparison, relative residual EDC values
showed a steeper decrease to 29% for specific O3 doses up to 0.34
mg03-mgc’1 (model estimate) and plateaued towards higher ozone
doses. Between 0.5 mgog-ngoc’l and the highest specific O3 dose of
0.91 mgog-mgnoc’l, the relative residual EDC only further decreased
from 22 to 17%. Therefore, the current analytical method may not be
sufficiently sensitive for Oz doses >0.5 mgos-mgc ™! using EDC as con-
trol parameter. However, the high sensitivity of EDC towards small
specific O3 doses implies that the EDC is suited for treatment processes
applying low specific O3 doses <0.5 mgog-mgc !, such as a combination
of ozonation with activated-carbon adsorption (Miiller et al., 2019;
Reungoat et al., 2012).

The fact that the data for both parameters each consistently followed
the same exponential trend despite being obtained on six days distrib-
uted over two months (i.e., January 5 to March 3, 2021) suggests a high
repeatability even over long periods of time. Moreover, two time points
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Fig. 4. (a) Relative residual asssn,m (empty circles) and relative residual EDC (filled circles) as a function of the specific O3 dose. The specific O3 dose was corrected
for nitrite consumption and iodate formation during ozonation. Exponential models were fitted to the data by a non-linear least-squares method (solid lines; ex-
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data was re-plotted from the time series in Fig. 3. The measurements for which grab samples were collected are indicated by the empty circles. The value of relative
residual azssnm and EDC corresponding to a specific ozone dose of 0.34 mgos-mgc ! is indicated by the dotted horizontal and vertical lines, respectively. (c) Relative
residual concentrations of selected micropollutants measured in the grab samples as a function of the specific O3 dose. Logistic regression models were fitted to the
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were collected outside typical dry-weather conditions (Figure S3, SI)
and do not appear to deviate from the observed trends either (indicated
by yellow symbols in Fig. 4a), indicating robust responses of both pa-
rameters also during different operational conditions.

The decreases in asssnm and EDC after full-scale ozonation were both
compared to results obtained previously in laboratory ozonation ex-
periments for different secondary-treated wastewater effluents (Chon
et al., 2015; Onnby et al., 2018; Walpen et al., 2020). As expected, the
relative residual values of azssnm measured in this study were in good
agreement with previous results (Figure S6, SI). In contrast, relative
residual EDC values only agreed for specific O3 doses up to ~0.25
mgos-mgc * and then approached different end points for higher doses
(Figure S6, SI). More specifically, relative residual EDC values found in
this study and by Onnby et al. (2018) reached lower end points
compared to values reported in Chon et al. (2015) and Walpen et al.
(2020). The different trends likely originated from differences in (i) the
chemical composition of secondary-treated wastewater effluents or (ii)
the analytical conditions used for the operationally-defined quantifica-
tion of EDC of DOM. The first hypothesis is supported by the fact that
relative residual EDC values in this study are lower than reported in
Walpen et al. (2020) despite the application of the same analytical
conditions. In addition, the same source of sample was used in these two
studies, which further implies that storage time and conditions affect the
EDC of DOM. Overall, these results confirm that changes in azs4pm in
laboratory ozonation experiments are representative for full-scale sys-
tems, yet a similar comparison for EDC remains inconclusive and re-
quires a systematic assessment.

3.3.4. Correlation between residual azsspm and EDC during ozonation

To directly compare the responses of both parameters, the relative
residual assspm was replotted as a function of the relative residual EDC
(Fig. 4b). The trajectory of these data pairs collected over a time span of
two months (i.e., January 5 to March 3, 2021) were correlated non-
linearly. For relative residual EDC values >29% and relative residual
azssnm >71% (i.e., for specific ozone doses <0.34 mgog-mgc’l), the
relative decrease in EDC was more pronounced compared to the
decrease in assspm. This trend was inversed towards lower relative re-
sidual values of azssnm and EDC, respectively. The absence of significant
deviations from this correlation suggests a consistent response of asssnm
and EDC to ozonation for at least several weeks, indicating a high degree
of redundancy among the two parameters for a potential on-line esti-
mation of micropollutant abatement. Yet, it is conceivable that changes
in the chemical composition affecting either the UV absorbance or redox
properties of the ozonation influent, for example due to a contamina-
tion, could result in irregular responses causing deviations from the
observed trend. In such a case, the availability of two control parameters
may facilitate the identification of such atypical process conditions.

3.3.5. Micropollutant abatement during ozonation

Concentrations of the 22 micropollutants determined in the in- and
effluent of the ozonation reactors are summarized in Figure S7 (SI).
Median influent concentrations of 19 micropollutants exceeded the
quantification limit of 100 ng-L~!. The highest median influent con-
centrations were measured for benzotriazole (3.7 pg~L’1), iomeprol (2.7
pg-L1), diatrizoate (2.4 pg-L™1), diclofenac (1.7 pg-L™Y), and gaba-
pentin (1.5 pg‘L’l).

As expected, all sample pairs generally contained lower concentra-
tions of micropollutants in the effluent than in the influent sample.
Residual micropollutant concentrations are shown exemplary for
diclofenac (kapp,03 = 6.810° M 1s™ 1), hydrochlorothiazide (kapp,03 =
8.5.10* M’ls’l), and benzotriazole (kapp,03 = 35 M 1s1) as a function
of specific O3 dose (Fig. 4c, shown for all 22 micropollutants in
Figure S8, SI). Residual concentrations decreased proportionally to
increasing specific O3 doses for all micropollutants except for the
pesticide diuron and the metabolite N-(4)-acetylsulfamethoxazole. For
these two compounds no meaningful correlation was obtained because
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their concentrations were below the quantification limit in most
samples.

Overall, the extent of abatement was correlated to the second-order
rate constants of the reactions of these compounds with Os (Figure S9,
SI). This observation is consistent with the presence of both, ozone and
hydroxyl radical as oxidants during the ozonation process (Bourgin
et al., 2017; Hollender et al., 2009; Lee et al., 2013). While the observed
micropollutants had a similar reactivity towards hydroxyl radicals, their
second-order rate constants for the reaction with ozone ranged over
eight orders of magnitude (Table S1, SI), which resulted in a more
pronounced abatement of micropollutants with high ozone reactivity.

The extent of micropollutant abatement was comparable to previous
reports from similar full-scale ozonation systems (Bourgin et al., 2018;
Hollender et al., 2009). The relative residual micropollutant concen-
trations observed in this study were generally slightly higher at the same
specific O3 dose (Figure S8, SI) implying marginally lower oxidant ex-
posures in the ozonation reactors at the wastewater treatment plant in
Zurich for the same specific O3 dose.

3.3.6. Estimation of micropollutant abatement based on azssym and EDC

The relative residual concentrations of diclofenac, hydrochlorothia-
zide, and benzotriazole were re-plotted as a function of the relative re-
sidual agsspm (Fig. 5a) and EDC (Fig. 5b). The relative residual
concentrations of these three micropollutants decreased non-linearly
with the decrease of both parameters. Similar trends were also
observed for the remaining set of micropollutants (Figures S10 and S11,
SI), except for Diuron and N-(4)-acetylsulfamethoxazole due to the
limited data as described above.

For each of the 22 analyzed micropollutants, a logistic regression
model was fitted to the relative residual concentrations with either the
relative residual assspm or EDC as explanatory variable. The fitted
models are shown as solid lines in Figs. 5a and 5b for diclofenac, hy-
drochlorothiazide, and benzotriazole as well as in Figures S10 and S11
(SD) for the remaining set of micropollutants.

To compare the performance of both explanatory variables, the
quality of the regression models was summarized in a separate plot for
both explanatory variables. In Fig. 5c, all observed relative residual
concentrations for all micropollutants were plotted as a function of the
corresponding value estimated using relative residual assspm as
explanatory variable. The same plot is shown in Fig. 5d for the relative
residual EDC as explanatory variable. The closer the cloud of data points
are to the 1:1-line, the smaller are the residuals of the fitted models. Both
explanatory variables, the relative residual azssnm and EDC, allowed to
appropriately estimate the relative residual micropollutant concentra-
tion. The estimated values show a slightly larger spread to the observed
values if the relative residual EDC is used (fitted linear regression model
has R? = 0.92, Fig. 5¢) compared to the relative residual agssnm R? =
0.97, Fig. 5d). This larger spread originated from the larger relative
standard deviations of the EDC compared to asssnm. However, as
described above, instrumental improvements may further increase the
precision of the method. Taken together, the logistic regression models
allowed to independently estimate micropollutant abatement based on
either of the two monitored parameters measured on-line.

3.3.7. Derivation of target values for the residual azssnm and EDC

Based on the fitted logistic regression models, target values of the
relative residual agsspm and EDC could be derived for any arbitrary
micropollutant abatement target. To demonstrate this, the micro-
pollutant abatement was quantified according to the Swiss regulatory
framework by averaging the abatement of twelve indicator compounds
(see Table S1, SI). Therefore, the models fitted to the relative residual
concentration of the twelve indicator compounds were selected (shown
as light lines in Figs. 5e and f) and averaged along the explanatory
variables (shown as bold line in Figs. 5e and f). Based on these model
averages, a micropollutant abatement target of e.g. 75% (i.e., an average
relative residual micropollutant concentration of 25%) would
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correspond to a relative residual assspm of 57% and a relative residual
EDC of 19%, respectively (dotted lines in Figs. 5e and f). In a practical
application, these target values for the relative residual azsspm and EDC
could directly be applied in a feed-back control system for the ozonation
of secondary-treated wastewater. However, as noted above, the limited
sensitivity of the EDC as control parameter needs to be taken into ac-
count for O3 doses >0.5 mgog'mgc’l.

3.3.8. Assessment of bromate formation based on azsspm and EDC
Concentrations of bromide in the influent samples ranged from 124
to 807 pg-L~! (Figure S12a, SI), indicating significant temporal varia-
tions in the load of bromide in the influent of the wastewater treatment
plant. Ozonation resulted in the formation of the potentially carcino-
genic oxidation by-product bromate which was present at concentra-
tions from <1.0 to 7.8 pg-L ™! in the effluent samples (Figure S12b, SI).
The molar conversion of bromide to bromate was proportional to the
specific O3 dose (Figure S12c, SI) and increased exponentially to 2.1% at
the highest specific O3 dose of 0.91 mg03~mgC*1, both of which is
consistent with previous studies (Bourgin et al., 2018; Soltermann et al.,
2016). Molar conversion of bromide to bromate increased significantly
to values >1% when the relative residual values of assspm and EDC fell
below a threshold of 49% and 18%, respectively (Figures S12d and e,
SI). These threshold values may therefore help to identify ozonation
conditions with relative bromide conversion of more than 1%, however,
the relative residual EDC is close to its observed end point value of 17%
(see above). In addition, these parameters are not suited to assess ab-
solute bromate concentrations in ozonation effluents, since its formation

during ozonation is proportional to the bromide influent concentration
and only absolute bromate concentrations are relevant for regulators.

4. Conclusions

In this study an automated, on-line EDC analyzer was used to
continuously monitor the relative changes in assspm and EDC during
full-scale ozonation of a secondary-treated municipal wastewater. Var-
iations of the specific O3 doses allowed to assess the responses in asssnm
and EDC and their correlation with micropollutant abatement and
bromate formation. Based on the results, the following conclusions can
be drawn:

e During a multi-week monitoring campaign with varying O3 doses,
responses in residual agsspm and EDC were correlated but non-
linearly. This finding suggests, that expanding existing absorbance-
based ozonation control-framework by integrating EDC as
feedback-control parameters could offer (i) robustness through the
application of a second, independent surrogate parameter to assess
micropollutant abatement and (ii) additional options to detect
problems in the process control.

Relative residual values of assspm and EDC both decreased expo-
nentially with increasing specific O3 doses. In comparison to relative
residual asssnm, the relative residual EDC responded more sensitive
to increases in specific O3 doses <0.34 mgo3~mgc_1, whereas an
opposite trend was observed for higher specific ozone doses. This
finding implies that monitoring residual EDC in addition to azsspm
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may be particularly interesting for low O3 dose applications such as
combinations of ozonation and activated-carbon adsorption for
enhanced wastewater treatment.

For 20 out of 22 selected micropollutants, relative residual concen-
trations decreased proportionally to increasing specific O3 doses and
thus also to relative residual agsspym and EDC. The fitted logistic
regression models allowed to derive target values of relative residual
azs5nm and EDC for specific micropollutant abatement targets.
Bromate concentrations in the effluent of the ozonation reactors
cannot be predicted by decreases in UV absorption or EDC during
ozonation because they also depend on the bromide concentrations
in the influent. However, both parameters are suitable to identify
ozonation conditions with elevated conversions of bromide to
bromate.
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