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Abstract

Abstract

Groundwater resources present a major reservoir for worldwide drinking water production that
is used intensively due to its consistent quality and availability. Organic-rich groundwater re-
sources with high concentration of natural organic matter (NOM) are not used to their full po-
tential due to the negative impact of NOM on treatment processes and on water quality, partic-

ularly on water coloration.

This work examines the ozonation-biofiltration process to enhance NOM removal in drinking
water production from organic-rich groundwater. Objects of research regarding the ozonation-
biofiltration of organic-rich groundwater were (i) the transformation of groundwater NOM,
(i1) by-product formation and its minimization and (iii) applicability and integration potential
into groundwater treatment. An experimental approach was chosen to address these objects of
research. Experiments included batch ozonation, small-scale pilot ozonation-biofiltration and

membrane ozonation using different natural, organic-rich groundwaters.

Ozonation of organic-rich groundwater is characterized by rapid ozone (O3) consumption by
NOM, normalized to the dissolved organic carbon (DOC) content of groundwater (approxi-
mately 0.5 mgos/mgpoc in the first 30 s of ozonation). This results in significant reduction of
ultraviolet absorbance (UV2s4) and color (SACase) but in low disintegration of NOM to smaller
molecular size and therefore moderate formation of assimilable organic carbon (AOC). The
simultaneous formation of bromate, a presumed human carcinogen, may exceed international
drinking water limits under these conditions. This is due to high bromide contents of ground-

waters and presumably enhanced by hydroxyl radicals formed by ozonation of phenolic NOM.

Biofiltration of ozonated groundwater by granular activated carbon and phonolithe results in
significant reduction of AOC and minor reduction of UV2s4, SACa36 and DOC. Overall SACa36
removal potential by small-scale pilot ozonation-biofiltration was 40—50 % at bromate concen-
trations << 10 pug L', for two different groundwaters. For other groundwaters used in batch
ozonation experiments, SACa36 removal potential may be up to 70 %. Decolorization perfor-
mance of ozonation-biofiltration may be enhanced by the implementation of bromate minimi-
zation strategies. Process-oriented strategies (multi-stage ozonation and membrane ozonation)
and pH reduction showed the highest potential to improve the trade-off between decolorization
and bromate formation. Addition of ammonia or hydrogen peroxide reduced bromate concen-
tration only at high ozone doses or compromised decolorization. Ozonation-biofiltration was
performed with different feed water qualities including raw groundwater, aerated groundwater

and finished groundwater, indicating high potential for integration into groundwater treatment.

Overall, it was shown that ozonation-biofiltration is applicable in different groundwater matri-
ces, for different feed water qualities, at low ozone doses of < 0.5 mgos/mgpoc. Its potential
may be increased by the development of bromate minimization strategies particularly eligible

for organic-rich groundwater treatment.
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Zusammenfassung

Zusammenfassung

Grundwasser ist weltweit eine bedeutende Ressource zur Trinkwassergewinnung, unter ande-
rem wegen seiner bestdndigen Eigenschaften beziiglich Qualitdt und Verfiigbarkeit. Grundwis-
ser mit hohem Gehalt an geldsten natiirlichen organischen Stoffen (natural organic matter,
NOM), werden nicht vollumfinglich genutzt, unter anderem wegen erhohter Gelbfiarbung
(spektraler Absorptionskoeffizient bei 436 nm, SAKaz6) solcher Wisser.

In dieser Arbeit wird die Ozonung-Biofiltration als mdgliches Verfahren zur Entfernung von
NOM und zur Entfarbung organikreicher Grundwésser untersucht. Forschungsfragen zur Ozo-
nung-Biofiltration umfassen (i) die Transformation grundwasserbiirtiger NOM, (ii) Nebenpro-
duktbildung und deren Minimierung und (iii) Integationsmoglichkeiten in Anlagen und Pro-
zesse zur Grundwasseraufbereitung. Mit verschiedenen natiirlichen, organikreichen Grundwis-
sern wurden wurden Laborversuche zur Becherglas-Ozonung, Pilotversuche zur Ozonung-Bio-

filtration sowie Laborversuche zur Membranozonung durchgefiihrt.

Die Ozonung organikreicher Grundwisser zeichnet sich durch eine schnelle Zehrung von Ozon
(O3) aus, bezogen auf den Gehalt an geldstem organischem Kohlenstoff (dissolved organic car-
bon, DOC) etwa 0.5 mgosz/mgpoc innerhalb von 30 s nach Ozondosierung. Dadurch werden der
SAKu436 und die Absorption von ultraviolettem Licht (UV2s4) erheblich reduziert, bei geringer
bis moderater Entstehung assimilierbaren organischen Kohlenstoffs (assimilable organic car-
bon, AOC). Die Konzentration von Bromat kann unter diesen Bedingungen nationale und in-
ternationale Trinkwasser-Grenzwerte (hdufig 10 pg L) {iberschreiten. Als Ursache dafiir wer-
den neben hohen Gehalten von Bromid auch hohe Konzentrationen von Hydroxylradikalen ver-

mutet, welche bei der Ozonung phenolischer NOM-Bestandteile entstehen konnen.

Bei der Biofiltration ozonierter Grundwésser mittels Phonolith und granulierter Aktivkohle
wird der AOC-Gehalt erheblich reduziert, des Weiteren ergeben sich leichte Verringerungen
von UVass, SAK436 und DOC-Gehalt.

Insgesamt wurde gezeigt, dass mittels Ozonung-Biofiltration bei geringen Ozonmengen (< 0.5
mgos/mgpoc) verschiedene Grundwasserqualititen aufbereitet werden konnen. In den beiden
pilotierten Grundwéssern wurde mittels Ozonung-Biofiltration eine Reduktion des SAK436 um
40-50 % bei Bromatkonzentrationen << 10 pug L! erreicht. Bei anderen in Becherglas-Versu-
chen getesteten Grundwéssern scheinen teils hohere SAKu436-Reduktionsraten von bis zu 70 %
moglich. Durch prozessbasierte Strategien (Mehrfachdosierung von Ozon sowie Membranozo-
nung) sowie durch eine Verringerung des pH-Werts konnte die Bromatbildung leicht verringert
werden. Durch Dosierung von Ammonium oder Wasserstoffperoxid konnte die Bromatbildung
ebenfalls verringert werden, jedoch nur bei Anwendung hoher Ozonmengen und teils bei nega-
tiver Auswirkung auf die Entfarbung. Die Ozonung-Biofiltration wurde mit verschiedenen
Wasserqualititen duchgefiihrt (Rohwasser, beliiftetes Rohwasser sowie Reinwasser), was eine
hohe Flexibilitdt des Verfahrens verdeutlicht.
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Introduction

1 Introduction

The availability of fresh, high-quality drinking water remains a global challenge. Water demand
increases for various purposes, including irrigation, industrial use, and drinking water produc-
tion. Moreover, climate change and environmental pollution reduce freshwater availability on
a global and, more severely, on a regional level (Boretti and Rosa, 2019; UNESCO, 2019).
Thus, the United Nations have considered drinking water supply one of their sustainable devel-
opment goals (UN, 2015).

Groundwater is one of the major resources for global drinking water production (Gleeson et al.,
2020; UN Water, 2022). In Germany, groundwater excluding spring water, riverbank filtrate
and recharged groundwater, accounted for 61 % of raw water for drinking water production in
2016 (Statistisches Bundesamt, 2019). Drinking water resources in Germany are increasingly
stressed by dry periods (Niehues and Merkel, 2021). Regionally, groundwater depletion
prompts the efficient utilization of available groundwater resources (F1i3 et al., 2021; Méhler
et al., 2021). Groundwater resources may contain elevated concentration of natural organic
matter (NOM) such as humic substances which may hamper treatment processes and organo-
leptical water properties, e.g. water color. As color is typically not reduced in conventional
groundwater treatment, groundwater resources with high color are often not used for drinking
water production to their full potential (Schulz, 2020). Thus, treatment processes that reduce
water color and NOM content are eligible to increase the scope of available groundwater re-
sources. The need for NOM removal strategies from groundwater is further stressed by region-
ally predicted increases in groundwater NOM concentration, as a consequence of climate
change and urbanization (McDonough et al., 2020b; Riedel, 2019).

This research work is supposed to contribute to the portfolio of treatment options for ground-
water rich in NOM, particularly for colored groundwater. Ozonation-biofiltration was identified
as a promising technology for decolorization (Loeb et al., 2012), but is lacking coverage in
research regarding effectiveness in different groundwater matrices, specific reaction mecha-

nisms, by-product formation and integration into groundwater treatment.

The aim of this work is to shed light on three major objects of research regarding the use of

ozonation-biofiltration for the treatment of colored, organic-rich groundwaters:

1. Transformation of groundwater natural organic matter (NOM) by ozonation and biofil-
tration at typical decolorization conditions,
ii.  by-product formation and minimization in groundwater ozonation,

iii.  applicability and integration potential of ozonation-biofiltration into groundwater treat-
ment.
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2 Theoretical Background

2.1 Natural Organic Matter in Groundwater Resources and Treatment Processes
2.1.1 Natural Organic Matter Characterization, Classification and Features

The term natural organic matter (NOM) describes the entity of degradation and metabolic prod-
ucts of plants, algae and bacteria in the environment. As part of natural biotic and chemical
processes, NOM is ubiquitous in aquatic systems. NOM character depends on origin, transfor-
mation conditions and pathways which results in a vast variety in NOM chemical structure and
properties (Sillanpdd, 2015). NOM transformation processes in water and soil are biological
processing (Kaiser and Kalbitz, 2012), photodegradation (Osburn et al., 2001) and mineral sorp-
tion (Jardine et al., 1989). These processes vary according to local climate and environmental
conditions and may produce a broad scope of NOM compounds (Kellerman et al., 2014). Due
to mixing of waterbodies with different NOM fingerprints, a variety of NOM may be found in
natural environments, e.g. in groundwaters (McDonough et al., 2020a). Thus, different strate-
gies have been used to cluster NOM with respect to their physical and chemical properties.
A summary of established methods is shown in Table I-1 while a more detailed review is given
in literature (Leenheer and Croué, 2003; Matilainen et al., 2011; Sillanpéa et al., 2015). A well-
established technique is the preparative dissolved organic carbon fractionation that classifies
NOM depending on their chemical properties, i.e. hydrophobicity and acidity (Aiken et al.,
1992; Leenheer, 1981; Thurman, 1985). This classification scheme is depicted in Figure 2-1.

I h .
Total Organic Carbon O EXCAANSE Acid | Base ‘ ‘ Neutral
| fractionation
Filtration 0.45 pm —1 Humic acids  Aromatic o
T Hydrophobic | rypvic acids amines ~ [drocarbons
Particulate | Dissolved — XAD fractionation

‘ . Hydrophilic Amino Carbohydrates
Hydrophilic acids acids Aldehydes

Figure 2-1. Dissolved organic carbon fractionation using XAD and ion exchange resins and examples for
classification of different organic compounds (Leenheer, 1981; Leenheer and Croué, 2003; Swietlik et al.,
2004)

Another frequent NOM classification method is the liquid chromatography-organic carbon de-
tection (LC-OCD) method (Huber et al., 2011). The main fractionation parameter in this method
is molecular size. LC-OCD analysis creates characteristic peaks which are used to quantita-
tively distinguish between different NOM fractions: biopolymers, humic substances e.g. fulvic
and humic acids, building blocks, low molecular-weight acids and low molecular-weight neu-
trals (Table 2-1).
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Table 2-1. LC-OCD fractions and their characteristics according to Huber et al. (2011). *Molecular weight of
humic substances according to Thurman et al. (1982).

Fraction Retention Description Examples
time
Biopolymers <40 min Hydrophilic, no ultraviolet light (UV) absorb-  Proteins, polysaccharides

ance, molecular weight > 10 kg mol !

Humic substances ~ 45 min Hydrophobic, significant UV absorbance, mo- Humic acids, fulvic acids

lecular weight” 0.5-10 kg mol !

Building Blocks =~ 50-55 min Breakdown products of humic substances with
lower molecular weight

Low molecular- =55 min Coelution with small humic substances Oxalic acid, malonic acid,
weight acids acetic acid
Low molecular- > 60 min Hydrophilic or amphiphilic Amino acids, alcohols,
weight neutrals sugars, aldehydes, ketones
Hydrophobic or- > 120 min Fraction that remains on the separation col- -
ganic carbon umn within analysis time due to hydrophobic
interaction
Features of NOM

Humic substances (HS), which comprise humic and fulvic acids, are the major NOM fraction
that entail approximately 50—60 % of NOM found in natural waters (Frimmel, 1998; Thurman,
1985). Moreover, HS are the major driver for NOM visible light absorbance (Thurman, 1985)
and may therefore require particular attention in groundwater decolorization. HS exhibit ele-
mental composition roughly in the order C > O >>H > N> S (Sillanpdé, 2015; Thurman, 1985).
Molar weight of fulvic acids was reported in the range of 0.5-2 kg mol™!. Humic acids are
mainly in the range of 1-10 kg mol™! (Thurman et al., 1982), but may also exhibit higher mo-
lecular weight (Peuravuori and Pihlaja, 1997). Thus, humic acids are more hydrophobic and
aromatic than fulvic acids (Huber et al., 2011). HS contain various functional groups, such as
phenolic, amino, carboxylic, methoxy, alcohol or carbonyl groups (Chen et al., 2002; Sillanpaa,
2015). Phenolic and carboxylic groups may either be protonated (neutrally charged) or depro-
tonated (negatively charged) at typical drinking water pH values of 6—8 (Ritchie and Perdue,
2003). The charge of NOM affects their physical properties, e.g. light absorbance (Dryer et al.,
2008; Yan et al., 2014), hydrodynamic diameter (Pace et al., 2012), and reactivity to oxidants
(Mvula and von Sonntag, 2003).

HS exhibit unsaturated bonds which may extend to conjugated, electron-rich systems (“chro-
mophores”™). Irradiation of ultraviolet (UV) and, for highly conjugated material, also lower-
energy visible light may induce electron transitions in chromophores. This results in a charac-
teristic light absorbance spectrum of NOM in the UV-visible range (Mostofa et al., 2013). The
absorbance spectrum of NOM is continuous and may be modeled by an exponential decay func-

tion with varying slope depending on the source of NOM (Twardowski et al., 2004). Chemical
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NOM features may also be indicated by single-wavelengths measurements or absorbance ratios
(Helms et al., 2008). It was shown that specific UV absorbance at 254 nm (SUV A2s4) strongly
correlates with the content of aromatic or unsaturated sp? hybridized carbon-carbon bonds in
NOM (Weishaar et al., 2003). Moreover, the absorbance ratio at 254 and 365 nm (E2:E3) cor-
relates negatively with aromaticity and molecular weight (Peuravuori and Pihlaja, 1997). This
indicates that chromophores absorbing higher-wavelength light are both more unsaturated and
larger. In larger chromophores, the scope of transition energies for intramolecular charge-trans-
fer interactions is higher, resulting in increasing absorbance at higher wavelengths (Del Vecchio
and Blough, 2004).

Redox properties of HS are quantified as electron donating capacity (EDC) or electron accept-
ing capacity (EAC) (Aeschbacher et al., 2010). Major contributors to EDC are phenolic moie-
ties while EAC was mainly related to quinonic moieties (Aeschbacher et al., 2012; Houska et
al., 2021). HS contain EDC and EAC exhibiting moeities simultaneously. This renders HS
prone to serve as electron donator or acceptor in various environmental redox processes. E.g.,
as antioxidant (Aeschbacher et al., 2012) or as electron acceptor in microbial processes (Walpen
etal., 2018).

2.1.2 NOM in Groundwater Treatment
Prevalence of NOM in Groundwater

Groundwater dissolved organic carbon (DOC) concentrations were reported to exhibit a global
median of 1.2 mgpoc L' (McDonough et al., 2020b). However, aquifers recharged by NOM-
rich surface waters and those containing coal deposits can exhibit much higher concentrations
of DOC (Thurman, 1985). Groundwater NOM of higher age and such that has been released
from peat soil was described as more aromatic and biostable, while NOM formed in surface
water has been described as more aliphatic and biolabile due to the impact of photodegradation
(McDonough et al., 2020a). Despite broad variety in NOM composition between different
groundwater bodies, humic substances often dominate the scope of NOM in groundwater (Rut-
lidge et al., 2021).

In Northern Germany, groundwater for drinking water production is often taken from aquifers
with peat deposits. These waters are typically anaerobic which may result in the release of lig-
nin-derived HS from peat deposits (Kolle, 2010). Dissolved organic carbon (DOC) concentra-
tions of up to 10.5 mgpoc L™, specific ultraviolet light (UV) absorption at 254 nm (SUV A2ss)
values of 2.6-4.1 L mgpoc™! m™! and significant color (spectral absorbance coefficient at 436
nm, SACa36 of 0.39-1.30 m™') were reported for drinking waters produced from organic-rich
groundwaters in Northern Germany (Schulz, 2020). This is indicating a high content of con-

densed aromatic and chromophoric structures (Weishaar et al., 2003).
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Conventional Groundwater Treatment

Common features of groundwater resources preferably used for drinking water production in-
clude low concentrations of particles and trace organic contaminants and low seasonal quality
variance (Crittenden et al., 2012) as well as low pathogen concentrations (Payment and Locas,
2011). Due to anaerobic conditions in many groundwaters, reduced species such as ammonia
(NH4"), manganese (Mn(II)), iron (Fe(II)), hydrogen sulfide (H2S) and methane (CHs) may be
present in raw groundwaters for drinking water production, along with high carbon dioxide
(CO») concentrations and absence of molecular oxygen (O2) (Worch, 2019). These parameters
can usually be controlled by conventional groundwater treatment comprised of gas exchange
and sand filtration, as shown in Figure I-1. This treatment scheme may be complemented by
disinfection or hardness adjustion. Advanced treatment steps such as coagulation, oxidation,
activated carbon filtration, ion exchange or membrane filtration can often be omitted in ground-

water treatment.

Effects of NOM on Groundwater Treatment and Quality

Humic substances interact with inorganic and organic compounds in groundwater and affect
various processes in drinking water treatment. E.g., oxidation of Fe(II) by oxygen (Osterwald,
2009) as well as by other oxidants (Knocke et al., 1992) is hampered in the presence of NOM.
In combination with Fe(Ill), NOM may form negatively charged colloidal structures with size
0f 3—200 nm for carbon/iron molar ratios > 1.4 (Liao et al., 2017), which applies for humic-rich
groundwaters presented in this work and elsewhere (Schulz, 2020). Such colloids complicate
sand filtration and may increase iron concentration and turbidity of treated water (Krupinska,
2020). In advanced groundwater treatment exceeding aeration and sand filtration, NOM may
cause fouling resistance in membrane filtration (Lee et al., 2005), compete for adsorption sites
with trace organic compounds in activated carbon adsorption (Matsui et al., 2003) and with
arsenic in ferric hydroxide adsorption (Saldafia-Robles et al., 2018). In chlorine-based disinfec-
tion processes, toxic trihalomethanes are formed (Hua and Reckhow, 2007). Moreover, chro-
mophoric, i.e. light-absorbing NOM moieties decrease the efficacy of UV disinfection (Crit-
tenden et al., 2012).

In addition to its impact on groundwater treatment processes, NOM, especially humic sub-
stances, induce color in raw and treated water (Crittenden et al., 2012). Water color is often
compared to the color standard platinum-cobalt solution and thus specified in the unit mg L' Pt
or measured spectrophotometrically as spectral absorbance coefficient e.g. at 436 nm (Kolle,
2010). For unit conversion between platinum-cobalt solutions and spectral absorbance meas-
urements, the correlation color = 18.216 * 2.303 SACa40 — 0.209 was suggested, with the color
in mg L' Pt and the spectral absorbance coefficient at 440 nm (SACa40) in m™ (Cuthbert and
del Giorgio, 1992). For conversion to absorbance at 436 nm (SACa36), the correlation
SACus0 = SACyzg el S@#40 nm =436 mm)] pyay he ysed. The spectral slope S depends on the type of
NOM. A value of S = 0.01688 nm™!, derived from Quebec lake water, was found to be in the
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middle of reported literature values (Cuthbert and del Giorgio, 1992). Using this value for S,
the correlation of SAC436 in m™! and color in mg L™ Pt is color =39.2 * SACu36 — 0.209. A value
of SACa36 = 0.5 m™! would then translate into approximately 19.4 mg L' Pt.

Visible color of water is limited by drinking water regulations in various countries e.g. 20 mg
L! Pt in England and Wales (Water Supply (Water Quality) Regulations, 2016), 15 mg L' Pt
in the United States (National Secondary Drinking Water Regulations, 1979) or SAC436 of
0.5 m! (previously 20 mg L™! Pt) in Germany (Trinkwasserverordnung, 2001).

Enhanced NOM Removal in Drinking Water Treatment

Due to its interaction with different processes, NOM is altered and removed during drinking
water treatment from groundwater. Up to of 30 % of groundwater DOC content is removed by
biodegradation and adsorption in sand filters for iron and manganese removal (Korth, 2000;
Korth et al., 2001). Partial NOM removal was also observed in lime softening depending on
operating conditions (Coro and Laha, 2001; Russell et al., 2009). To enhance NOM removal in
drinking water treatment from groundwater and surface water, several strategies have been
tested and reviewed (Andersson et al., 2020; Kammler et al., 2021; Kastl et al., 2016;
Krzeminski et al., 2019; Odegaard et al., 2010). At high water recovery rate and relatively low
costs, NOM, particularly humic substances can be removed by flocculation in combination with
conventional or membrane filtration (Kohler et al., 2016; Schulz, 2020; Wricke et al., 2016).
Oxidation by permanganate (Hidayah and Yeh, 2018; Kdmmler et al., 2021; Lu et al., 2015),
ozone (Loeb et al., 2012; Tan and Johnson, 2001) or advanced oxidation processes (AOP) (Sil-
lanpai et al., 2018) was also tested, with focus on decolorization. If high NOM removal rates
are required, nanofiltration (Beyer et al., 2014; Dubowski et al., 2018) and ion exchange (Edgar
and Boyer, 2021; Grefte et al., 2013; Hu and Boyer, 2017; Levchuk et al., 2018; Schulz et al.,
2017) have been proved successful. Moreover, various novel NOM removal techniques have
been introduced at bench-scale, including electrocoagulation (Sérkka et al., 2015) and electro-
sorption (Mantel et al., 2021).

2.2 Aquatic Ozone Chemistry
2.2.1 Kinetics of Ozonation, Secondary Oxidants and Matrix Effects

Ozone is a strong oxidant (oxidation potential Eg = 2.08 V; Crittenden et al., 2012) and reacts
readily with various compounds in water. Due to its reactivity, ozone is not stable in water and
must therefore be used right after production. The rate of ozone degradation depends on phys-
ical and chemical water quality parameters, such as temperature, pH, type and concentration of
dissolved organic matter (DOM), alkalinity, concentration of reduced inorganic species and
turbidity (Elovitz et al., 2000; Gardoni et al., 2012; Park et al., 2001; von Gunten, 2003a; West-
erhoff et al., 1999). Reactions of ozone and the water matrix may produce secondary oxidants
such as the hydroxyl radical (*OH) and the carbonate radical (CO3™).
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Ozone decay in water is often modeled as a two-step process consisting of an initial rapid drop
in ozone concentration and a second phase that underlies first-order exponential decay kinetics
(Kwon et al., 2017; Westerhoff et al., 1999). Ozone decay in the first phase, often referred to
as instantaneous or immediate ozone demand (IOD) phase, is governed by the reaction of ozone
with fast-reacting NOM moieties, such as phenols (Buffle et al., 2006a; Cho et al., 2003). IOD
reactions occur within few seconds after ozone dosage (Buffle et al., 2006b; Buftle et al., 2006a;
Cho et al., 2003; Kwon et al., 2017; Néthe et al., 2009). Due to experimental limitations, the
IOD is usually quantified as a concentration difference between ozone starting concentration
and ozone concentration measured in the first sample taken. The definition of the IOD by prac-
tical rather than chemical aspects complicates comparability of IOD values between different
studies, which have been suggesting IOD sampling times of up to 1 min (K&dmmler et al., 2022;
Shin et al., 2016; Westerhoff et al., 1999).

The IOD phase of ozone decay is followed by a secondary phase which can be modeled as first-
order exponential decay with respect to ozone, with the decay rate ksc (Equation 2-1) (von
Gunten, 2003a). An increase of Ksec, 1.¢. faster ozone decay, was observed for increasing tem-
perature, pH, alkalinity (Elovitz et al., 2000) and SUVAzs4 (Westerhoff et al., 1999) and for
decreasing specific ozone dose (Kdmmler et al., 2022; Kwon et al., 2017).

= —Ksect Equation 2-1
Co,(t) = co, ¢, d

Co, Concentration of dissolved ozone mg L!
Costo Initial concentration of dissolved ozone mg L!
kec First-order rate constant for ozone decay s

2.2.2 Hydroxyl Radical and Ret

In the course of ozonation, a chain of reactions of ozone and the water matrix may consume
ozone and produce *OH. The oxidative potentials of *OH and ozone in water may be described
by the integration of their concentrations over time. These time integrals are referred to as the
ozone and the *OH exposure (Equation 2-2, Equation 2-3). The ratio of *OH to ozone concen-
trations, R, or the time integral of R¢, Rec (Equation 2-4), are often applied to quantify the
contribution of *OH to total oxidant exposure in water treatment (Elovitz and von Gunten, 1999;
Yong and Lin, 2012).
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co
ct = f Co, (t)dt Equation 2-2
0
co
[ OH] 4 = f C.OH(t)dt Equation 2-3
0
(00} (0]
Coon(t) [+ OH] g -
R :f R, dt :f dt = Equation 2-4
0 0 C03 (t) ct
ct Ozone exposure mg L min
«OH ydroxyl radical exposure mg L~ min
dt Hydroxyl radical gL' mi
R Ratio of hydroxyl radical and ozone exposures —
R, Ratio of hydroxyl radical and ozone concentrations

In DOM-free water, *OH formation is initiated by the reaction of ozone with the hydroxyl ion
(OH") (Equation 2-5) (Gottschalk et al., 2010). A high pH value, i.e. a high concentration of
OH’, increases both ozone consumption and *OH formation. The consumption of ozone and

production of *OH proceeds in a radical chain reaction without further consumption of OH".

O;+0H™ - 0, +HO; Equation 2-5

Different water constituents affect ozone and *OH production and consumption in water. These
compounds may be classified as initiators, promoters and inhibitors of ozone decay (Stachelin
and Hoigne, 1985; Yong and Lin, 2012). Initiators would consume ozone and ultimately form
*OH radicals. Inhibitors would consume *OH and thereby stop the radical chain reaction. Thus,
the ratio of initiation to inhibition capacity of a water matrix is equal to Rct. Promoters combine
features of both initiators and inhibitors and would consume *OH to ultimately form another
*OH. This enhances both ozone and *OH decay equally (Yong and Lin, 2012). Examples of
initiators, promoters and inhibitors and their impact on ozone decay kinetics are introduced in
Table 2-2.

Table 2-2. Initiator, promoter and inhibitor of ozone decay concept (adapted from Yong and Lin, 2012)

Class Example Ozone decay rate Ozone exposure °OH exposure Rt
Initiator OH-, DOM + - + +
Promoter Methanol, DOM + — - +0
Inhibitor t-BuOH, HCOs~, DOM - + - -

DOM may be considered an initiator, a promoter and an inhibitor simultaneously, due to the
presence of various functional groups (Buffle and von Gunten, 2006; Stachelin and Hoigne,
1985; Yong and Lin, 2012). The initiating and promoting roles of DOM are dominant in natural
waters, as indicated by a significant increase in ozone decay in presence of various types of
NOM (Westerhoff et al., 1999). The *OH yield from reactions of ozone with DOM increases




Theoretical Background

with phenol content of DOM (Onnby et al., 2018). DOM-induced *OH production may be com-
parable to an AOP in the ozonation of DOM-rich water (Buffle et al., 2006a). *OH production
from reactions of ozone typically peaks in the initial phase of ozonation due to reactions of
phenolic compounds with ozone. However, DOM moieties that produce *OH by reaction with
ozone are continuously formed in ozonation (Nd&the et al., 2009; von Sonntag and von Gunten,
2012). Due to the high *OH exposure in the initial phase of ozonation, R¢; decreases with in-
creasing reaction time of ozone (Qi et al., 2016; Wang et al., 2021b; Yu et al., 2020). Similarly,
Rt decreases with increasing specific ozone dose, due to depletion of fast-reacting NOM moi-

ties with high *OH production (Zimmermann et al., 2011).

Initiation of ozone decomposition by OH™ and inhibition by HCO3™ implies that pH and alka-
linity of natural waters also affect R¢t (Elovitz et al., 2000). Moreover, reaction temperature
affects ozone reaction kinetics. At lower temperature, ozone decay and therefore NOM-initiated

*OH production are slowed down. This results in higher ozone exposure and lower Re:.

An alternative approach in illustrating the oxidant ratio in water is the Ron,03 concept which
normalizes *OH exposure based on the consumed amount ozone rather than based on ozone
exposure (Kwon et al., 2017). In contrast to Re, Ron.03 is independent of temperature and ozone

dose and may therefore be a feasible parameter to model ozonation.

2.2.3 Ozonation in combination with H20: dosage

Ozonation in combination with H>O2 dosage is a well established water treatment technique.
The reaction of H>O» with ozone may accelerate ozone consumption and therefore decrease
ozone exposure while the *OH yield is increased. The reaction takes place via the deprotonated
form of H>O, (HO7") and other intermediates, but may be summarized using Equation 2-6
(Crittenden et al., 2012; Wert et al., 2007). The specific effects of HO2 on ozone and *OH
exposure strongly depend on water matrix characteristics and specific ozone dose (Acero and
von Gunten, 2001; Wang et al., 2018c¢). Due to high *OH yield in the application of ozone/H>0O»,
it is considered an advanced oxidation process (AOP).

H,0,+203>2 «0OH+30, Equation 2-6

2.3 Ozonation of Dissolved Organic Matter
2.3.1 Reaction Mechanisms

Ozone is electrophilic and reacts with various natural and industrial organic compounds. The
major ozone-reactive NOM fraction are humic substances (HS) (Bose et al., 1994). HS contain
various electron-rich moieties that are prone to reaction with ozone. Aromatic compounds are
accessible for oxidation especially if “activated”, i.e. substituted with functional groups that
increase electron density in the aromatic system. These functional groups include methoxy
(-O-CH3), hydroxy (-OH) and amino (-NH») groups (Hoigné and Bader, 1983; Mvula et al.,
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2009; von Sonntag and von Gunten, 2012). Non-aromatic compounds with unsaturated carbon-
carbon bonds (sp>-hybridized), e.g. p-diketones or olefins, may also react readily with ozone
(Houska et al., 2021).

In HS, phenolic (-OH activated aromatic) moieties are the major fraction of fast-reacting moi-
eties, which is indicated by a significant loss of EDC at low ozone doses (Chon et al., 2015;
Walpen et al., 2020). Thus, phenols are often used as model compounds to study reactions of
HS and ozone. A major initial reaction mechanism of ozone and phenols is an electrophilic
addition of ozone to the aromatic ring (von Sonntag and von Gunten, 2012). Alternatively,
phenols may transfer an electron to ozone, resulting in a phenoxyl and an ozonide radical and
ultimately producing *OH. At low ozone to substrate (phenol) ratio, various stable reaction
products of ozone and phenol are formed. These include hydroquinone, catechol, 1,4-benzo-
quinone and cis,cis-muconic acid (Mvula and von Sonntag, 2003). All of these compounds may
further react with ozone to form smaller organic compounds, e.g. organic acids (Ramseier and
von Gunten, 2009). These reactions include cleavage of aromatic rings in phenol structures, e.g.
by the Criegee mechanism. In consequence, the aromatic character of phenols is lost, as indi-
cated by a substantial decrease in ultraviolet light absorbance at 254 nm (UV2s4) (Wenk et al.,
2013).

Various secondary oxidants are formed in the ozonation of phenol, including high amounts of
hydroxyl radicals (*OH) (Mvula and von Sonntag, 2003). The combination of fast ozonation of
phenols and concomitant *OH production results in high *OH concentration in the in the initial
phase of HS ozonation (Buffle et al., 2006a). Both ozone consumption and *OH production are
continuing due to reaction with phenol intermediates, after depletion of initial phenol concen-
tration (Nothe et al., 2009).

2.3.2 Reactivity of NOM with Ozone

The potential of NOM to consume ozone is highly variable and depends on molecular NOM
features, e.g. type of substituents (von Sonntag and von Gunten, 2012). Table 2-3 summarizes
NOM features that affect its reactivity toward ozone. Some of the bulk parameters given in
Table 2-3.a show good correlation with each other, e.g., SUVA2s4 and aromaticity (Weishaar
et al., 2003), SUVA2s4 and EDC (Walpen et al., 2016) or unsaturation and aromaticity (Wester-
hoff et al., 1999). Consequently, these parameters show good agreement in their impact on
ozone-NOM reactivity. More generally, reactivity of NOM toward ozone was correlated with
high electron density and high energy level of the highest occupied molecular orbital (HOMO)
of NOM, as shown in Table 2-3.b (Naumov and von Sonntag, 2010). Bulk parameters like pH
value may also affect the reactivity of NOM toward ozone (Table 2-3.a). In conclusion, steri-
cally accessible, electron-rich NOM moieties are prone to oxidation by ozone, due to its elec-

trophilic behaviour (Naumov and von Sonntag, 2010).
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Table 2-3. Parameters that affect reactivity of NOM toward ozone. (a) Bulk parameters, (b) molecular-level in-

Feature

formation

Effect Mechanism

Reference

a. Bulk parameters

High pH, highly negative + Deprotonation of phenols, increased Mvula and von Sonntag

Mulliken charge nucleophilicity due to high electron (2003), Naumov and von
density Sonntag (2010)

High SUVAs4 + Reaction of ozone with electron-rich (Westerhoff et al., 1999)
carbon-carbon double bonds

High aromaticity / + Fast reaction of ozone with phenols Onnby et al. (2018)

phenol content / EDC

Low oxidation state (O:C ra- + Increase in carbon-carbon double These and Reemtsma

tio), low saturation (H:C ratio) bonds (2005)

b. Molecular-level information

High content of - Sterical shielding These and Reemtsma

carboxylic groups (2005)

Low Gibbs free energy + Increasingly exergonic reactions Naumov and von Sonntag

of adduct formation (2010)

High energy of the highest + Decreasing energy separation between Naumov and von Sonntag

occupied molecular orbital

HOMO of the electron donor and low-

(2010)

(HOMO) est unoccupied molecular orbital

(LUMO) of the acceptor (ozone)

2.3.3 Effects of Ozonation on DOM properties

Oxidation by ozone and secondary oxidants involved in ozonation affects the character of NOM
in various ways. A summary of NOM transformation by ozonation is given in Table 2-4. As
explained above, ozonation significantly transforms molecular structure of NOM (Table 2-4.a).
Changes in NOM molecular structure severely depend on ozone dose, as primary oxidation
products may further react with ozone if it is present in sufficient concentration (Ramseier and
von Gunten, 2009). Molecular weight, elemental composition, chemical bonds and functional
groups are altered by ozonation. Conversion of phenolic compounds to quinonic moieties re-
sults in a decrease of EDC (Onnby et al., 2018). Oxidation of double-bonds and decreasing
aromaticity result in significant decrease of bulk optical parameters such as UV and visible light
(UV-vis) absorbance and fluorescence (Table 2-4.b). Typically, the reduction in absorbance is
more pronounced at higher wavelengths, as quinonic ozonation products may still exhibit UV
absorbance (Nothe et al., 2009). This results in an increased spectral slope and absorbance ratio
at 254 and 365 nm (E2:E3) (Leresche et al., 2021; Wenk et al., 2013). NOM transformation is
also reflected in physical and chemical NOM properties (Table 2-4.c). These properties are
associated with changes in molecular NOM structure. E.g., bioavailability may be related to an

increase in low molecular-weight acids and aldehydes content (Wert et al., 2007).
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Table 2-4. Overview of ozonation effects on (a) molecular NOM structure, (b) bulk NOM parameters, (c) physi-
cal and chemical NOM properties

Parameter Effect Reference

a. Changes in molecular NOM structure

Average molecular weight - Swietlik et al. (2004)
O:C ratio + Remucal et al. (2020)
Phungsai et al. (2019)

Unsaturation (oxygen subtracted double

bond equivalents per carbon)

Low molecular-weight organic + Hammes et al. (2006), Ramseier and von Gunten

acids and aldehydes content (2009), Wert et al. (2007)

Phenol content - Onnby et al. (2018)

Aromaticity - Wenk et al. (2013)

b. Effects on bulk NOM parameters

UV-vis absorbance - Li et al. (2017), Nanaboina and Korshin (2010),
Leresche et al. (2019)

Fluorescence - Baghoth et al. (2011), Stylianou et al. (2018a)

Spectral slope, E2:E3 ratio + Leresche et al. (2021), Wenk et al. (2013)

EDC - Chon et al. (2015), Walpen et al. (2020)

c. Changes in physical and chemical NOM properties

Bioavailability + Audenaert et al. (2013), Ramseier et al. (2011)

Hydrophilicity + Swietlik et al. (2004), Bose et al. (1994)

Carboxylic acidity + Bose et al. (1994)

Compared to ozone, *OH is less selective toward aromatic NOM moieties and is able to oxidize
more saturated structures (Phungsai et al., 2019). This results in increased overall number of
reactive DOM moieties in the presence of *OH (Remucal et al., 2020). In contrast to ozone,
reactivity of *OH with DOM is more uniform across different types of DOM (von Sonntag and
von Gunten, 2012; Westerhoff et al., 2007). However, reactivity of *OH with non-isolated
wastewater DOM was positively correlated to SUV Azs4 (Rosario-Ortiz et al., 2008). Reaction
products of DOM and *OH are similar to those formed by reaction with ozone. However, slight
differences may be found in more hydroxylated (i.e., introduction of OH) and decarboxylated
(i.e., abstraction of CO2) compounds after reaction with *OH (Remucal et al., 2020). Ozone is
consumed more slowly in presence of an *OH scavenger, which may result in enhanced absorb-
ance removal especially at wavelengths > 315 nm (Wenk et al., 2013). However, aromatic com-
pounds with small ozone reactivity may be oxidized by *OH and thereby become activated for

further oxidation by ozone (Leresche et al., 2021).

DOM may also be transformed by the carbonate radical (COs;™) which is produced in the ozo-

nation of bicarbonate-containing water. Similarly to ozone, CO3™ is selectively reacting with
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phenolic and aromatic NOM moieties and able to decrease UV-vis absorbance of DOM (Ca-
nonica et al., 2005; Yan et al., 2019).

2.4 Formation and Minimization of Bromate and Other Ozonation By-products

Transformation of organic and inorganic water constituents by ozone alters their chemical com-
position, physical features and therefore their toxicity. Several ozonation by-products have been
reported for the ozonation of drinking water. The formation of these by-products requires suf-
ficient ozone dose and presence of precursors, e.g. bromide or phenolic DOM. In presence of
bromide, bromo-organic compounds may be formed from reaction of bromine (mainly
BrOH/BrO") with phenolic DOM moieties (Heeb et al., 2014; Westerhoff et al., 1998). The
resulting bromo-organic compounds may increase the toxicity of treated water (von Gunten,
2003b; Wu et al., 2019). Some groundwater resources may exhibit high levels of N,N-dime-
thylsulfamide, a degradation product of the fungicide tolylfluanide. In the ozonation of these
waters, high concentrations of the presumed human carcinogen N-nitrosodimethylamine are
formed (Krasner et al., 2013; Schmidt and Brauch, 2008). The most important ozonation by-
product in bromide-containing waters is bromate, which often requires control strategies (von

Gunten, 2018; von Sonntag and von Gunten, 2012).

2.4.1 Bromate Toxicology and Legislation

Bromate is a presumed human carcinogen and therefore its maximum concentration is regulated
in drinking water. An upper-bound excess cancer lifetime risk of 10~ was assigned to 2 ug L!
bromate, i.e. one additional tumor is assumed in 10° persons with lifelong exposure to a bromate
drinking water concentration of 2 pg L' (WHO, 2005). The world health organizsation (WHO)
set a provisional guideline value (PGV) of 10 pg L' for bromate, due to technological and
analytical challenges with the lower value of 2 ug L' (WHO, 2017). The range of worldwide
bromate drinking water limits is in between 5 and 25 pg L' (WHO, 2018). Many countries
have adapted 10 pg L' as bromate drinking water limit, which is therefore used as benchmark
in this work (EU, 1998; Trinkwasserverordnung, 2001; USEPA, 2009).

BrOH/BrO~,

Ol \F\ \

BrO; —§ Br0;/Br,0, --» BroO3
r 4

Figure 2-2. Bromate formation scheme according to Fischbacher et al. (2015), von Sonntag and von Gunten
(2012) and von Gunten (2003b). Red arrows: oxidation by ozone. Blue arrows: oxidation by *OH. Major bro-
mate formation pathways highlighted as I, II and III according to Song et al. (1997). I: direct; II: direct-indirect;
IIT: indirect-direct. Bromate pathways IV and V indicate bromate formation by reduction of Bre and subsequent
oxidation by ozone (IV) or *OH (V).
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2.4.2 Formation of Bromate

The formation of bromate from bromide involves several steps and intermediate products. An
overview of relevant reaction equations and rate constants is given in Table I-2. An overview
on bromate formation pathways involving ozone, *OH and CO;™ is given in Figure 2-2. Ini-
tially, bromide must be oxidized by either ozone (direct oxidation) or *OH (indirect oxidation).
Three major bromate formation pathways have been studied (Joshi et al., 2020; Song et al.,
1997; Yang et al., 2019b). If bromide is directly oxidized by ozone in the first step, the inter-
mediate BrOH/BrO™ may be oxidized by ozone, resulting in the direct bromate formation path-
way (Figure 2-2, I). If BrOH/BrO™ is further oxidized by *OH, bromate formation occurs via
the direct-indirect pathway (Figure 2-2, II). If bromide is initially oxidized by *OH, the inter-
mediate Bre reacts with ozone to form BrOe, resulting in the indirect-direct bromate formation
pathway (Figure 2-2, III). Bre may also be reduced by Br~, partly producing BrOH in a cascade
of reactions. This results in bromate formation pathways IV for BrOH/BrO~ oxidation by ozone
or V for BrOH/BrO™ oxidation by *OH. The portion of bromate formed via these pathways,
especially pathway IV, is minor but increases with bromide concentration (von Gunten, 2003b).
Finally, all bromate formation pathways include the intermediate BrO>~ which can be further
oxidized by both ozone and the hydroxyl radical (Fischbacher et al., 2015). However, no attrib-
ution to a direct or indirect bromate formation pathway is commonly made for the oxidation of
BrOs". Figure 2-2 also highlights the impact of two bromate minimization strategies (H202 and

NH4" addition), which are discussed below.

100% - 0% 100% 0% 100% 0%
o \ BrOH/BrO~ Breox./red.
oxidation oxidation <3
N
80% - L 20% 80% 1\ =, L 20% 80% - & —F 20%
~  f(+OH) — oY
60% - L 40%  60% 4 & L 40%  60% A / %QQ% L 0%
- N N
o
"’)Q
40% L 60% 40% - L 60% 40% - L 60%
20% 1 flsOH) — L 80% 20% - L 80% 20% 4/ ¢ (0,/Bros) [ 80%
«— f(03) P f(O;) fmd(Br*/ BI'OH) —
0% — 100% 0% —=1 100% 0% — 100%
N S o & oo 0 1 2 3 4 5
R A AR AR R AR }
¢(O;) /mgL
(a) Ry /- (b) Ry /- (c)

Figure 2-3. (a) Fractions of bromide oxidized by ozone, f(O3), and by *OH, f(*OH). depending on R..(b) Frac-
tions of BrOH/BrO~ oxidized by ozone, f(O3), and by *OH, f(*OH) relative to the total amount of BrOH/BrO~
oxidized by Oz and *OH. (c¢) Fraction of Bre oxidized by O3, fox(O3 / BrOe) resulting in BrOe and fraction of Bre
reduced by Br, frea(Br~ / BrOH) resulting in BrOH relative to the total amount of Bre reacting with either O3 or
Br, depending on O3 and Br~ concentrations. Fractions of Bre reduced by Br, but not resulting in BrOH were
neglected. See Table I-2 for equations used.
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The occurrence of bromate formation pathways depends on the concentrations of ozone, *OH
and bromide. These are affected by ozonation and water matrix conditions, especially R and
pH. Based on the considerations of von Gunten (2003b), fractions of bromide (Br~), bromine
(BrOH/BrO") and Bre reacting with ozone, *OH and bromide were calculated for various con-
centration levels of relevant species. Calculation results are shown in Figure 2-3. Figure 2-3.a
depicts the fractions of bromide reacting with ozone, f(O3) and the hydroxyl radical, f(*OH).
Fractions are shown as a function of Re. Ret values of 7 - 1019 to 4 - 10® were reported for
natural waters (Elovitz et al., 2000). Thus, for a wide range of water matrices, the oxidation of
bromide by ozone dominates (Qi et al., 2016; Yu et al., 2020). However, R¢t may be signifi-
cantly higher at low ozone doses or in the initial phase of ozonation (see section 2.2.1). After
350 ms reaction time, Re of approximately 2 - 10 was measured (Buffle et al., 2006b). The
large range of reported R values results in calculated f(¢OH) fractions of 0.5 % to 93 %. Es-
pecially at short reaction time, the indirect oxidation of bromide may be siginificant. Figure
2-3.b shows the oxidation of BrOH/BrO™ to discriminate between direct f(O3) and direct-indi-
rect f(*OH) bromate formation. Contribution of both oxidants may be expected for a range of
pH values. At high Ret values, i.e., high hydroxyl radical concentrations, f(*OH) may dominate.
Figure 2-3.c shows the oxidation of Bre by ozone to BrOe, f(O3; — BrO¢) and the reduction by
Br to BrOH f(Br  — BrOH). The latter is only 1/6 of the Bre amount reduced by Br~ (Table
I-2, Equation 1-10).

For a specific example of water matrix conditions (pH 8, bromide 150 pg L', dissolved ozone
concentration 1.5 or 3 mg L), fractions of bromate formation pathways discussed here are
shown as function of R in Figure I-2. Pathway II is dominating for a wide range of conditions,
while pathway I becomes important at low R values and pathway III at high Re¢ values. Path-
way IV contributes minimal bromate formation and pathway V is relevant at high Rct values,

similar to pathway IIL

2.4.3 Bromate Minimization and Removal

Bromate has been identified as a problematic disinfection by-product in the early 1990s (Lim
et al., 2022). Since then, several methods to abate bromate formation in ozonation processes
have been reviewed for use in drinking water and wastewater treatment (Joshi et al., 2020;
Soltermann et al., 2017; Song et al., 1997; von Gunten, 2003b; Yang et al., 2019b). The selec-
tive manipulation of reactions of ozone, *OH or bromate intermediates (mainly BrOH/BrO")
has been tested by addition of different chemicals (Table 2-5.a). Ozonation in presence of H>O»
has been proposed, thereby turning the ozonation process into an AOP. This process is feasible
if high *OH exposure is aspired, e.g. in micropollutant oxidation (Bourgin et al., 2017; Lek-
kerkerker-Teunissen et al., 2012). However, H>O» addition may increase *OH-induced bromate

formation, e.g. via the indirect-direct pathway (III) (Yu et al., 2020).
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Table 2-5. Bromate minimization strategies in drinking water and wastewater treatment. Techniques, mecha-
nisms and effects on bromate formation pathways (I — direct, II — direct-indirect, III — indirect-direct). (a) by dos-
ing of chemicals. (b) by process optimization.

Technique Mechanism Pathways  Reference

a. Bromate minimization by addition of chemicals

H>0; addition Reduction of ozone exposure (at in- LI Bourgin et al. (2017), Lek-
creased *OH exposure), reduction kerkerker-Teunissen et al. (2012),
of BrOH/BrO~ by H,0, von Gunten and Oliveras (1998)
pH reduction Increasing protonation of BrOH/BrO~, L1l Legube et al. (2004), Li et al.
lower reaction rate of BrOH (2011), von Gunten (2003b)
NH4" addition Quenching of BrOH by NH4" I, 11 Pinkernell and von Gunten
(2001), von Sonntag and von
Gunten (2012)
HOCI + NHs"ad-  Quenching of BrOH by NH.", L II, 111 Buffle et al. (2004)
dition quenching of *OH by NH,Cl
NH,Cl1 addition Quenching of *OH by NH,Cl I, IIT Ikehata et al. (2013)
b. Bromate minimization by process optimization
Membrane ozona-  Low transient dissolved ozone con- n.a. Merle et al. (2017)
tion with H>O, centrations, ozone quenching by H,O»
Membrane ozona-  Low dissolved ozone concentrations,  n.a. Kammler et al. (2022)

tion without H,O,  ozone quenching by NOM

Optimization of Reduction of ozone dosage n.a. Wols et al. (2010), Yang et al.
contactor design (2017b)

Reduction of pH and addition of NH4" both suppress bromate formation by slowing down the
oxidation of BrOH/BrO™. In case of pH reduction, BrOH is reacting slower than BrO™ with both
ozone and *OH (von Gunten, 2003b). NH4" quenches BrOH to form monobromamine (NH,Br),
which is then not available for further oxidation to bromate (von Sonntag and von Gunten,
2012). The direct-indirect bromate formation is not affected by NH4" addition (Pinkernell and
von Gunten, 2001). It was suggested to overcome this limitation by dosing NH4" in combination
with HOCI prior to ozonation (Buffle et al., 2004). This results in formation of NH>CI which
exhibits high *OH scavenging potential. Bromate formation may therefore be suppressed via
all three pathways in presence of NH4" and HOCI.

Besides additional dosing effort, addition of other chemicals to an ozonation process is chal-
lenged by legal requirements and chemical effects that exceed suppression of bromate for-
mation. The application of both NH4" and NH>Cl is currently restricted in Germany (Umwelt-
bundesamt, 2021). NH4" addition may decrease both bromate and organic bromine formation
but increase formation of nitrogen-containing compounds with increased cytotoxicity (Wu et
al., 2020). HOCI addition to water rich in DOM may produce toxic halo-organic compounds
(von Sonntag and von Gunten, 2012). pH reduction and H>O> addition affect the stabilities of
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ozone and *OH. This may affect treatment goals and have complex effects on bromate for-
mation (Ikehata et al., 2013; Tan et al., 1991; Yu et al., 2020).

Bromate formation may also be partly controlled by process optimization (Table 2-5.b). E.g.,
improved ozone distribution in reactors was observed to decrease ozone demand and thereby
bromate formation (Yang et al., 2017b). Moreover, selective target compound removal over
bromate formation was achieved by limiting dissolved ozone concentrations in membrane con-
tactors, for both ozone/H>O» (Merle et al., 2017) and ozone alone (Kdmmler et al., 2022).

Bromate removal after formation has been reviewed as an alternative or in addition to bromate
suppression strategies (Jahan et al., 2021; Xiao et al., 2017; Yang et al., 2019b). Proposed bro-
mate removal techniques for drinking and wastewater treatment include ion exchange
(Wisniewski and Kabsch-Korbutowicz, 2010), chemical reduction (Gordon et al., 2002; Wang
et al., 2018a), anaerobic microbial reduction (Liu et al., 2012; Wang et al., 2018b) or the reduc-
tion by fresh granular activated carbon (GAC) (Wang et al., 2021a; Yan et al., 2015). Among
these techniques, the only process that is covered in literature on full-scale potable water treat-
ment is GAC filtration. This post-treatment method may result in significant cost increase due
to frequent reactivation requirements of GAC (Sobhani et al., 2012). Thus, the application of
novel bromate suppression strategies remains important to improve the overall performance of

ozonation processes.

2.5 Membrane Ozonation
2.5.1 Characteristics and Applications of Membrane Ozonation

Membrane ozonation is an ozone injection technology that may be used alternatively to estab-
lished techniques, e.g. venturi injection or the use of bubble columns. Liquid and gas side are
separated by a membrane, which allows the independent operation of their flow rates and pre-
vents bubble formation (Figure 2-4.a). Further advantages of membrane ozonation include high
specific surface area and compact design, modular design with high scale-up potential and the
opportunity for off-gas recycling (Gottschalk et al., 2010; Schmitt et al., 2020). For specific
operational conditions, bromate formation could be reduced in membrane ozonation, compared
to batch experiments (Kdmmler et al., 2022; Merle et al., 2017). These advantages of membrane
ozonation need to outweigh possible disadvantages, which are mainly related to high costs and
energy demand (Gottschalk et al., 2010). Despite the viability of membrane ozonation to treat
drinking water was shown in laboratory studies (Jansen, 2005; Leiknes et al., 2005; Stylianou
et al., 2018b; Zoumpouli, 2021), its large-scale implementation lacks coverage in literature
(Bein et al., 2020).
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Figure 2-4. (a) Scheme of membrane ozonation in a single-tube contactor. (b) Scheme of ozone mass transfer
with chemical reaction in a membrane tube. Abbreviations: cos,s: bulk ozone gas concentration; cos,g: interface
ozone gas concentration; cos,i: interface ozone liquid concentration; cos,r: bulk ozone liquid concentration.
Scheme adapted from Bein et al. (2020)

2.5.2 Mass Transfer in Membrane Ozonation

In membrane ozonation, Ozone has to overcome three major mass transfer resistances to dis-
solve in water (Figure 2-4.b): gas-side resistance (coefficient kg), membrane resistance (coeffi-
cient ki) and liquid-side resistance (coefficient ki ). Gas-side resistance is usually of minor im-
portance (Berry et al., 2017). Membrane resistance depends hugely on the membrane material
and thickness. While membranes made from porous polytetrafluoroethylene (PTFE) exhibit
low mass transfer resistance, mass transfer in non-porous polydimethylsiloxane (PDMS) may
be signicantly affected by membrane resistance (Bein et al., 2020). The driving force for ozone
dissolution in water is the difference between Henry equilibrium and actual ozone concentration
(Equation I-11). Ozone mass-transfer on the liquid side is the limiting step for many membrane
ozonation applications (Pines et al., 2005). Different models have been applied to model ozone
mass transfer at the gas-liquid interface in membrane contactors, including the surface renewal
model, the penetration model and the film model (Jansen et al., 2005; Phattaranawik et al.,
2005). The film model was developed by Lewis and Whitman (1924). The film theory assumes
that bulk gas and bulk liquid are well-mixed. Gas and liquid are separated by thin films which
are not part of bulk media. Mass transfer within the films is controlled by diffusion. Thus, it

depends on film thickness.

Ozone mass transfer in the liquid film may occur concomitantly with chemical reaction, which
is the case for membrane ozonation. The film model allows analytical determination of reaction
conditions in the liquid film (Beltran, 1995). The dimensionless Hatta number (Ha, Equation
2-7) is the ratio of ozone consumption rate to ozone mass transfer rate in the liquid film. With

increasing Ha, the rate of 0zone consumed in the liquid film to the rate of ozone transferred to
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the bulk liquid increases (Charpentier, 1981). The liquid-side ozone mass transfer coefficient,
ki depends on flow-dynamic conditions in membrane ozonation. ki and therefore overall mass

transfer rate in membrane ozonation may be increased by increasing the liquid-side flow veloc-

ity (Zoumpouli et al., 2018).
Ha = dl% Ksec _V Do, ksec Equation 2-7

d, Liquid film thickness m
Ha Hatta number -
Dy, Diffusion coefficient of ozone in water m’s’!
Ksee First-order rate constant for ozone decay s
k, Liquid-side ozone mass transfer coefficient ms!

2.6 Application of Ozonation-Biofiltration in Drinking Water Treatment
2.6.1 Ozone Applications

The use of ozone for drinking water treatment has been established for multiple purposes, as
reviewed in detail elsewhere (Jekel, 2010; Lim et al., 2022; Loeb et al., 2012; von Gunten,
2018). In surface water treatment, ozonation was suggested used to improve coagulation and
conventional filtration performance (Sadrnourmohamadi and Gorczyca, 2015; Winzenbacher,
2000) or to mitigate NOM-induced membrane fouling (Yu et al., 2018). Ozone was also sug-
gested to reduce disinfection by-product formation potential in subsequent chlorine disinfection
(De Vera et al., 2015; Rougé et al., 2020; Tubic¢ et al., 2011) or as a disinfectant itself (Ding et
al., 2019; Li et al., 2018). Ozone was applied to oxidize inorganic compounds such as Mn(II)
(Gregory and Carlson, 2001) and to enhance biodegradation of trace organic contaminants
(Gulde et al., 2021; Liu et al., 2021; Zoumpouli et al., 2019). The capacity of ozone to oxidize
organic water constituents is frequently exploited to control sensory characteristics of water
such as taste and odor (Beniwal et al., 2018; Fakioglu et al., 2021). Color removal by ozone has
been established for the treatment of surface water (Krzeminski et al., 2019; Odegaard et al.,
2010). Moreover, color was succesfully removed (removal rate > 70 %) from groundwater in
bench, pilot and full-scale studies (Table 2-6). However, the application of ozone in groundwa-
ter treatment may result in significant formation of the oxidation by-product bromate, which
requires bromate minimization or removal strategies (Ikehata et al., 2013; Sobhani et al., 2012;

Tyrovola and Diamadopoulos, 2005).

2.6.2 Biofiltration of Ozonated Water

The oxidation of NOM by ozone and secondary oxidants increases the concentration of biode-
gradable organic compounds. These compounds may be quantified as assimilable organic car-
bon (AOC) or biodegradable organic carbon (BDOC) and may enhance biological growth in
drinking water distribution systems (Park et al., 2016; Ramseier et al., 2011).
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Table 2-6. Case studies on groundewater decolorization by ozone

Ozone dose /

Plant type mgos/mgpoc  Color removal Bromate formation Reference

Full-scale 3.8 92 %! n.a. Tan and Johnson (2001)
Pilot-scale 1-1.8 70-83 % n.a. Rittmann et al. (2002)
Full-scale ~1 95 % 6 ug L! (use of catalytic carbon) ~ Sobhani et al. (2012)
Bench-scale  0.74 73 % 63 pg L' (w/o reduction strategy) Ikehata et al. (2013)

Ozonation may also produce toxic, but biodegradable transformation products of trace organic
contaminants, if present in raw water (Gulde et al., 2021; Zoumpouli et al., 2019). Thus, ozo-
nation requires biological post-treatment to remove biodegradable compounds before drinking
water distribution. The post-treatment step is often performed by biological filters (biofilters),
which are convenient to operate. Biofilters allow establishment of high bacteria concentrations
that are able to utilize biodegradable ozonation products efficiently (Lautenschlager et al.,
2014).

Various studies on the effects of biofiltration on the quality of ozonated water have been made
(Table 2-7). These effects include significant reduction of AOC, BDOC and DOC and small
reduction in color. Moreover, biofiltration of ozonated water reduces the disinfection by-prod-
uct formation potential in subsequent chlorination (De Vera et al., 2016). A comprehensive
overview of the effects of biofiltration on ozonated drinking water is also given in Terry and
Summers (2018).

AOC removal in ozonated water by biofiltration is often incomplete (Table 2-7). Especially
slowly biodegradable DOC may remain in ozonated drinking water after biofiltration (Yavich
et al., 2004). This may decrease the microbiological quality of ozonated-biofiltered water (van
der Kooij et al., 1989).

Ozonation-biofiltration affects the bacterial composition of drinking water. Most bacteria abun-
dant in raw water are inactivated by ozone. Bacterial composition of biofilter effluent waters
therefore depends on bacterial composition within the biofilters (Lautenschlager et al., 2014).
Due to high substrate availability in ozonated water, ozonation-biofiltration effluents may ex-
hibit high bacterial cell counts (van der Kooij et al., 1989).

2.7 Gaps in Knowledge

As depicted in the previous chapters, effects of ozone on organic and inorganic water constitu-
ents have been intensively studied both in a general way and for specific compounds. However,
theoretical application of these findings to complex natural water matrices is limited due to
manifold interaction between water constitutents and the variety of NOM itself and must there-
fore be supplemented with empirical data. Moreover, reaction mechanisms hugely depend on

the applied ozone dose and thus on the specific treatment target. The specific ozone application
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of decolorization of groundwaters was tested in single-case studies, however with different out-
comings regarding ozone dose, biological post-treatment effectivity and bromate formation
(Table 2-6). To address these uncertainties, a comprehensive examination of ozonation-biofil-
tration to treat colored groundwater was done using different Northern German groundwater

matrices, dosing methods and points, and bromate minimization strategies.

Table 2-7. Case studies on biofiltration of ozonated water. “Review paper

Ozone dose / EBCT/ Target compound /
Water Matrix mgos/mgpoc  Filter material min removal Reference
Various n.a. Various 10 TOC 13 % Terry and Sum-
10-20 °C (mean)  (n =32, median) mers (2018)"
2.9 mgpoc LT 1-1.8 Sand, GAC or 69 DOC 3-31 % Rittmann et al.
22 °C anthracite (2002)
2.5mgpoc L' na GAC operated 10.8 DOC 10-17 % Liu et al. (2020)
14+£9 °C for > 2 years
4.7mgpoc L' 3.8 GAC 9 DOC 15 %, Tan and Johnson
AOC 58 % (2001)
4-5mgpoc L' 0.5-1.2 Polyethylene carri-  6.2—48  Aldehydes, acetone, Melin and @de-
10-12 °C ers, expanded clay ketoacids > 80 % gaard (2000)
5.5 mgpoc L't 0.55 GAC + Sand n.a. AOC 59 % van der Kooij et
10 °C al. (1989)
~2mgpoc L1  =0.7 GAC+Sand n.a. AOC 51 % van der Kooij et
12 °C al. (1989)
~4mgpoc L'  =0.25 Anthracite + sand 38 AOC 56 % (> 10 °C), Pharand et al.

40 % (9 < 10 °C)

(2015)
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3 Materials and Methods

3.1 Water Samples

Five natural groundwaters with elevated NOM content were used for the experiments conducted
within this work. Groundwater samples stemmed from groundwater treatment plants in North-
ern Germany. Groundwater treatment plants A and C are rather small facilities on islands which
use freshwater lenses as water resource. At these plants, water is mainly taken from rather small
depths of < 15 m. Groundwater treatment plants B, D and E are located onshore and use ground-
water mainly from higher depths, but also from shallow riverbank filtrate wells. An overview
of processes used for the treatment of the groundwaters presented here is given in Table 3-1.
All treatment plants use different gas exchange, sand filtration and deacidification steps for
uptake of oxygen, removal of reduced species (e.g. CHs, H2S, Mn(II), Fe(IT), NH4") and pH
adjustion. In addition, groundwater A is treated by coagulation with < 0.5 mg L' AI** for en-
hanced turbidity removal and by UV light for disinfection (Figure II-1). Groundwater E is floc-
culated with Ca(OH), to reduce the high iron concentration of approximately 11 mg L™ prior
to filtration (Figure 11-2).

Table 3-2 shows exemplary water quality analyses for the groundwater samples used in this
study. Samples for water characterization and batch experiments were taken from the finished
water reservoirs of the plants, i.e. after full treatment. The water samples exhibited high total
organic carbon (TOC) concentrations of 3.5-6.1 mg L™, high specific UV absorbance values at
254 nm (SUVAzs4) of 2.7-4.1 and variable specific spectral absorbance coefficient at 436 nm
(SSACa36) values of 0.09-0.34.

Table 3-1. Groundwater treatment plant information. GW — groundwater. “Advanced treatment implies processes
exceeding gas exchange, sand filtration and deacidification

Groundwater A B C D E
Treatment capacity / m3 d! 1,200 120,000 4,800 14,000 12,000
Water resource freshwater lense ~ GW +river-  freshwater  GW + river- GW
bank filtrate lense bank filtrate
Filter stages 1 1 2 2 2
Filter velocity / m h! 0.7-4.3 2-3 1.5-4 8-11/1.3- 9.3-11
1.8
Advanced treatment steps <0,5mgL! - - - Ca(OH), +
AP*, UV light polymer
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Table 3-2. Water quality of groundwaters tested (samples taken from finished water reservoir after full treat-
ment). Abbreviations: ECys — electrical conductivity at 25 °C, SSACa36 — specific spectral absorbance coefficient

at 436 nm (SAC43¢/DOC)

Groundwater A B C D E
pH/- 7.8 7.6 8.0 7.7 7.8
ECss / uS em! 623 685 447 526 263
Total alkalinitypr 43 / mmol L' | 2.7 4.1 2.4 2.9 1.7
TOC / mg L! 4.8 52 3.5 6.2 6.1
DOC / mg L 4.5 5.1 3.5 6.1 6.1
UVas4 / m! 16.7 14.0 15.1 19.1 16.5
SACy36/ m’! 0.90 0.41 1.20 0.64 0.54
SUVA2s: /L mg! m! 3.7 2.7 4.3 3.1 2.7
SSAC436 /L mg! m! 0.2 0.08 0.34 0.10 0.09
UV2354/SACuzs / - 19 34 13 30 31
Iron / mg L"! <0.02 <0.03 0.06 0.01 0.10
Bromide / ug L*! 330 110 180 70 90
Chloride / mg-L"! 96 47 51 25 24
Nitrate / mg L-! 3 3 2 1 4
Sulfate / mg L-! 22 71 12 82 1

The concentration of particulate organic carbon (POC) in the treated groundwater samples was
low. This is indicated by the small concentration differences between TOC and dissolved or-
ganic carbon (DOC) (Table 3-2, Figure II-3.a). The organic matrix in the groundwaters used
here was further analysed by LC-OCD (see below for method description). Humic substances
(HS) were the major NOM fraction found in the groundwaters with 59+4 % of the DOC con-
centration (Figure II-3.b). LC-OCD analysis of groundwater E was performed, succeeded by
absorbance measurements at 254 and 436 nm and fluorescence emission measurement at 380
nm (Figure 11-4). Absorbance was mainly induced by HS. Absorbance at 436 nm, i.e. color,
showed a shift to smaller retention time, compared to the DOC peak. This indicates the pre-
ferred contribution of larger molecular weight HS to chromophoric structures and may be ex-
plained by more possible charge-transfer interactions between electron-donating and accepting

HS moieties in larger molecules (Del Vecchio and Blough, 2004).

23



Materials and Methods

Organic water parameters were only slightly affected by the treatment applied to groundwaters
presented here. Mean SACa36 removal was 3 % (-18—13 %, Figure I1-5.a). Mean UV2s4 removal
was 11 % (2-26 %, Figure 11-5.b). Mean TOC removal was 10 % (3-21 %). TOC removal was
therefore comparable to results of Korth (2000), who reported 7-27 % TOC abatement in con-

ventional groundwater treatment.

3.2 Experimental Setups and Methods
3.2.1 Laboratory Batch Experiments
Experimental Setups

Two experimental setups were used to perform batch ozonation experiments (Figure 3-1). The
first setup (Figure 3-1.a) was used for batch equilbrium experiments and consisted of a regular
glass bottle containing a groundwater sample on a magnetic stirrer. For ozone stock solution
addition, a 20 mL polypropylene/polyethylene syringe (Injekt Solo, B. Braun, Melsungen, DE)
or a 60 mL model (HENKE-JECT, Henke Sass Wolf, Tuttlingen, DE) were used and connected
to a polytetrafluoroethylene (PTFE) tube to enable submerged ozone dosing. After dosing, the
bottle cap was remounted on the bottle. This setup allowed ozonation of multiple samples
within short time as a sufficient number of sample bottles was available. The second setup
(Figure 3-1.b) was used for batch kinetic experiments. It used a glass bottle with a side-socket,
a PTFE septum, a needle (Sterican, B. Braun, Melsungen, DE) and a ball valve to dose ozone
without removal of the bottle cap. Instead of a regular bottle cap, a commercial lab dispenser
(Dispensette, Brand, Wertheim, DE) was mounted onto the sample bottle. The dispenser head
was adjusted to a fixed volume (usually 3 mL) to allow withdrawal of consistent sample vol-
umes. A PTFE tube was attached to the dispenser outlet to allow submerged dosing of ozone

into prepared sampling vials.

(a) batch equilibrium experiments (b) batch Kkinetic experiments
Reaction time > 16 h Reaction time 15 s — 20 min
bottle cap
Oj; stock solution U lab dispenser I
‘ head

groundwater
sample

groundwater

sample 0, stock solution

sampling vial
indigo / NaNO,
magnetic

stirrer magnetic stirrer

Figure 3-1. Experimental setups for batch ozonation experiments. (a) batch equilibrium setup, (b) batch kinetic
setup.

24



Materials and Methods

Experimental Methods

Batch equilibrium experiments (Figure 3-1.a) were done at room temperature (= 20 °C).
Groundwaters A, B, C, D and E (Table 3-2) were used for the experiments. Groundwater sam-
ples were taken out of the fridge at least some hours before experiments to allow adaptation to
room temperature. Ozone stock solution was also prepared at room temperature (see below),
yielding dissolved ozone concentrations of = 15 mg L. Groundwater sample volumes were
between 170 and 200 mL, in 250 mL flasks. Groundwater C volume was 400 mL, in 500 mL
flasks. Ozone was dosed to water samples at specific ozone doses of 0.1—1.0 mgosz/mgroc. This
resulted in varying total liquid volumes and dilution factors in the groundwater samples, with a
maximum factor of approximately 1.4. Analytical results were multiplied with the individual
dilution factors of the samples to improve their comparability. The ozone stock solution dosing
time was up to approximately 30 s, depending on the stock solution volume required. Dosing
was realized with the sample on the magnetic stirrer, which was set to moderately fast stirring
speed. The sample was taken from the stirrer after approximately 30 s, and the next sample was
ozonated. Experiments were usually done in triplicates. The samples were analyzed for TOC,
UVais4, SACasz6, bromate concentration and LC-OCD. TOC, LC-OCD, UV2s4 and SACa36 meas-
urements took place usually on the day after experimental procedure, which resulted in reaction
times of at least 1624 h. Complete ozone decay was assured by these reaction times and con-
firmed by the absence of characteristic ozone smell when opening sample bottles. Bromate
measurements were done usually some weeks after the experiments. In between, samples were
stored in closed bottles in the fridge. For batch experiments with some of the groundwaters
presented here, additional information on materials and methods may be found in the original
reference (groundwater C: Preda, 2019; groundwater D: Specker, 2019; groundwater E: Sell-
mann, 2020).

In addition to regular ozonation experiments, further ozonation experiments were performed
with dosing of H>O», right before ozone addition, to groundwater samples. Ozone/H>O, exper-
iments with groundwater A were performed at 0.25, 0.5 and 1.0 mgos/mgpoc and H202/O3 mo-
lar ratios of 0.5 and 2 molu202/molos (Eberhard, 2021). These experiments were performed in
an adapted form of the batch equilibrium experiments. After ozone addition, the sample flasks
were opened at pre-defined time intervals (0.5, 1.5, 5, 30, 60 and 120 min, 1 d and 7 d) and
aliquots for analysis were taken with a regular adjustable pipette (polypropylene tip) and im-
mediately analyzed without further quenching. Analytical parameters were H2O2, SACa36 and
dissolved ozone (see below for analytical procedures). After completion of reaction, i.e. > 7 d,
bromate was determined in the samples. Further ozone/H>0O: experiments were performed with
groundwater C (Preda, 2019) and groundwater E. No H>O; or dissolved ozone measurements
were made in these experiments and only one sample after complete ozone depletion (> 4 h)
was analyzed. Specific ozone doses were fixed at 0.8 mgos/mgroc (groundwater C) or 1.14

mgos/mgroc (groundwater E). H>O> was added at doses of 0.25, 0.5, 1, 2 and 5 molu202/molos.
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Groundwater C was also ozonated at varied pH (Preda, 2019). The sample pH was adjusted
with 0.1 M HCI and 0.1 M NaOH, right before conduction of the experiment. Additional ex-
periments with groundwater C (0.1-1.0 mgos/mgroc) were conducted at reduced sample tem-
peratures of 8—10 °C and ozone stock solution temperatures of 12—15 °C, resulting in reaction
temperatures of 10—11 °C (Preda, 2019). Multi-stage ozonation experiments were conducted
with groundwater C (Preda, 2019). The specific ozone dose of 0.8 mgos/mgroc was split into
1,2, 3, 4 or 5 aliquots, to mimic the equivalent number of ozonation stages. The aliquots were
dosed to groundwater C in time intervals of 10+1 min to allow complete ozone decay before

dosage of the next aliquot.

Batch kinetic experiments were performed using the setup depicted in Figure 3-1.b. These ex-
periments were made to determine transient concentrations of ozone and other relevant species,
before complete ozone consumption. Batch kinetic experiments were done with groundwater E
to study reaction kinetics of ozone (Kdmmler et al., 2022) and with groundwater A, at various
total alkalinities (Bharadwaj, 2022). Ozone was added by submerged dosing to avoid ozone
loss. The magnetic stirrer was applied for 30 s and then switched off. Sample volumes for batch
kinetic experiments were chosen with respect to minimization of headspace and ozone volati-
lization. Only little ozone loss and decay were observed in a H3POj4 solution at pH 2, if stirring
was stopped 30 s after ozone dosage (Figure I1-7). Thus, it was assumed for simplification that
ozone loss in the sample was entirely due to reaction with the water matrix. To determine tran-
sient ozone concentrations in the samples, indigo working solutions were prepared in 20 mL
glass vials, with a volume of indigo stock solution + phosphate buffer + ultrapure water of
7 mL. The sample volume was set to 3 mL to obtain a final volume of 10 mL. Before withdrawal
of every sample, the dispenser was rinsed twice to remove residual liquid from previous sam-
plings. Indigo blind samples were obtained from the dispenser, with the exact volume as ozone-
containing samples, but before ozone dosage. Molar absorbance coefficient of indigo for batch
kinetic experiments with groundwater E was determined as 24787 M! cm™!. This factor was
determined by linear calibration according to DIN 38408-3 (2011). Ozone concentration meas-
ured by UV absorbance at 260 nm (molar absorbance coefficient of 3200 M™! cm™!, von Sonntag
and von Gunten, 2012) was used as reference for indigo calibration. Absorbance coefficient for
batch kinetic experiments with groundwater A was determined equivalently as 20870 M! cm’!
(Bharadwaj, 2022). The initial ozone concentration in batch kinetic experiments was deter-
mined from UV measurements at 260 nm, with the same procedure as described for batch equi-

librium experiments.

In experiments with groundwater A, a second sampling vial filled with 6 mL of 8 mg L' sodium
nitrite (NaNO>) solution was used to quench ozone. Nitrite exhibits fast reaction rate with ozone
(kosNo2- = 3.7 - 10° M! 57!, von Gunten, 2003a). NaNO, samples were taken right after ozone
samples with a sample volume of 3 mL. NaNO-quenched samples were used for transient

UV2s4, SACs36 and bromate measurements. After completion of ozone decay, a non-quenched
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sample was taken to determine UV2s4, SAC436 and bromate and compared to quenched samples.
NaNO»-Samples were partly diluted in the analysis process (factor 3 for UV2s4 and SACa3z6 and
factor 6 for bromate analysis). Results were multiplied with these dilution factors to allow com-

parison to non-quenched samples. Batch kinetic experiments were performed in duplicates.

Natural Groundwater Samples for Batch Experiments

Most batch experiments in this study were performed with the groundwater samples listed in
Table 3-2. Batches of groundwater A and groundwater E with slight quality variation were used
in some experiments with hydrogen peroxide (H>O») (chapter 4.4) and under varied alkalinity
and pH (chapter 4.3). Water quality of these samples is listed in the supplemental materials and
methods (Table II-1 and Table II-2). Groundwater samples were sampled directly at the water
treatment plants in 30 L batches and stored in the fridge after sampling. Experiments were per-
formed several weeks after sampling. Stability of water quality was confirmed by regular anal-

yses of TOC concentration, SAC436 and conductivity.

Materials and Chemicals

Ozone for batch experiments was produced from oxygen and dissolved in ultrapure water to
obtain an ozone stock solution. The setup for ozone stock solution production was adapted from
Zappatini and G6tz (2015) and is shown in Figure II-6. An oxygen flow rate of 40-60 L h'! was
fed into an ozone generator (model 301.7, Sander, Uetze-Elze, DE). The ozone feed gas con-
centration was not measured but may be approximated as up to 100 g m™ according to manu-
facturer’s information. Polytetrafluoroethylene (PTFE) and partly silicone tubings were used
for ozone gas transport. The ozone/oxygen mixture was washed in a glass bottle containing a
buffer of 6 mM Na,HPO4 and 44 mM NaH>POj dissolved in ultrapure water to remove potential
NOx contamination. NOx-free ozone/oxygen gas was then used to produce ozone stock solution
by diffusion of gas bubbles in a glass bottle containing ultrapure water, under continuous stir-
ring. For some experiments, the ozone stock solution was cooled during production to achieve
higher dissolved ozone concentrations. An external ice-bath was used for cooling. The ozone
stock solution bottle had a side-socket, equipped with a PTFE/silicone septum, a stainless steel
syringe needle (Sterican, B. Braun, Melsungen, DE) and a ball valve (Luer Lock, B. Braun,
Melsungen, DE) to withdraw ozone stock solution with a syringe. A 20 mL or a 60 mL syringe
(described above) were connected to the ball valve with a Luer Lock connector to withdraw
ozone stock solution from the bottle. The syringe was rinsed twice with ozonated water for
conditioning of the material. Afterwards, ozone measurement or dosing to samples took place.
For ozone dosing, a PTFE tube was mounted on a stainless steel needle and attached to the
syringe via a Luer Lock connector. Ozone stock solution concentration was measured photo-
metrically in a 1 cm quartz glass cuvette. The cuvette was rinsed twice with ozone stock solution
and then filled carefully from bottom to top to minimize ozone leakage. The measurement was
done with a Shimadzu UV-1601 instrument (Shimadzu, Kyoto, JP), at wavelength 260 nm. The
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molar attenuation coefficient of ozone was assumed 3200 M! cm™! (von Sonntag and von Gun-
ten, 2012). Equilibration of dissolved ozone concentration in the stock solution was followed
by repeated ozone concentration measurements. Ozone production was continued for the entire
duration of the ozone dosing process, as usually more than one aliquot of stock solution was
used. Another dissolved ozone concentration measurement was performed right after the ozone

dosing process to ensure consistent ozone stock solution concentration.

Glassware used for batch experiments was washed in a laboratory machine (G 7783
MIELABOR, Miele & Cie., Giitersloh, DE). Prior to use, it was either rinsed with ultrapure

water or burned at 550 °C to minimize glassware contamination by organic substances.

40 mL Glass bottles for AOC incubation were immersed in 1 % HCl overnight and subsequently
rinsed with ultrapure water and burned at 550 °C before usage. Polypropylene bottle caps with
PTFE/silicone septums were soaked in 100 g L' sodium persulfate, heated to 60 °C for 1 h and

then rinsed thoroughly with ultrapure water.

Ultrapure water was produced with a Millipore Direct-Q 5 UV System (Merck, Darmstadt, DE)
and obtained a quality of electrical conductivity at 25 °C 0.056 uS cm’, TOC concentration
<5 png L' according to the system manufacturer.

Qualities and manufacturers of stock chemicals used are listed in Table II-3. Information on

working solutions which were used in batch experiments is given below.

The H>O, working solution had a concentration of 0.098 M and was prepared by 1:100 dilution
of a 30 % H»0: stock solution by ultrapure water. H>O, working solutions were prepared on
the day of use. For pH adjustion in batch experiments, 0.1 M NaOH and 0.1 M HCI working
solutions were used. Adjustion of total alkalinity in groundwater A was done by dissolving
NaHCO; in 1 L of the water sample. The NaNO> working solution for ozone quenching was
prepared by dissolving 8 mg L' of NaNO in ultrapure water. The indigo stock solution for
ozone determination was made according to Bader and Hoigné (1981) by dissolving 600 mg L-!
of indigo trisulfonate in 20 mM H3PO4. The 20 mM H3PO4 solution was prepared by diluting
0.136 ml H3PO4 (p = 1.7, 85 %) up to 100 mL with ultrapure water. Indigo stock solution was
stored in a glass bottle wrapped with aluminium foil in the fridge for maximum four months.
Indigo working solution for dissolved ozone measurement was prepared from indigo stock so-
lution, phosphate buffer and ultrapure water at volumes adapted from Bader and Hoigné (1981).
Phosphate buffer for indigo working solutions was prepared according to Bader and Hoigné
(1981) by diluting 31.7 g NaH>PO4 - 2 H>0 (0.2 M) and 20.6 ml H3PO4 (p = 1.7, 85 %) up to
1000 mL with ultrapure water. The phosphate buffer was stored in a glass bottle in the fridge.
Depending on the required sample volume and expected ozone concentration, the volume of

indigo stock solution and the sampling flask size were determined. The phosphate buffer vol-
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ume was 1/10 of the sampling flask volume. Ultrapure water was used to make up for the dif-
ference between sampling flask volume and the sum of indigo stock solution, buffer and sample

volumes.

3.2.2 Small-scale Pilot Experiments
Experimental Setup

The small-scale pilot plant used in this work is depicted in Figure II-8 and Figure II-9. The plant
was a custom-built ozonation plant based on the model PAP M 10 (Anseros, Tiibingen, DE).
The original plant was altered, e.g. equipped with extra sensors and a programmable logic con-
troller (PLC). Instrumentational details on equipment used in the small-scale pilot plant are

given in Table I1-4.

The feed water unit consisted of a feed reservoir that steadily obtained water from the assigned
inflow, which e.g. was the outlet of a full-scale water treatment plant. A floating valve was used
to maintain a constant water level in the feed reservoir. Water volume in the feed reservoir was
~ 30 L, resuting in an average hydraulic retention time of 10 min at a water flow rate of 180
L h'!. The feed reservoir supplied continuous water flow to a feed pump. Feed water flow rate
was adjusted manually by partly opening or closing a ball valve and measured by a magnetic
flow meter (Picomag, Endress+Hauser, Reinach, CH). An oscillation in flow rate was observed,
however usually in the range of <5 %.

The ozonation unit consisted of a Venturi ozone injector that was mounted in a pipe loop. Ozone
gas was supplied with a gauge pre-pressure of approximately 0.3—0.4 bar. A frequency-con-
trolled injector pump was used to produce high flow rates in the loop, resulting in a gauge
pressure of approximately O bar at the gas-side of the Venturi jet. Ozone feed gas flow rate was

measured by a rotameter and controlled manually with a needle valve.

The ozonation unit was followed by a tube reactor (L = 10 m, D = 6 mm, Re = 9000 at flow
rate 180 L h™! and 15 °C) for rapid mixing of ozone gas bubbles and water. A column reactor
(15 L, D=0.105 m, Re = 500 at flow rate 180 L h' and 15 °C) with downward flow direction
was used to enable a reaction time of approximately 5 min. The column reactor exhibited sev-
eral sampling points that were used to measure ozone concentrations after different reaction
times. An electrochemical ozone sensor (Orbisphere C1100, Hach, Loveland, US) was used for

dissolved ozone measurements and for recording of the water temperature.

The effluent of the column reactor was connected to a filtration column (biofilter 1, Figure
II-10). Feed water was distributed by an open overflow that was mounted in the center of the
column. The hydraulic head was between approximately 5 and 45 cm. It was lowest right after
filter backwash and increased over time. This implies hydraulic retention times of 2—-21 min in
the filter headspace at a flow rate of 10 L h'!'. The filter material consisted of a granular activated
carbon (GAC) layer (GAC 830 Supra, Norit, Amersfoort, NL) of 0.4 m and a phonolithe (0.4—
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0.8 mm, Hans G. Hauri Mineralstoffwerke, Botzingen, DE) layer of 1.1 m. Different sampling
points were available (between GAC and phonolithe layer and at the bottom of phonolithe layer,
i.e. biofilter effluent). A second, identical filtration column (biofilter 2) was connected to the

water influent pipe before the feed reservoir, i.e. it received non-ozonated water.

The small-scale pilot plant was equipped with different dosing points to allow the dosage of
HCI, H,0; and NH4" (as (NH4)2SOs4). The standard dosing points were before the ozone injec-
tion loop. However one dosing point for H>O, was also installed at the column reactor inlet, i.e.
after ozone dosage. The same dosing pump was used for H2O, and NHs" dosage. However,
both chemicals were never used simultaneously and the dosing tubes were rinsed in between,
with ultrapure water. The H>O, and NH4" flow rates were controlled manually and adjusted by
continuous weighing of the feed bottles. The HCI dosing pump was controlled by the PLC to
allow the adjustment of a lower target pH. A pH electrode was used for in-line pH measurement
and supplied the control value for the HCI dosing pump. The pH electrode was calibrated in
regular intervals but usually showed a slightly smaller (~ 0.1 pH unit) value than withdrawn
samples measured by a handheld device. pH values obtained by the in-line measurement were

not corrected but used as recorded.

Construction materials in the small-scale pilot plant with contact to ozone gas were perfluoro-
alkoxy alkane (PFA) and polytetrafluoroethylene (PTFE). Ozone-containing water was in con-

tact with rigid polyvinyl chloride (PVC) pipes, a stainless steel pump and PFA and silicon tubes.

Experimental Methods

Two kinds of experiments were conducted with the small-scale pilot plant. The first kind of
experiments were ozonation experiments without biofiltration. These experiments were used to
determine the effects of experimental conditions (e.g., ozone dosage, pH, H202, NH4") on ozone
reaction kinetics, decolorization and bromate formation. The second kind of ozonation experi-
ments were performed in combination with subsequent biofiltration. Ozonation settings usually

remained constant during these experiments.

Ozonation experiments at various specific ozone doses were performed at both groundwater
treatment plants E (Sellmann, 2020) and A, without biological post-treatment of ozonated wa-
ter. Ozone dose was varied by adjusting the ozone feed gas concentration, while other parame-
ters were held constant. Experimental parameters are given in Table 3-3 and were slightly dif-
ferent at both treatment plants. Only small differences in experimental results with groundwater
E were observed for a variety of feed water flow rate (100-180 L h!) and ozone gas concentra-
tion settings (5-30 g m™) (Figure I1I-21). Off-gas ozone concentration and gas flow rate, water
flow rate and feed water TOC or DOC content were considered for specific ozone dose deter-
mination. Water samples were withdrawn from the reaction column, usually at half the height
of the column. Sampling was preceded by an equilibration time of approximately 5 min to allow
the exchange of the complete water volume of the reaction column. Minimization of residual
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ozone escape or decay while sampling was aspired by using a custom sampling unit (Specker,
2019). The unit consisted of a 100 mL glass flask and a cap equipped with 4 mm inner diameter
PTFE tubes as inlet and outlet. The inlet tube reached until right above the bottle bottom. On
its second end, the inlet tube was connected to a ball valve at the reaction column. The outlet
of the sampling cap was connected to the ozonation plant outlet collector. With this setup, the
sampling bottle could be rinsed, from bottom to top, with several bottle volumes of ozonated
water before removing the custom cap and exchanging with a regular bottle cap. Sampling bot-
tles were completely filled to minimize ozone volatilization after sampling. Standard analytical
parameters of ozonated samples were SACa36, UV2s4 and bromate. Residual ozone concentra-
tions were measured in some experiments by the electrochemical ozone sensor. The sensor inlet
(4 mm inner diameter PTFE tube) was connected to the sampling port at the reaction column
inlet. The sample flow rate was approximately 20 L h! (= 0.5 m s™! in sampling tubes). The
tube length was up to 2 m depending on the sampling port, which implies that retention time in
the sampling tube was negligible (= 1 s). It was assumed that a well-mixed bulk water sample
was taken, reflecting the average ozone concentration in the reaction column after the respective

reaction time. Samples were usually taken in duplicates.

Dissolved ozone concentration was read from the instrument display, after equilibration of the
value (usually after some minutes). The first measurement was made at the column reactor inlet.
The measurement procedure was continued at the second sampling port, from top to bottom.
Again, sufficient equilibration time was given for the sensor value. In total, five dissolved ozone
concentration measurements were made for every pilot plant setting. Dissolved ozone concen-
trations measured by the online sensor showed good agreement with the indigo method (Figure
I11-22). The hydraulic retention time of ozonated water between ozone injection and the column
reactor was determined by the use of a tracer and approximated as 30 s for a water flow rate of
150 L h'! (Sellmann, 2020). For other flow rates, residence times were approximated propor-
tionally. Between the sampling ports, residence time was determined as the ratio of reactor

volume between the sampling ports and water flow rate.

Non-ozonated feed water samples were analyzed for TOC, DOC and bromide content, in addi-
tion to SACa36 and UV2sa.

Ozonation experiments were partly conducted with addition of 0.2 M HCI to reduce the pH
value of groundwater A before ozonation. HCl dosage was pH-controlled (see above for de-
scription of the setup). At every pH tested, two ozone doses were applied before pH was read-
justed. Further experiments were done with dosage of 0.3 % H>O; for both groundwater E
(Sellmann, 2020) and groundwater A. These experiments started without H>O> dosage, at a set
ozone feed gas concentration. H>O> dosage was then started and adjusted by measuring the
weight loss of the H>O» bottle over time. The H>O» flow rate range was approximately 0.2—-9
mL min™!. With increasing H>O: dose, the ozone off-gas concentration decreased, as H>O: en-

hanced ozone decay. This was dealt with differently at groundwater treatment plants A and E:
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At groundwater treatment plant A, the ozone feed gas concentration was slightly reduced to
obtain a relatively constant specific ozone dose. At groundwater treatment plant E, the ozone
feed gas concentration was held constant, which resulted in a concomitant increase in ozone
dose with H>O> dose. Experiments with dosage of NH4" were performed with groundwater A.
The 500 mg L' (NH4),SO4 was dosed with the same dosing equipment used for H>O,. The
resulting NH4" concentration in the feed water (0.79 mg L) was obtained from a non-ozonated
sample withdrawn from the reaction column. More detailed information on small-scale pilot
ozonation experiments with groundwater E is given in Sellmann (2020).

Table 3-3. Experimental settings for experiments with varied ozone dose at groundwater treatment plants A and

E. “Feed water flow rate for groundwater usually 180 L h-! but lower for experiments with raw water and for ex-
periments with subsequent biofiltration

Parameter Groundwater A Groundwater E
Feed water flow rate / L h*! 100-180" 150

Feed gas flow rate / L h™! 25 45

Feed gas ozone concentration / mg L' 4-38 4-25

Injector pump frequency / Hz 25 31.7

Biofiltration experiments with ozonated water started with virgin GAC and phonolithe at
groundwater treatment plant E. The ozonation process was done as described above. After short
conditioning with with non-ozonated water, the biofilter received ozonated water (20 L h'!) as
influent. A second identical biofilter received non-ozonated water to improve understanding of
the biofiltration process. The feed flow rate of both biofilters was reduced later to 10 L h'! as
higher flow rates caused too high hydraulic resistance. This resulted in a filter velocity of 1.3
m h! and an empty-bed contact time (EBCT) of 71 min (19 min EBCT in the GAC layer and
52 min EBCT in the phonolithe layer). A constant ozone dose (in mg L") was maintained by
maintaining constant ozone feed gas concentration as well as constant feed gas and water flow
rates. 0.33—0.46 mgos/mgroc were applied to treat groundwater E. The variation was due to a
manual and intended increase in ozone feed gas concentration over time to improve decolori-
zation efficacy. The absence of residual ozone in the biofilter influent was monitored by con-
tinuous measurement with the electrochemical ozone sensor. Pilot plant flow rates, e.g. for bio-
filter feed, were controlled daily by waterworks staff. Biofilter backwash was conducted man-
ually when the hydraulic head of the filter was not sufficient to allow a flow rate of 10 L h™! in
the filter (approximately every four weeks). Pilot plant influent was used as backwash water.
The backwash flow rate was 300 L h'! (38 m h!) for approximately 5 min. Regular analytical
parameters at groundwater treatment plant E were UV2s4, SAC436, TOC and bromate. Influent
samples were also analyzed for bromide. For one set of samples, additional LC-OCD experi-

ments were made and samples were taken for incubation to a laboratory for AOC, high nucleic-
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acid (HNA) and low nucleic-acid (LNA) cell count and TOC measurements. AOC measure-
ments were performed by incubating small-scale water samples at 30 °C, thereby enhancing
growth of autochthonous bacteria. Ozonated samples were microfiltered (0.1 wm, Minisart, Sar-
torius, Gottingen, DE) and spiked with non-ozonated sample (10 vol%) as natural inoculum.
Subsequently, total, high-nucleic-acid (HNA) and low-nucleic-acid (LNA) cell count were
measured. After AOC measurement, TOC was measured in the same samples to examine TOC

degradation during the incubation period.

After approximately nine months operating time at groundwater treatment plant E, the small-
scale pilot plant was relocated to groundwater treatment plant A and operated with the same
biofilter that was conditioned with groundwater E before. The second biofilter with non-ozo-
nated water as feed was not used at groundwater treatment plant A. Ozonation-biofiltration
experiments at groundwater treatment plant A were initially performed with aerated, floccu-
lated and filtered water (sand filter effluent, Figure II-1, see below). Specific ozone doses for
ozonation-biofiltration were 0.17—0.28 mgos/mgroc for groundwater A. The variation was due
to a variation in influent quality for the small-scale pilot plant. Sampling for groundwater A
started after five months of conditioning time. After two weeks of sampling, the influent water
quality for the pilot plant was switched to aerated water (see below). It was conditioned for one
week before another sampling period of two weeks started. Analytical parameters at ground-
water treatment plant A were UVas4, SACa36, TOC and bromate. Influent samples were also

analyzed for bromide, conductivity and pH. In some samples, LC-OCD analyses were made.

Natural Groundwater Samples for Small-scale Pilot Experiments

Small-scale pilot experiments were conducted at groundwater treatment plants A and E, mainly
with finished groundwater taken directly from the water treatment plant outlets. At groundwater
treatment plant A, additional experiments were performed with three different non- or semi-
treated water qualities. The first additional quality was raw water, i.e. water treatment plant
influent (Figure II-1). The second additional quality was aerated water after ammonia removal,
1.e. from the pressure side of sand filter pumps, but before dosage of coagulant (Figure II-1).
The third additional water quality was aerated, flocculated and filtered water, which was taken
from the effluent of sand filters (Figure II-1). Small-scale pilot experiments were done at dif-
ferent dates and partly run for several weeks. Water quality over time was relatively stable in
groundwater E but underlied seasonal changes in groundwater A due to low well depth. Specific
water qualities used for experiments are highlighted in the experiments and presented in Table
II-1 (groundwater A) and Table II-2 (groundwater E).

Chemicals

Oxygen was produced by pressure swing adsorption (SEP 100, Anseros, Tiibingen, DE). This

oxygen concentrator was used at groundwater treatment plant E. The system was replaced by
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another instrument (Everflo, Philips Respironics, Murrysville, US) for experiments at ground-
water treatment plant A. The 0.3 % H2O: solution for small-scale pilot experiments was pre-
pared by diluting 9.01 mL L™ 30 % H,O, with ultrapure water. The solution was prepared on
the day of use. The 500 mg L' NH4" solution was prepared by dissolving 1835 mg L
(NH4)2S04 in ultrapure water. The solution was prepared four days before and cooled until use.
The HCI solution used for small-scale pilot experiments had a concentration of approximately
0.2 M and was prepared by dilution a 1 M HCI solution with deionized water.

3.2.3 Membrane Ozonation Experiments
Experimental Setups

Membrane ozonation experiments were performed with two different membrane ozonation
contactors. The first membrane contactor was a small lab-scale contactor comprised of a single
polydimethylsiloxane (PDMS) fiber in a glass tube (schematic drawing Figure 3-2.a, picture
Figure II-11.a). The second contactor was a multi-tube half-commercial scale contactor com-
prised of 490 PTFE fibers in a stainless steel housing (schematic drawing Figure 3-2.b, picture
Figure II-11.b). Both membrane contactor setups were connected to an influent tank and an
effluent tank. Ozone feed gas was produced with a commercial ozone generator (BMT 803N,
BMT Messtechnik, Berlin, DE) from oxygen (99.5 %, BOC, Guildford, UK) and analyzed for
ozone (BMT 964, BMT Messtechnik). Ozone off-gas concentration was measured with a sec-
ond BMT 964 analyzer. Ozone gas flow rate was measured with a rotameter and was assumed
identical for feed and off-gas. Water flow rate was measured gravimetrically (single-tube) or
volumetrically (multi-tube). Water flow direction was upward, inside the membrane fibers,
while ozone gas flow direction was downward, outside the membrane fibers but inside the
housing. In the multi-tube contactor, the flow direction could be inverted by changing the gas-
flow direction to upward. Technical specifications of the membrane ozonation contactors are
summarized in Table II-5.a. Additional information on the membrane ozonation contactors 1s

given elsewhere (Kdmmler et al., 2022; Zoumpouli, 2021).
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Figure 3-2. (a) single-tube PDMS membrane ozonation setup, (b) multi-tube PTFE membrane ozonation setup.
Figure taken from Kdmmler et al. (2022).
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Experimental Methods

Membrane ozonation experiments with both contactors were conducted by applying different
feed water flow rates and ozone feed gas concentrations. In the single-tube contactor, feed water
flow rates were 1.2, 2.6, 5.0 and 9.7 mL min™! at ozone feed gas concentrations of 25, 50, 100
and 200 g m?, yielding a total of 16 experimental settings. In the multi-tube contactor, feed
water flow rates were 400, 680 and 920 mL min™' at ozone feed gas concentrations of 25, 35,
50 and 70 g m>, yielding a total of twelve experimental settings. Flow-dynamic parameters for
the experimental settings are listed in Table II-5.b. Each experimental setting was equilibrated
for 10 min (single-tube contactor) or 4 min (multi-tube contactor) before sampling. Samples
were taken from sampling valves mounted after the contactor outlets. The scope of analyses
comprised dissolved ozone, UV2s4, SAC436 and bromate. Feed water samples were also ana-
lyzed for TOC, DOC and bromide. Residual dissolved ozone at the membrane contactor outlets
was measured by the indigo method (Bader and Hoigné, 1981). Two samples were taken for
ozone measurement. UV2s4, SACa36 and bromate were determined from another sampling bottle
without ozone quenching agent. Cylindrical glass bottles were filled carefully from bottom to
top, with a tube submerged below the water level to minimize ozone loss. Two sampling bottles
were filled for each experimental setting. These samples were analyzed after approximately one
week. Samples were stored dark and cool in between. Membrane ozonation experiments were

performed at room temperature, which was 16 °C.

Natural Groundwater Sample Used for Membrane Ozonation Experiments

Membrane ozonation experiments were performed with a batch of groundwater E (E.1F).

3.3 Analytical Methods

Analytical methods used in this work are described below.

pH of water samples was measured with a handheld pH device (pH 320, WTW, Weilheim, DE).

The instrument was calibrated by two-point calibration before use.

Electrical conductivity at 25 °C was measured with a handheld device (LF 340, WTW,
Weilheim, DE).

Total alkalinity was determined as the amount (in mmol L'') of HCI needed to reduce the sample
pH to 4.3. 100 mL of water sample were used for alkalinity measurement and was stirred with
a magnetic stirrer at moderate speed. 0.1 M HCI] was added manually with a burette. The pH
was continuously measured by a handheld device. When pH approached 4.3, HCI was added
dropwise and stirring was stopped prior to pH measurements for more precise pH determina-

tion.

Dissolved ozone in ozone stock solution was measured by UV absorbance at 260 nm (molar
absorbance coefficient of 3200 M™! cm™!, von Sonntag and von Gunten, 2012). Dissolved ozone
in groundwater samples was measured by the indigo method (Bader and Hoigné, 1981). For
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details see description of the respective experimental procedure. Both UV measurements at 260
nm and indigo measurements at 600 nm were made in a 1 cm quartz glass cuvette in a Shimadzu
UV-1601 photometer (Shimadzu, Kyoto, JP).

UV2s4 and SACa36 measurements were made in a 5 cm quartz glass cuvette in another spectro-
photometer (Hach Lange DR 5000, Hach, Loveland, US). The same instrument and cuvette
were used for wavelength scans. Increment for wavelength scans was 0.5 nm, range 190-700
nm. Spectrophotometric samples were pre-filtered by a 0.45 um polypropylene membrane filter
(VWR International, Radnor, US). A 20 mL polypropylene/polyethylene syringe (Injekt Solo,
B. Braun, Melsungen, DE) was used for filtration. Syringe and filter were pre-rinsed with ap-

proximately 20 mL of sample before an aliquot was measured.

Bromate concentration was measured by ion chromatography (Eco IC, Metrohm, Herisau, CH)
with post-column reaction of bromate and potassium iodide to triiodide in presence of ammo-
nium heptamolybdate. Triiodide was detected by UV absorbance at 352 nm. The method is
described in ISO 11206 (2011). A Metrohm ASupp16 column and a sulfuric acid eluent were
used for bromate determination. The limit of quantification obtained by this system was

1.5 pg L'! bromate.

Bromide concentration was measured by the same ion chromatography as bromate, however
with a Metrohm ASupp5 column and carbonate eluent. Bromide was detected by UV absorb-

ance measurement at 205 nm.

TOC and DOC (after 0.45 pm filtration) were analyzed as non-purgeable organic carbon by the
TOC analyser TOC-L (Shimadzu Corp., Kyoto, JP) using combustion catalytic oxidation at

680 °C, coupled with a nondispersive infrared sensor.

LC-OCD-UVD analysis was performed with 0.45 um filtered samples on a column packed with
Toyopearl HW 50 S resin (Tosoh Bioscience, Tokyo, JP) using a phosphate buffer of 2.38 g L!
KH,PO4 and 1.33 g L'! Na,HPO4 - 2 H,0 as mobile phase. A Gritzel thin-film UV reactor was
used to convert organic carbon to CO; after removal of inorganic carbon by acidification. The
system was coupled with an infrared CO; detector (Ultramat 6, Siemens, Miinchen, DE) and a
UV detector working at 254 nm (UV-M II, Pharmacia Biotech, Uppsala, SE). A 2 mL sample
aliquot was used for chromatography. A 0.2 mL aliquot was used as bypass sample to determine
bulk DOC content and UV absorbance. LC-OCD-UVD analysis is described elsewhere in more
detail (Huber et al., 2011). NOM fractions were calculated from peak analysis in the software
ChromCalc (DOC-Labor Dr. Huber, Karlsruhe, DE).

It should be noted that small amounts of HS may be found in the LMWA fraction (Huber et al.,
2011). The mathematical procedure used by the software ChromCalc to distinguish LMWA
and low molecular-weight HS is based on UV absorbance of the LMWA fraction. UV absorb-
ance is significantly reduced by ozonation, which could result in overestimation of LMWA

yield by ozonation. Thus, all NOM moieties eluting with the LMWA fraction were assigned

36



Materials and Methods

LMWA. The downside of this procedure is an overestimation of LMWA contents of non-0zo-
nated water samples. Thus, LMWA concentrations corrected by HS content for non-ozonated

water samples are given in the captions of respective figures.

Calibration of the OCD signal was made indiviually for each sample by normalizing the bypass
DOC concentration in the respective sample to DOC concentration measured with the TOC-L
analyzer. LC-OCD chromatograms were plotted from LC-OCD-UVD raw data in Microsoft
Excel (Microsoft, Redmond, US).

Some LC-OCD-UVD samples were measured in another laboratory (TZW Dresden), with a
similar setup. The setup was equipped with additional detectors: a photodiode array detector
for absorbance measurement at 436 nm (Varian ProStar 335) and a fluorescence detector (474,
Waters, Milford, USA) set at excitation wavelength of 365 nm and emission wavelength of 480

nm to measure humic fluorescence. This setup was used for the data shown in Figure 11-4.

Residual H20: in groundwater samples was determined with a commercial H>O; test kit
(118789, Merck, Darmstadt, DE). A 1 cm cuvette was used, resulting in a measuring range of
0.03-6 mg L' H20,. This method was tested in detail and found to successfully reflect H,O»
concentration in a non-ozonated, natural groundwater sample (4.6 mgpoc L!) (Eberhard, 2021).

NH4" in groundwater was determined with a commercial test kit (LCK 304, Hach, Loveland,
US) and a photometer (DR3900, Hach, Loveland, US). The measuring range was 0.015-2
mg L' NH4-N.

AOC was measured with a procedure adapted from Hammes and Egli (2005). Initially, total
cell count (TCC, see below for method) was measured in water samples, without filtration or
other sample pre-treatment. The measurement was made maximum one day after sampling.
Samples were cooled at approximately 4—-8 °C until measurement. After the initial TCC meas-
urement, 15 aliquots (20 mL each) of every water sample were transferred to 40 mL glass bot-
tles which were closed immediately. Ozonated samples partly showed no viable cells and were
therefore filtered (0.1 um) and inoculated with non-ozonated water sample (1:10) before pre-
paring the aliquots for AOC measurement. The samples were put on a horizontal shaker and
agitated moderately fast at a temperature of 30 °C. After 3d, 7 d, 14 d, 21 d and 28 d, three
aliquots of every sample were taken from the shaker and analyzed for TCC. Mean TCC values
were obtained from the three aliquots. AOC was calculated from the difference between initial
TCC and maximum mean TCC during the incubation period. The correlation of 10”7 pgaoc
cell! (Hammes et al., 2006) was used to convert information from TCC measurements into
AOC values.

TCC was measured according to Ho et al. (2020) by flow cytometry with a CyFlow SL instru-
ment (Partec, Miinster, DE). Samples were stained with SYBR Green I and incubated for
13 min at 37 °C in the dark. Measurement was performed using a bluediode pumped solid-state

laser (20 mW) at 488 nm. The result was a red and green fluorescence intensity plot which was
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processed with the software FloMax (Partec, Miinster, DE). Instrument calibration was done
with fluorescent 3 um beads (Sysmex, Kobe, JP). Background scattering of the measurement
was identified by measurement of a filtered (0.1 um) sample of a natural “evian” mineral water
(Danone, Paris, FR) and comparison to non-filtered “evian” water. The TCC gate was defined
manually based on these measurements. Within the TCC gate, two clusters of bacteria were
defined: high nucleic-acid (HNA) and low nucleic-acid (LNA) cells. HNA and LNA clusters

were defined manually, based on “evian” water measurements.

3.4 Data Analysis and Calculations

Data analysis was usually done in Microsoft Excel. Some fittings were done in Origin
(Originlab, Northampton, US), which is noted in figure captions in this case. If more than one
sample was available for analysis, mean value and standard deviation (uncorrected estimator)

were calculated from the data and are usually shown in figures.

Measured parameters were in some cases used indirectly to calculate other values. Calculation

procedures are described below.

The immediate ozone demand (IOD) was calculated as the difference between dosed ozone
concentration and the first sample measured. For batch samples, this was after 15 s for most
experiments. In small-scale pilot experiments, the IOD time was 25 s for most experiments.

IOD times are mentioned in figure captions.

Ozone exposure was calculated from dissolved ozone concentration measurements obtained at
different time steps. First-order ozone decay was assumed. The calculation procedure is de-

scribed in the appendix, pp. LIL.

Ozone mass transfer calculations in membrane ozonation included calculation of membrane,
liquid-side and overall mass transfer coefficients for both membrane contactors. The calculation
procedures were presented in detail in a previous publication (Kdmmler et al., 2022). Results
of these calculations are a function of water flow velocity and membrane material and are pre-
sented in Table II-5.b.

Hatta number (Ha, Equation 2-7) calculation for membrane ozonation experiments was based
on the film theory (Charpentier, 1981). It was calculated from the ozone diffusivity in water
(Do3), the first-order ozone decay rate for the secondary phase of ozonation (ksec) and the liquid-
side ozone mass transfer coefficient (ki). Dos is constant at a specific temperature (1.56 - 10~
m? s at 16 °C, Johnson and Davis, 1996). ki was obtained from ozone mass transfer calcula-
tions (see above). ksec Was obtained from kinetic batch experiments with groundwater E at
16 °C, at specific ozone doses of 0.5, 1.0 and 1.5 mgos/mgpoc. The exponential function kg, =
0.0024 s71 + 0.3 st exp(—3.8 mgpoc mg531 * specific ozone dose [mgosmggéc]) was
fitted in Origin to obtain a correlation of specific ozone dose and ke (Kdmmler et al., 2022).

The function was also used to extrapolate k. for specific ozone doses lower than 0.5 or higher
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than 1.5 mgos/mgpoc. To obtain specific 0zone doses for membrane ozonation, it was assumed
that UV2s4 reduction rates in membrane and batch ozonation were equal at the same specific
ozone dose. By this, specific ozone doses for membrane ozonation could be interpolated from
data from batch equilibrium experiments at 0.1-1.5 mgos/mgpoc. The procedure is described
in detail in Kdmmler et al. (2022). Note that by the procedure described here, ozone decay rate
in the membrane contactors may be slightly underestimated as ozone decay was not completed
at the reactor outlet for some samples and might have been faster in the initial phase of ozona-

tion.
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4 Laboratory Batch Ozonation

This chapter comprises results of laboratory batch ozonation experiments using different natu-
ral, organic-rich groundwaters that exhibited high residual color after full treatment (SACa3s
0.41-1.2 m™"). Laboratory batch experiments were performed at Hamburg University of Tech-
nology. Results for some of the groundwaters were presented elsewhere before. These ground-
waters include groundwater C (Preda, 2019), groundwater D (Specker, 2019), groundwater E
(Sellmann, 2020), groundwater A with HoO» dosage (Eberhard, 2021) and groundwater A at
varied alkalinity (Bharadwaj, 2022). An excerpt of the results shown here was presented before
in Kdmmler et al. (2020) and Kammler et al. (2021).

4.1 Effects of Ozonation on Groundwater NOM from Different Sources
4.1.1 Impact of Ozonation on Groundwater NOM Fractions and Concentration

The effect of ozonation on groundwater natural organic matter (NOM) fractions is highlighted
by LC-OCD-UVD analysis. This technique yields information about NOM size distribution due
to an increase in retention time with decreasing molecular size (Huber et al., 2011). Information
on molecular size and fractions is supplemented by concomitant UV analysis to detect chromo-
phoric NOM groups. Ozonation induced concentration changed in all NOM fractions that were
detected by LC-OCD. These concentration changes, relative to the non-ozonated sample, are
shown in a boxplot diagram that comprises information from experiments with five different

humic-rich groundwater samples (Figure 4-1).
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Figure 4-1. Organic carbon concentration changes (difference to non-ozonated samples) in NOM fractions of
groundwaters A, B, C, D (Table 3-2) and E.1r (Table II-2) due to ozonation shown as boxplots. Determination of
fractions by LC-OCD: HOC — hydrophobic organic carbon, HS — humic substances, BB — building blocks,
LMWA — low molecular-weight acids, LMWN — low molecular-weight neutrals. No humic substances in
LMWA fraction assumed. n = 5 groundwater samples, no data for groundwater E at 0.8 mgos/mgroc. Exclusion
of groundwater B for LMWN (clear outlier, Figure I1I-3) Dilution effect ozone stock solution considered by mul-
tiplication with dilution factor.
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Individual LC-OCD results for the groundwater samples used are shown in Figure III-1
(groundwater A), Figure III-3 (groundwater B), Figure III-5 (groundwater C), Figure III-7
(groundwater D) and Figure III-9 (groundwater E). Biopolymers were detected at negligible
concentrations (< 50 pgpoc L) and therefore excluded from diagrams. Part of NOM, the hy-
drophobic organic carbon (HOC) fraction, is not eluted from the chromatographic column
within analysis time and is therefore not detected by LC-OCD-UVD. However, its concentra-
tion may be calculated from the difference of OCD signal from the chromatographic column
effluent and a sample aliquot that by-passes the column. Overall, the content of HOC showed
only small changes at specific ozone doses < 0.4 mgos/mgroc but decreased significantly at
higher ozone doses (Figure 4-1). Reduction of HOC aligns with the results of other authors
(Loganathan et al., 2022; Zietzschmann et al., 2015).

The humic substances (HS) fraction did not show systematic increase or decrease in ozonation
but large variance depending on the groundwater used (Figure 4-1). This is different from other
studies which observed a decrease in humic substance concentration of up to 20 % at similar
specific ozone doses (Beniwal et al., 2018; Li et al., 2017). However, a right-shift in peak re-
tention time of HS (fraction I) was induced by ozonation, as it is exemplarily shown in the LC-
OCD-UVD chromatograms of groundwater A (Figure 4-2). This implies a decrease in average
molecular weight of HS (Huber et al., 2011), which was expected due to previous research
(Swietlik et al., 2004). Moreover, the right-shift in retention time indicates a transient contin-
uum of NOM transformation products that are produced by ozonation. The composition
changes with ozone dose. Similarly, it has been shown for smaller organic molecules (phenols)
that ozonation produces a variety of products that may be broken down stepwise to smaller

molecules with increasing oxidant dose (Ramseier and von Gunten, 2009).
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Figure 4-2. LC-OCD-UVD diagram of groundwater A. Specific ozone doses 0 (blind sample), 0.4 and 1.0
mgos/mgroc. 3 =20 °C, DOC 4.5 mg L', pH 7.8. Top: organic carbon (OC) signal, bottom: ultraviolet (UV) sig-
nal. I — humic substances, II — building blocks, III — low molecular-weight acids and humic substances, IV — low

molecular-weight neutrals. Dilution by ozone stock solution considered by multiplication with dilution factor
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Groundwaters B (Figure I1I-2) and D (Figure I1I-6) showed similar chromatograms as ground-
water A. Contrarily, a decrease in HS peak retention time, i.e. increase in average molecular
weight was observed for groundwater C (Figure I1I-4) and groundwater E (Figure II1-8). It was
hypothesized that ozonation may transform hydrophobic, high molecular-weight, non-chroma-
tographable NOM to HS detectable by LC-OCD (Kammler et al., 2022). This could have re-

sulted in a decrease of HS peak retention time.

Building blocks (BB, fraction II) and low molecular-weight acids (LMWA, fraction III) are
formed by ozonation (Figure 4-1, Figure 4-2). Unlike the HOC and HS fractions, BB and
LMWA formation showed clear increase and less variance across the groundwaters tested (Fig-
ure 4-1). An increase of BB and LMWA peaks was previously observed by other authors (Ben-
iwal et al., 2018; Stylianou et al., 2018a).

The effect of ozonation on low molecular-weight neutrals (LMWN, fraction IV) was small and
did not show clear results regarding increase or decrease (Figure 4-1). LMWN content of non-
ozonated groundwater B was a clear outlier (Figure I1I-3). No consistent trends were also ob-
served in the analysis of various LC-OCD-UVD chromatograms of ozonated groundwaters
(Figure 4-2, Figure 1II-2, Figure I1I-4, Figure I1I-6 and Figure I1I-8). Similar to the results here,
different effects of ozonation on LMWN were reported previously. Both a decrease in LMWN
(Stylianou et al., 2018a; Zietzschmann et al., 2015) and an increase in LMWN (Stylianou et al.,
2018a) were reported. This supports that effects of ozonation on LMWN may vary with water

composition or experimental conditions.
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Figure 4-3. TOC in batch ozonation of (a) groundwater A, (b) groundwater B, (¢) groundwater C and (d)
groundwater D; no data for groundwater E. § = 20 °C, TOC 3.5-6.2 mg L', pH 7.6-8.0 (Table 3-2)
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The UV signal of LC-OCD-UVD was decreased proportionally to specific ozone dose, as the
chromatograms in the bottom part of Figure 4-2 depict. The UV absorbance abatement was
observed for all NOM fractions, including those that showed increase in OC concentration, as
BB and LMWA. Consequently, the bulk specific UV2s4 absorption (SUVAzs4) was reduced
significantly in all groundwater samples (Figure III-10). It was observed previously that ozo-
nation selectively reduces UV absorbance of types of NOM (Wenk et al., 2013).

Despite its transformative impact on all major NOM fractions, ozonation of groundwater with
0.1 to 1.0 mgos/mgroc decreased the total organic carbon (TOC) concentration of groundwaters
only by << 10 % (Figure 4-3). At ozone doses of < 0.5 mgos/mgroc (see below), the reduction
in TOC was <5 %. Reduction of TOC content implies decarboxylation reactions, which in turn
require significant pre-oxidation of NOM (Nothe et al., 2009). Ozone doses used here may

therefore have been too small to induce significant TOC removal.

4.1.2 Impact of Ozonation on Bulk Spectroscopic NOM properties

Ozonation reduced light absorption of the water samples within the whole UV-visible spectrum
and proportionally to specific ozone dose (Figure 4-4.a). For all groundwaters except ground-
water E, absorbance abatement increased with wavelength. This is highlighted by the increased
ratio UV2s4/SACa3z6 with specific ozone dose (Figure 4-4.b). Similarly, the ratio of absorbance
at 254 and 365 nm (E2:E3) was observed to increase with specific ozone dose (Remucal et al.,
2020). A stronger decrease in absorbance at higher wavelength was also observed in the ozo-
nation of NOM isolates (Wenk et al., 2013) and wastewater DOM (Li et al., 2017; Nanaboina
and Korshin, 2010). This may partly be due to the fact that transformation products of NOM
may still exhibit UV absorbance (Néthe et al., 2009; Onnby et al., 2018). An explanation may
also be attempted on a molecular level: low energy separation for intramolecular charge transfer
interaction was positively correlated with large molecular size and absorbance at high wave-
lengths (Del Vecchio and Blough, 2004), and also with reactivity toward ozone (Naumov and
von Sonntag, 2010). Thus, chromophores absorbing at high wavelengths may react preferen-
tially with ozone. This is fully consistent with the observation that molecular weight is de-

creased by ozonation (chapter 4.1.1).

Groundwater E showed a decrease in the ratio of UV2s54/SACase at specific ozone doses of 0.1
and 0.2 mgos/mgroc, which was different from other groundwaters tested (Figure 4-4.b). As
LC-OCD chromatograms of ozonated groundwater E (Figure I1I-8) suggest, the humics peak
shifted to shorter retention time, i.e. larger molecular weight at 0.4 mgos/mgroc and also at
lower ozone doses (not shown). This may indicate the formation of high-molecular, chromo-
phoric NOM by ozonation, as it was discussed in detail in Kdmmler et al. (2022). These effects
were only visible at small ozone doses. At specific ozone doses > 0.2 mgos/mgroc,

UV254/SACa36 increased in groundwater E similarly to the other samples.
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Figure 4-4. (a) Impact of specific ozone (in mgos/mgroc) on the absorption spectrum of groundwater E.1¢
(Kammler et al., 2022). 3 = 16 °C, pH 8.1, DOC 5.6 mg L!; a. spectral absorption coefficients / m™!, (b) ratio
UV254/SACus6 as a function of specific ozone dose for different groundwaters. 3 = 20 °C, TOCy 3.5-6.2 mg L,
UVasao 14.0-19.1 m', SAC436 0.41-1.2 m!, pH 7.6-8.0 (Table 3-2).

The effect of specific 0zone dose on UV2s4 and SACaze in humic-rich groundwater is further
illustrated in Figure 4-5. Results are given as relative concentrations. A comprehensive over-
view of batch ozonation results for all groundwater samples is given in Table III-1. The left
side of Figure 4-5 shows the relative decrease of UV2s4 (Figure 4-5.a) and SACa36 (Figure 4-5.c)
versus specific ozone dose, i.e. ozone dose normalized to the groundwater TOC concentration.
On the right side of Figure 4-5, UV2s4 (Figure 4-5.b) and SACas6 (Figure 4-5.d) are displayed
versus the UVass-specific ozone dose (O3/UVass), i.e. 0zone dose normalized to the groundwa-
ter UV2s4 absorption. Ozonation resulted in reduction in both UV2s4 and visible (SACa36) light

absorption, as explained above.

Groundwaters C and E exhibit a lower rate of UV2s4 removal than other groundwaters, at com-
parable specific ozone dose (Figure 4-5.a). For groundwater C, which exhibits the highest
SUV Azs4, i.e. ratio of UVas4 to DOC content of the groundwaters tested (Table 3-2), this may
be explained by lower O3/UV2s4 ratios than other waters at a particular specific ozone dose. If
UVas4 removal is plotted against UVass-specific ozone dose (Figure 4-5.b), groundwater C is in
line with most other groundwaters tested. Similar UV2s4 abatement trends in different ground-
waters suggest that similar reaction mechanisms took place in the groundwaters tested here. As
no reactive inorganic species as Fe(II) were present in the samples used here, it is assumed that
reactions of ozone with NOM were consuming the major part of ozone. Similarly, it was ob-
served for wastewater ozonation that DOM controls the consumption of ozone (Buffle et al.,
2006a).

The fact that groundwater E seemed to be an outlier with lower UV2s4 removal seems less in-

tuitive. SACa36 of ozonated groundwater E was also higher than that of other groundwaters and
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even exceeded the initial SACa36 (Figure 4-5.c and d). The increase in SACas36 might be associ-
ated with the formation of high-molecular HS from hydrophobic NOM moieties (see chapter
4.1.1 and Kdmmler et al., 2022). These HS may have contained additional phenolic moieties.
If phenolic moieties are ozonated, quinonic moieties such as benzoquinones are produced,
which exhibit strong UV absorbance coefficients (Nthe et al., 2009; Onnby et al., 2018). This
mechanism may have increased the overall UVjs4 of ozonated groundwater E. However, the
higher UV2s4 of groundwater E may also be due to overestimation of specific ozone dose in this

sample as it also showed unexpectedly low bromate formation (chapter 4.2).
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Figure 4-5. Correlation of UV 354 and SACase in groundwater ozonation with TOC-specific ozone dose and
UVass-specific ozone dose (O3/UVass) with exponential fittings and 95 % confidence intervals. Origin fittings
(Originlab, Northampton, US; groundwater E not included in SACas fittings). Experimental conditions: § = 20
°C, TOCy 3.5-6.2 mg L', UVas40 14.0-19.1 m"!, SAC436 0.41-1.2 m’!, pH 7.6-8.0 (Table 3-2). (a) relative resid-
ual UV,s4 absorbance versus TOC-specific ozone dose. (b) relative residual UV»s4 absorbance versus UVass-spe-
cific ozone dose; (¢) relative residual SACas6 absorbance versus TOC-specific ozone dose; (d) relative residual
SAC436 absorbance versus UVasy-specific ozone dose.
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At comparable specific ozone dose, reduction in SAC43¢ was more pronounced than in UV2s4
for all groundwaters tested (Figure 4-5.c and d), as discussed above and also highlighted by an
increase in the UV2s54/SACa36 ratio by ozonation (Figure 4-4.b). Results for SACa36 abatement
by ozonation look slightly more scattered than for UV2s4 (Figure 4-5.c and d). This is not quite
reflected in the correlation coefficients as groundwater E was a clear outlier for SAC436 and
hence not included in the SACa36 but in the UVs4 fittings. The scattering may partly be due to
the fact that values for SAC436 were more than a magnitude smaller than for UV2s4 (Table 3-2)
and therefore more prone to experimental and analytical errors. Moreover, the decrease in
SACa36 showed poor correlation with the SACaze-specific ozone dose O3/SACass, as it is shown
in Figure III-11. In fact, SAC436 reduction decreased with increasing UV2s4/SACas6 ratio (Fig-
ure III-11). This indicates a competition between UV2s4 absorbing and SACass absorbing moi-

eties for ozone.

In conclusion, ozonation of groundwater NOM has little effect on concentrations of HS and
TOC. However, molecular structure of NOM is altered by loss of hydrophobicity and decrease
in molecular weight. BB and LMWA are formed at higher concentrations with increasing ozone
dose. Chromophoric NOM features are significantly depleted by ozonation, particularly those
with high wavelength absorption. UV2s4 absorbing moieties seem to be a major ozone consumer

and therefore predict SACa36 reduction by ozonation better than DOC content of groundwater.

4.2 Bromate Formation in Groundwater Ozonation

Reaction of bromide with ozone and secondary oxidants, such as the hydroxyl radical (¢OH),
may produce the ozonation by-product bromate (von Gunten, 2003b; Yang et al., 2019b). The
groundwaters examined in this work exhibit bromide concentrations of 70-330 ug L™ (Table
3-2). The WHO proposed a bromate drinking water limit of 10 pg L™ that was adopted by many
countries while a health-based value of 2 pg L' was also suggested, but rendered unrealistic
due to technical and analytical constraints (WHO, 2017).

Figure 4-6.a displays bromate concentrations that were measured in ozonated groundwater sam-
ples. At specific ozone doses < 0.4 mgos/mgroc, bromate concentrations were smaller than
10 pg L' in all groundwaters tested. SACa3s removal rates were up to 70 % at 0.4 mgos/mgroc
(Figure 4-5.c). However, 10 pg L' bromate were exceeded at specific ozone doses between 0.4
and 0.8 mgos/mgroc in every groundwater tested (Figure 4-6.a). Moreover, Figure 4-6.a depicts
a clear dependence of bromate formation on raw water bromide concentration. Under the con-
ditions shown here, i.e. ozonation of aerated, filtrated natural groundwater samples at pH 7.6—
8.0, applicable ozone doses are limited by bromate formation to 0.2—0.4 mgos/mgroc depending
on the specific raw water quality (Kdmmler et al., 2021). However, higher ozone doses may be
applicable in raw water samples with lower bromide concentrations than shown here or in treat-

ment schemes that apply bromate minimization or removal strategies.
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Figure 4-6. (a) Bromate concentrations in ozonated groundwater samples and world health organization provi-
sional guideline value (WHO PGYV) for bromate (WHO, 2017). Origin fittings (Originlab, Northampton, US).
(b) Molar bromate yield versus TOC-specific ozone dose and (¢) Molar bromate yield versus UVass-specific
ozone dose (O3/UVas4) with exponential fittings and 95 % confidence intervals. Experimental conditions: 3 = 20
°C, TOCy 3.5-6.2 mg L', pH 7.6-8.0 (Table 3-2).

To compare bromate formation in different groundwater samples, the molar bromate yield may
be used which normalizes bromate formation to the initial bromide content of the water sample.
Relationships of molar bromate yield and bromate concentrations are schematized in Figure
I11-12. For the groundwaters used here, bromate concentrations of 2 and 10 pg L™ imply molar
bromate yields of 0.4-1.7 % (2 pg L") or 1.9-8.5 % (10 pg L"). Thus, acceptable molar bro-
mate yields in groundwater ozonation are significantly below 10 %. Considering both the po-
tential carcinogenic effect of bromate and regulatory limits, a maximum molar bromate yield

of ~ 1 % may be considered acceptable in different waters, as a rule of thumb.
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Molar bromate yield at a particular specific ozone dose is lower in groundwater samples C and
E (Figure 4-6.b). In groundwater C, this may be due to the high aromaticity (SUVA2s4 =
43 L mg"' m™!). If ozone dose is normalized to the sample UVas4 absorbance, which reflects
aromaticity, the correlation to molar bromate yield is similar for groundwater C as for ground-
waters A, B and D (Figure 4-6.c). The lower bromate formation in groundwater E co-occurred
with lower UV2s4 removal, at comparable ozone dose (Figure 4-5.a and b). This may be due to
increased consumption of ozone by additional NOM moieties that were formed during the ozo-
nation process, as indicated by increasing SACa36 (Figure 4-5.c and d). However, this may also

indicate overestimation of specific ozone dose.

The mechanisms for bromate formation depend strongly on transient concentrations of ozone
and hydroxyl radicals (*OH) as these are the main oxidants that produce bromate in ozonation
processes (chapter 2.4). Bromate formation pathways may not be clearly identified for the data
shown here, as information on *OH or the ratio of *OH to ozone exposure (Rc) is not available.
However, bromate formation pathways may be assessed by previous literature findings on R
and bromate formation pathways. It was observed that R values peak in different water matri-
ces both in the initial phase of ozonation and at small ozone doses (Buffle et al., 2006a; Wang
et al., 2021b; Yu et al., 2020). Reported literature values for Re; were as high as 1.3 - 107 for
wastewater (pH 7-7.2) at 0.41 mgos/mgpoc (Zimmermann et al., 2011) and up to approximately
5-107 for lake water (pH 6.9) at 0.23 mgos/mgc (Shin et al., 2016). For the experiments shown
here, a variation in Rct with specific ozone dose is expected despite lack of analytical data. An
Ret value of 107" may be used to roughly approximate bromate formation pathways at low spe-
cific ozone doses (e.g., < 0.5 mgosz/mgroc), which are realistic in groundwater treatment (see
above). Figure [-2 shows theoretical portions of bromate formation pathways for a hypothetical,
but realistic groundwater sample with pH 8 and 150 ug L™! bromide, at 1.5 and 3 mg L™! ozone.
For the water samples used here (DOC 3.5-6.1 mg L), 1.5 mgos L! may approximate low
ozone doses. At Ret = 1077, bromate formation pathways would range in the order I > III > V >
[> 1V (Figure I-2). At lower ozone doses (i.e., higher R(), indirect-direct bromate formation
(pathway 3) may become more important while at higher ozone doses, bromate formation is
shifted toward the direct-direct pathway (Figure I-2). However, it is expected that for typical
groundwater decolorization conditions, direct-indirect and indirect-direct bromate formation
are of major importance, due to relatively low applicable ozone doses. This should be consid-

ered when selecting appropriate bromate strategies for groundwater ozonation.

Figure 4-7 depicts molar bromate yield versus relative UV2s4 reduction (Figure 4-7.a) and rel-
ative SACas6 reduction (Figure 4-7.b). After strong initial reduction of UV2s4 and SACa3e at low
bromate yield, bromate formation increased drastically for UV2s4 reduction of more than =30 %
or SACy36 reduction of more than = 50 %. This was reported similarly for wastewater ozonation,

where an abrupt increase in bromate formation from UV2s4 reduction of 32 % was observed

48



Laboratory Batch Ozonation

(Chon et al., 2015). The correlation of exponential fitting is significantly better for UV2s4 re-
duction (R? = 0.97, Figure 4-7.a) than for SACu36 reduction (R? = 0.73, Figure 4-7.b). This may
be a consequence of the generally more consistent reaction of UV2s4 toward ozonation, as
shown in Figure 4-5 and discussed above. Slight variation between different water matrices
may be due to different water matrix composition of the groundwater sample used, such as type
of NOM, pH, alkalinity and bromide concentration. These parameters affect bromate formation
significantly, due to their interaction with ozone and *OH (Song et al., 1996).

The exponential increase in bromate yield with UV2s4 reduction co-occurs with an increase in
both *OH and ozone exposure, as these are the major oxidants involved in bromate formation
(chapter 2.4). *OH exposure increases linearly with ozone consumption (Kwon et al., 2017) and
with specific ozone dose (Lee et al., 2013). Conversely, the required amount of ozone to reduce
UV2s4 by another unit increases with increasing degree of UV2s4 reduction (Figure 4-5). Thus,
*OH exposure may show correlation beyond linearity with UV»s4 reduction. The increase in
ozone exposure with ozone dose may be even more enhanced than in *OH exposure, due to
depletion of ozone-reactive NOM moieties (Lee et al., 2013). Therefore, as UV2s4 abatement is
a viable indicator of *OH and ozone exposure, it may approximate bromate formation in the
ozonation of different water matrices (Chon et al., 2015; Li et al., 2017; Walpen et al., 2020).

The results shown here suggest that this is also applicable for groundwater ozonation.
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Figure 4-7. (a) molar bromate yield (percentage of raw water bromide turned into bromate) as a function of rela-
tive UV2s4 reduction (1-UV254/UVasap); (b) molar bromate yield as a function of relative SAC436 reduction (1-
SAC436/SACa36,0), molar bromate yield of 1 % highlighted with dashed line. Origin fittings (Originlab, North-

ampton, US). Exponential fittings include all groundwater samples with 95 % confidence interval. Experimental

conditions: 8 =20 °C, TOCy 3.5-6.2 mg L'}, pH 7.6-8.0 (Table 3-2).
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4.3 Water Matrix Effects on NOM Degradation and Bromate Formation
4.3.1 Effect of Alkalinity

Ozonation of water A (total alkalinity 2.7 mmol L) was performed at increased alkalinities of
3.15 and 3.6 mmol L at constant pH of 8.1. Ozone doses of 0.5 and 1.0 mgos/mgpoc were
used. Experiments shown in this section were produced within a student project work at Ham-
burg University of Technology and partly presented in alternative form previously (Bharadwaj,
2022).

Figure 4-8 illustrates the ozone consumption parameters ozone exposure (ct), immediate ozone
demand (IOD) and ozone decay rate for the secondary phase of ozonation (ksec) for alkalinities
of 2.7-3.6 mM and specific ozone doses of 0.5 and 1.0 mgosz/mgpoc. Variation of these param-
eters was more pronounced for different ozone doses than for different alkalinities (note the
logarithmic axis scale). Most significantly, ct increased by more than a magnitude when the
ozone dose was increased from 0.5 to 1.0 mgos/mgpoc. The 10D increased only slightly, as it
mainly reflects fast-reacting NOM moieties which are finite (N6the et al., 2009). The decrease
in ksec With 0zone dose by about one magnitude was expected (Kwon et al., 2017). It may also
be explained by more enhanced degradation of fast-reacting NOM moieties at 1.0 mgos/mgpoc,

resulting in lower reaction rates with ozone.
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Figure 4-8. Effect of alkalinity on ozone exposure (ct), immediate ozone demand after 30 s (IOD) and secondary
reaction rate of ozone (ks.c) in humic-rich groundwater at different alkalinities and ozone doses. Finished
groundwater A.5r (Table II-1), pH 8.1, DOC 4.5 mg L}, 3 = 19 °C. Data with permission from Bharadwaj
(2022)
The effect of alkalinity on ct, IOD and ksec was less pronounced than the effect of ozone dose
(Figure 4-8). A slight increase in ct with alkalinity at 0.5 mgos/mgpoc was observed. This was
also reported for different water matrices in previous studies and ascribed to the quenching of

hydroxyl radicals (*OH) by bicarbonate and carbonate. Ozone decay is slowed down in this
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case (Elovitz et al., 2000; Kim et al., 2020; Yang et al., 2019a). However, alkalinity had no
clear effect on ct at 1.0 mgos/mgpoc. Due to the strong dependence of ct on ozone dose, it may
be assumed that the ozone dose in the 1.0 mgos/mgpoc and 3.6 mM total alkalinity sample was
slightly lower than supposed. This is supported by an increased IOD for this sample, which may
result from overestimation of initial ozone concentration. For the other samples, at both ozone
doses, IOD and also ksec did not show significant variaton or trend with increased alkalinity.
Contrarily, it was reported that IOD and ksec slightly decrease with alkalinity (Elovitz et al.,
2000; Kim et al., 2020). However, generally smaller alkalinities were used in the studies men-
tioned above compared to the current study. Effects of alkalinity on ozone reaction kinetics
were found to level out at higher alkalinity (Elovitz et al., 2000). This could have resulted in
only small effects of alkalinity on ct, IOD and ks in the experiments shown here. These effects

could have been overlaid by small experimental or analytical errors.

Figure 4-9 shows the effects of alkalinity on SACazs, UV2s4 and bromate formation in final,
non-quenched samples of groundwater A. UV2s4 reduction was enhanced at 1.0 mgos/mgpoc
compared to 0.5 mgos/mgpoc, as expected. In contrast, SAC436 reduction was comparable at
1.0 and 0.5 mgos/mgpoc. As samples were diluted and actually measured absorbance values for
SACa36 were quite low in the samples presented here (as low as 0.15 m™ in non-quenched
samples and 0.02 m™! in quenched samples, measured in a 5 cm cuvette), the unexpectedly high
SACus6 at 1.0 mgosz/mgpoc may be due to measurement inaccuracy. Actually measured UV2s4

values were >> 1 m™! in all samples and may therefore be more resilient against analytical errors.
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Figure 4-9. Effects of alkalinity and specific ozone dose on relative residual color (SAC436/SACuasey), relative
residual UV absorbance (UV254/UV2s40) and molar bromate yield in the ozonation of finished groundwater A.5¢
(Table I1-1), pH 8.1, DOC 4.5 mg L', 3 = 19 °C. Non-quenched samples after complete ozone decomposition
are shown. Data with permission from Bharadwaj (2022)
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Samples that obtained the same ozone dose of both 0.5 or 1.0 mgos/mgpoc did not show a clear
trend regarding UV2s4 and SACase reduction, that could be ascribed to alkalinity in these non-
quenched samples. Results for SACa36 in quenched samples, as function of ct, are shown in
Figure II-13. At 0.5 mgos/mgpoc, SACss removal efficacy increased with decreasing
alkalinity (Figure I1I-13.a). However, no clear effects of alkalinity on SACa36 at 1 mgos/mgpoc
(Figure III-13.b) and on UV2s4 (Figure 11I-14) were discernible.

Reactions of *OH and bicarbonate produce carbonate radicals (CO3™), which are secondary
oxidants of ozone-based processes (von Sonntag and von Gunten, 2012). CO3™ and ozone are
both selective oxidants which is indicated by correlation of their reaction rate constants with
NOM aromaticity (Westerhoff et al., 1999; Yan et al., 2019). In contrast, *OH is less selective
(von Sonntag and von Gunten, 2012; Westerhoftf et al., 2007). Thus, it may also oxidize non-
activated aromatic moieties recalcitrant to ozone (Leresche et al., 2021). A combination of *OH
and ozone oxidation may therefore enhance the overall absorbance abatement by ozonation
(Wenk et al., 2013). The increased scavenging of *OH by bicarbonate presumably decreased
the activation of aromatic moieties by *OH. Conversely, oxidation of chromphores by CO3™
might not interact specifically with ozonation, as both oxidants are similarly selective. This
could result in decreased SAC436 reduction at increased alkalinity, i.e. increased *OH scaveng-
ing. However, as no consistent effects of alkalinity on absorbance were discernible for part of
the results shown here, overall effects of alkalinity on NOM absorbance abatement by ozona-

tion may be small.

An increase in SACa36 in final, non-quenched samples compared to previous samples was
observed (Figure I1I-13). This was not observed for UV2s4 (Figure 11I-14). This phenomenon
was not expected and highlights the need for further investigation of the effect of reaction time
on SACuse.

Bromate formation in final non-quenched samples was reduced at increased alkalinities of 3.15
and 3.6 mmol L' at specific ozone doses of both 0.5 mgos/mgpoc and 1.0 mgos/mgpoc (Figure
4-9). This was also observed for quenched samples which were used to depict molar bromate
yield as a function of ct in Figure II1-15.

It was assumed in chapter 4.2 that bromate formation pathways in groundwater ozonation
depend on specific ozone dose, but comprise oxidation of BrOH/BrO™ by *OH (direct-indirect,
pathway II) or oxidation of bromide by *OH (indirect-direct, pathway III) for many typical
conditions. CO3™, which increasingly substitutes *OH at increasing alkalinity, may not oxidize
bromide but BrOH/BrO™ (Yang et al., 2019b; Yang et al., 2019a). Due to the latter and an
increase in ct, an increase in bromate formation with alkalinity was observed in other studies
(Freer, 2020; Li et al., 2011; Song et al., 1996). However, similar to the results shown here, a
decrease in bromate formation with increasing alkalinity was observed in a study using
moderate ozone doses of 0.5 and 1.0 mgos/mgpoc (Glaze et al., 1993). At these relatively low

ozone doses, the indirect-direct bromate formation is not assumed the major bromate formation
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pathway, but may contribute significantly to bromate formation (chapter 4.2). This may have
reduced bromate formation at increased alkalinity for the results shown here. Moreover, CO3™
is a selective oxidant for chromophoric NOM moieties (Yan et al., 2019). For the water sample
presented here, with high content of chromophores, reaction with NOM might have consumed
COs3" and reduced its availability for oxidation of BrOH/BrO™.

In summary, ozonation at increased alkalinity resulted in a decrease in bromate formation. For
some of the experimental settings used here, results also indicate that this advantage might be

compensated by higher SACa36 values at increased alkalinity.

4.3.2 Effect of pH

The effect of groundwater pH on SACa36 removal and bromate formation was analyzed in batch
experiments using groundwater C (Preda, 2019). pH was adjusted with dosage of 0.1 M HCl or
0.1 M NaOH right before the experiments to avoid further changes in pH due to uptake or

release of CO;. Alkalinity was not adjusted and would therefore decrease with pH.

With increasing pH, ozone exposure generally decreases, which was considered to be mainly
due to faster ozone decomposition by deprotonated phenolic DOM moieties (Audenaert et al.,
2013; Buffle et al., 2006a). *OH exposure was observed to be independent of pH over a wide
pH range (pH 6-9) in decarbonated lake water, i.e. without *OH scavenger. This results in
higher Rt values at higher pH (Elovitz et al., 2000). However, a slight increase in *OH yield
with pH was reported for various NOM isolates at a similar pH range (pH 7-9), in presence of
*OH scavenger (Onnby et al., 2018). Based on these references, an increase in pH induces a

decrease in ozone exposure, at constant or increased *OH exposure and increased Re:.
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Figure 4-10. Effect of pH on SAC436 and bromate concentration after ozonation of groundwater C with 0.8
mgos/mgroc. pH adjusted from natural pH of 7.9 by addition of HCI or NaOH. DOC 3.5 mg L', 21 °C

53



Laboratory Batch Ozonation

A consistent trend for decreasing SACass with pH was observed in the ozonation of
groundwater C at 0.8 mgos/mgroc (Figure 4-10). UV2s4 was also abated more effectively at
lower pH (Figure III-16.a). Enhanced UV2s4 abatement at lower pH was observed previously
for the ozonation of NOM isolates at pH 7 and 11 (Remucal et al., 2020). This could be due to
increased ozone exposure at lower pH. However, the effect of increased ozone exposure may
partly be outweighed by slower reactions of DOM and ozone at lower pH (Audenaert et al.,
2013). Another potential reason for more intensive chromophore abatement at lower pH may
be found in pH-dependent reaction pathways of ozone and DOM. For the ozonation of phenol,
which is incorporated in reactive NOM moieties, a dependence of product yield on pH was
reported (Mvula and von Sonntag, 2003). At lower pH values, the yield of cis,cis-muconic acid
increases compared to other reaction products. The yield of cis,cis-muconic acid is associated
with ring cleavage reactions of NOM, which results in effective abatement of chromophores
(Wenk et al., 2013). This indicates that at lower pH, reactions of NOM and ozone which induce
reduction of UV-vis absorbance may be favored. Note that UV-vis absorbance of NOM
generally decreases with pH (Dryer et al., 2008). This could result in a slight overestimation of

the effects of pH on the ozonation of chromophores.

An increase in UV2s54/SACa36 was observed with decreasing pH (Figure I1I-16.b). Similarly,
slightly higher E2:E3 was observed in ozonation at pH 7 compared to pH 11 (Remucal et al.,
2020). This could be due to competition of different kinds of NOM reactions, as described

above.

The range of bromate concentration and SACase for pH 6-8.5 is illustrated in Figure 4-10. Bro-
mate formation peaks at pH 7 and would decrease from there both at lower and higher pH. The
lowest bromate concentration was measured at pH 8.5. At lower pH, the decisive bromate
intermediate BrOH/BrO™ (pKa. = 8.8) is increasingly protonated, i.e. present in BrOH form.
BrOH has lower reaction rates than BrO~ with both ozone (ksron.03 = 0, kpro-.03 100 M! s7)
and *OH (kpron.on = 2 - 10° M s, kpo-.on = 4.5 - 10° M! s71) (von Gunten, 2003b). The
lower reactivity of BrOH would slow down bromate formation via the direct-direct and the
direct-indirect pathways, as BrOH is a key intermediate in both (Figure 2-2). Additionally,
BrOH may be increasingly consumed by NOM at lower pH and would therefore not be availa-
ble for further oxidation (Song et al., 1997; von Gunten, 2003b). As a consequence of these
bromate-minimizing effects, linear decrease in bromate concentration with pH was observed at
constant ozone exposure (Legube et al., 2004). However, if the ozone dose is held constant at
reduced pH, as in the experiments shown here, ozone exposure would increase, at constant or
slightly lower *OH exposure (Elovitz et al., 2000; Onnby et al., 2018). This may enhance the
oxidation of both bromide and Bre by ozone and increase bromate formation via the direct-
indirect and the indirect-direct pathways (Figure 2-2). In the experiment shown in Figure 4-10,
an increase in bromate formation with decreasing pH was observed between pH 8.5 and 7.

Increased ozone exposure at lower pH might have outweighed slower oxidation of BrOH in this
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pH range. Similarly, a pH reduction from 8.0 to 7.1 did not result in significant bromate control
in the ozonation of another colored groundwater (Ikehata et al., 2013). However, below pH 7,
a decrease in bromate formation was observed, which is assumed to be due to negligible
concentrations of BrO™ below pH 7 (14 % of BrOH/BrO is present as BrO™ at pH 8 while only
1.6 % at pH 7 and 0.16 % at pH 6 for pKa. = 8.8). Moreover, total *OH yield may have been
lower, at lower pH (Onnby et al., 2018), which would reduce bromate formation also via the
indirect-direct pathway. Due to accumulation of BrOH at low pH values, bromo-organic
compounds may be formed, which are an undesired by-product of ozonation (Song et al., 1997;
von Gunten, 2003b).

It should be noted that alkalinity was reduced along with the pH due to increasing protonation
of carbonate species. As bromate formation in groundwater ozonation may be enhanced at
lower alkalinity (chapter 4.3.1), the variation in bromate formation shown might not be entirely

due to variation in pH.

Overall, ozonation at lower pH results in enhanced absorbance degradation, but may also result
in higher bromate formation, at constant ozone dose. However, higher absorbance reduction at
lower pH may allow a reduction of ozone dose and therefore result in a beneficial tradeoff
between color reduction and bromate formation. E.g., the ozonation of groundwater C at pH 6
with 0.8 mgos/mgroc resulted in SAC436 = 0.12 m™ and 24 pg L' bromate (Figure 4-10) while
ozonation with 1.0 mgos/mgroc at pH 7.9 resulted in SACa436 = 0.11 and 44 pug L' bromate
(Figure 4-5, Figure 4-6.a).

4.3.3 Effect of Temperature

Most batch experiments shown in this work were performed at room temperature of the labor-
atory, which was ~ 20 °C. However, temperature in groundwater treatment plants may be lower.
To improve the predictability of batch experiments for practical conditions, an additional set of

experiments was conducted with groundwater C at reduced temperature of 10 °C (Preda, 2019).

The impact of different ozone doses on SACa36 and bromate, at 10 °C and 20 °C, is shown in
Figure 4-11.a (SAC436) and Figure 4-11.b (bromate). SACa36 reduction was similar at 10 °C and
20 °C for specific ozone doses of 0.1 and 1.0 mgos/mgroc (Figure 4-11.a). For ozone doses in
between, SACa36 was lower at 10 °C. Bromate concentration was lower at 10 °C for the lowest
specific ozone dose of 0.1 mgos/mgroc but higher for specific ozone doses > 0.1 mgos/mgroc
(Figure 4-11.b). Thus, an increase in both SACa36 reduction and bromate formation was ob-

served for most specific ozone doses, except 0.1 mgos/mgroc.

Generally, a two- to threefold decrease in reaction rate, depending on the specific reaction, may
be expected for a temperature decrease of 10 °C (Blumenthal et al., 2006). Thus, ozone decay
at lower temperature is slowed down. In fact, for a temperature decrease of 10 °C, a duplication
of ozone exposure was observed (Elovitz et al., 2000). The *OH exposure was observed to

depend on the consumed amount of ozone and not the ozone exposure and thus be independent
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Figure 4-11. Effect of sample temperature on (a) SACass and (b) bromate concentration as a function of specific
ozone dose after ozonation of groundwater C. Note logarithmic scaling of (b). pH 8.0, DOC 3.5 mg L"!

of temperature (Elovitz et al., 2000; Kwon et al., 2017). However, contrary observations were

made in other studies. Both an increase (Shin et al., 2016) and a decrease (Kim et al., 2020) in

*OH exposure with temperature were observed in other studies, at constant ozone dose.

Predictability of *OH exposure in the experiments presented here is hampered by these contrary

literature findings.

As DOM is a major ozone consumer in water (Audenaert et al., 2013), it may be expected that
the slower ozone decay at lower temperature is governed by slower reaction rates of DOM with
ozone. However, lower SACa36 values were obtained at lower temperature (Figure 4-11.a).
Thus, it may be hypothesized that reaction rates of chromophoric DOM moieties with ozone
are less affected by temperature than other moieties. This could result in a more selective ozo-
nation of chromophores. Moreover, *OH yield from ozonation could have decreased at lower
temperature (Shin et al., 2016), which would slow down ozone consumption by radical chain
reactions and therefore increase the availabilily of ozone for direct reactions with chromophoric
DOM. However, as *OH exposure was not measured in the experiments shown here and
contrary literature findings were made on its temperature-dependence (see above), this

interpretation of lower residual SACa36 at lower temperature lacks verification.

Bromate formation is slowed down at lower temperature, if the ozone exposure is held constant
(Legube et al., 2004). This may be due to both decreased reaction rates of bromate intermediates
and lower *OH exposure, due to slower ozone consumption. However, at constant ozone dose,
as in the experiments shown here, ozone exposure is expected to increase at lower temperature
(Elovitz et al., 2000). This may have outweighed slower rates of bromate formation reactions.
In fact, an increase in bromate formation was observed at lower temperature, at specific ozone

doses > 0.1 mgos/mgroc (Figure 4-11.b). Only for the lowest ozone dose of 0.1 mgos/mgroc,
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bromate formation was lower at 10 °C compared to 20 °C. It is hypothesized that ozone con-
sumption by bromate intermediates was outcompeted by chromophoric DOM, at low ozone
dose. At higher ozone dose, chromophoric DOM may have been increasingly depleted and bro-
mate formation increased due to higher ozone exposure. An alternative explanation for lower
bromate formation at 10 °C and 0.1 mgos/mgroc implies that *OH exposure could have
decreased with temperature (Shin et al., 2016). At low ozone doses, i.e. high Re values, the
contribution of *OH to bromate formation, e.g. in the indirect-direct pathway, is high (Figure
I-2). However, this explanation remains unverified, as *OH was not measured and literature

findings on the effect of temperature on *OH are contrary (see above).

Figure I11I-17 depicts the trade-off between UV2s4 (Figure I1I-17.a) and SACasze (Figure I11-17.b)
reduction and bromate formation. For low UV2s54 and SACas6 reduction, i.e., relative reduction
smaller than 3040 %, bromate formation was lower at 10 °C while higher bromate formation
at 10 °C was observed for high UV2s4 and SACasz6 reduction. In combination with different
literature findings regarding the effect of temperature on *OH exposure, this highlights the need
to perform ozonation laboratory experiments under realistic conditions, which include realistic

temperature.

4.4 Bromate Minimization Techniques in Batch Ozonation

As it was shown in the previous chapters, ozonation of humic-rich groundwaters may produce
bromate concentrations beyond regulatory limits, i.e. 10 pg L' in many countries (WHO,
2018). At natural groundwater conditions regarding pH, alkalinity, bromide concentration and
DOC content, the 10 ug L' bromate limit was exceeded in five tested groundwaters at specific
ozone doses between 0.4 and 0.8 mgos/mgroc (Figure 4-6.a). Thus, the control of bromate for-
mation in groundwater ozonation may either allow the use of higher ozone doses or help to

further minimize bromate concentrations.

4.4.1 Effects of the Combined O3/H202 Process

The application of 0zone in combination with H>O; for the treatment of colored groundwater
was tested in batch experiments (see below) as well as in small-scale pilot experiments (chapter
5.3). For batch experiments, groundwater A was ozonated at 0.25, 0.5 and 1.0 mgos/mgpoc.
Ozonation was performed without H>O> (0 molu202/molos) and with H>O; added directly prior
to ozone at H»O,/O3 molar ratios of 0.5 and 2.0. Concentrations of dissolved ozone, H,O» and
SACas36 were measured at times 0.5, 1.5 and 5 min (ozone) or 5, 30, 60, 120 min, 1 d and 7 d
(SACas36, H2O2) while bromate was only measured once, several days after completion of the
experiment. A comprehensive overview on the effects of H,O> on the decolorization of ground-
water by ozone is given in Figure 4-12. Dissolved ozone was detected only in two samples, at
specific ozone doses of 0.5 and 1 mgos/mgpoc in samples without dosage of H>O» (Figure
4-12.d and g). Thus, ozone exposure could not be calculated accurately for the experiments. It

was observed previously that H>O» decreases ozone exposure significantly (Wang et al., 2018c¢).
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Figure 4-12. Dissolved ozone, SACa36 and H,O> relative concentrations over time (logarithmic scale) in batch
experiments with groundwater A.6r (Table II-1) at varying ozone and H,O» doses. (a) 0.25 mgos/mgpoc, 0
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The rate of ozone consumption by H>O> depends on H>O> concentration and, due to the initia-
tion by reaction with HO2", on pH. It may be calculated based on the assumptions of von
Sonntag and von Gunten (2012) (pKa (H202, HO2 ") = 11.8, ko203 = 9.6 - 105 M s7). For the
experiments presented in this chapter, i.e., at H2O2 doses of 12-192 uM and pH 8.4, pseudo-
first-order reaction rate constants of ozone decay by reaction with H>O; in the range of 0.046—
0.73 s™! may be assumed. This is in the range of ozone decay in DOM-rich waters. E.g., first-
order ozone decay rates between 0.3 and 0.4 s™! were measured in DOM-rich wastewater at pH

8 for the initial phase of reaction (Buffle et al., 2006a). Thus, HoO> may significantly enhance

sults from Eberhard (2021). Experimental conditions: pH 8.4, DOC 4.6 mg L', § = 20 °C

ozone decay even in organic-rich waters, if present at sufficient concentration.
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Residual amounts of H2O2 > 50 % were measured in all samples withdrawn at the first time
step of 5 min, at all H>O» doses tested (Figure 4-12). Slightly higher H,O, residuals were meas-
ured at 2 molu202/molos than at 0.5 molu202/molos which may be expected due to higher initial
H>0» concentrations. However, high residual amounts of ozone were also measured at 0.5
molmo2/molos (Figure 4-12.b, e and h), which is the stoichiometric ratio of the reaction of
ozone with H>O» (Equation 2-6) and should result in complete H>O> consumption if ozone re-

acted exclusively with H>O».

As discussed above, H>O, and DOM may react with ozone at similar rates, which predisposes
both to compete for ozone. In wastewater ozonation, the reaction of ozone with DOM was
reported to be dominant at low ozone or H>O doses (Buffle et al., 2006a). Thus, residual H>O»
was reported to exceed consumed H>O; at low H2O> doses in wastewater ozonation (Hiibner et
al., 2015). The portion of ozone reacting with H202, quantified as H>O»-induced hydroxyl rad-
ical yield, was observed to become more significant with increasing ozone dose, due to deple-
tion of fast-reacting DOM moieties (Pocostales et al., 2010). This may be the reason for a de-
crease of residual H2O> concentration at 1 mgos/mgpoc, compared 0.5 mgos/mgpoc (e.g., Figure
4-12.e and h). Likewise, a minor increase in total consumed H20> at 0.5 mgos/mgpoc (Figure
4-12.e) was measured, compared to 0.25 mgos/mgpoc. This is not reflected in the relative re-
sidual concentrations given, however total initial H2O> concentration increased with ozone
dose, at constant H>02/O3 ratio. After ozone depletion, H2O2 consumption in the water samples
continued. In some samples, especially at the lowest ozone dose of 0.25 mgos/mgroc, high
residual concentrations of H>O2 were still measured in the last aliquot that was withdrawn after
seven days. In large-scale application of ozone/H>O,, removal of H,O, after ozonation may

therefore be necessary to address H2O> drinking water limits.

For all ozone and H>O> doses tested, SACa36 decreased proportionally to ozone dose (Figure
4-12). In samples with H20: addition, 5-min SACas6 residuals increased with H2O> dose at 0.5
and 1 mgos/mgpoc (Figure 4-12.e, f, h and 1). At 0.25 mgos/mgpoc, a similar pattern was ob-

served for the increase of H>O» dose from 0.5 to 2 molu202/molos (Figure 4-12.b and c).

As discussed above, the addition of H2O: to an ozonation process shifts oxidant exposure from
ozone to *OH (Wang et al., 2018c). This is also indicated in the results shown here, as residual
ozone concentrations were only measured in samples without H>O> (Figure 4-12.d and g). In
comparison to ozone, *OH is less selective in oxidizing aromatic DOM structures (Remucal et
al., 2020; Wenk et al., 2013). This may explain the increase in SACas36 with H2O2 dose. A de-
crease in decolorization efficacy in the presence of H>O> was also observed in a pilot study for
groundwater decolorization using ozone (Tan et al., 1991). Similarly, in surface water treat-
ment, UV2s4 abatement (Stylianou et al., 2018a) and humic substances removal (Beniwal et al.,
2018) were less effective in the presence of HoO» than without. Contrarily, higher SUV A»s4
abatement in drinking water by ozone in combination with H2O2, compared to ozone alone, was

reported (Phungsai et al., 2019). This suggests that the efficacy of absorbance abatement by
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ozone/H>O; treatment may depend on water characteristics or experimental conditions. More-
over, at H>O»/O3 molar ratios exceeding the stoichiometric ratio of 0.5 molu202/molos, the hy-
droxyl radical exposure might have been decreased due to scavenging of *OH by H>O» (Glaze
et al., 1987; Gottschalk, 1996; von Sonntag and von Gunten, 2012). This would reduce the total

oxidant exposure in the samples, which is expected to result in high residual SACa36 values.

At the lowest ozone dose of 0.25 mgosz/mgpoc, SACa36 after ozone depletion was similar in the
sample without H>O» and at 0.5 moln202/molos (Figure 4-12.a and b). This indicates a low im-
pact of HoO2 on ozone exposure at low doses of both H2O» and ozone, due to high initial reac-
tion rates of DOM and ozone (Pocostales et al., 2010). Unexpectedly, in samples without H,O»
(Figure 4-12.a, d and g), SACa36 reached a minimum at 5 min after which it increased and
reached a plateau at 90 min reaction time. This phenomenon was observed similarly in chapter
4.3.1. After ozone depletion, SACa36 decay continued at all ozone doses tested. Thus, it is as-

sumed that the residual H>O; levels caused oxidation of chromophoric NOM moieties.

The effect of H>O; addition in combination with ozonation on bromate formation is depicted in
Figure 4-13. Results are shown relative to bromate concentrations in ozonated samples without
H>0O> dosage. A plot of molar bromate yield as function of specific ozone dose is given in
supplemental Figure III-18. The effect of H,O» addition on bromate reduction was largely de-
pendent on ozone and H>O» doses. At 0.25 mgos/mgpoc, addition of H>O» resulted in insignif-
icant reduction in bromate by 1015 % and 1£2 % for H>O> doses of 0.5 and 2 molx202/molos
compared to non-H202 ozonation. At 0.5 mgos/mgpoc, bromate formation was reduced by
30+4 % and 38+9 % while bromate was most significantly reduced by 66+0 % and 88+2 % at

1 mgos/mgpoc.
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Figure 4-13. Reduction in bromate formation (as percentage of non-H,O; ozonated samples) in batch experi-
ments with groundwater A.6r (Table 1I-1) at varying ozone and H,O» doses. Results adapted from Eberhard
(2021). Experimental conditions: pH 8.4, DOC 4.6 mg L™, 8 = 20 °C
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The addition of H>O» decreases direct reaction of ozone with bromate intermediates and may
therefore reduce bromate formation, especially via the direct-direct but also via other pathways
(Soltermann et al., 2017). Moreover, H>O> reduces the bromate intermediate BrOH to bromide
(von Gunten and Oliveras, 1997), which would abate bromate formation via both the direct-
direct and the direct-indirect pathways. Diametrically, bromate formation involving oxidation
by the hydroxyl radical is enhanced in the presence of H>O». This is evidenced in the presence
of ammonia, which abates bromate formation via the direct-direct and the direct-indirect path-
ways (Pinkernell and von Gunten, 2001; Wu et al., 2020). H>O; addition escalates bromate
formation under these conditions due to an increased hydroxyl radical yield (Hofmann and An-
drews, 2006). Consequently, the bromate minimization impact of H>O, depends on specific
reaction conditions. H>O2 was successfully applied to reduce bromate formation at relatively
high ozone doses (> 0.5 mgosz/mgc) in the ozonation of surface water (Bourgin et al., 2017; Yu
et al., 2020) and wastewater (Lee et al., 2016). High ozone doses imply low R values (Shin et
al.,2016), at which molecular ozone contributes significantly to bromate formation (Figure I-2).
Under these conditions, H2O> may mitigate bromate formation, as it is shown for ozone doses
of 0.5 and 1 mgos/mgpoc in Figure 4-13. However, the enhancement of hydroxyl radical-in-
volved bromate formation by H>O> may also exceed the reduction in ozone-involved bromate
formation, resulting in a net increase in bromate concentration. This was observed for relatively
low ozone dose in one out of three surface waters (Yu et al., 2020) and in specific wastewater
matrices (Lee et al., 2016).

The production of hydroxyl radicals from ozone and H2O> reaches a maximum at approximately
0.5 molu202/molos, while both ozone exposure and BrOH concentration are still controlled at
higher H>O> doses. Thus, the ability of H>O; to reduce bromate formation increases with H2O-
dose (von Gunten and Hoigne, 1994; von Gunten and Oliveras, 1998). High H.O> doses may
reduce bromate formation at a variety of experimental conditions including low ozone doses
(Lekkerkerker-Teunissen et al., 2012; Soltermann et al., 2017). This could also be observed at
2 moliz02/molos, which resulted in higher bromate abatement than 0.5 molm202/molos (Figure
4-13). Excessive H20O2 dosing may increase the operational costs of groundwater treatment.
Moreover, maximum dosing and residual concentrations of H>O> need to be considered (in

Germany, 17 mg L'! and 0.1 mg L', respectively (Umweltbundesamt, 2021)).

In conclusion, the application of ozone in combination with H>O, decreased bromate formation
but also increased residual SACa36. The impact of H>O» increased both with ozone dose and
with H>O> dose. Figure III-19 is a comprehension of SACa36 versus bromate values for the
ozone and H>O> tested here. As SACazs showed further decrease after ozone consumption, val-
ues after one hour (Figure III-19.a) and seven days (Figure I1I-19.b) are depicted. The value
obtained after one hour should be more realistic for practical application as it is assumed that
H>0; would be removed after ozone depletion and would therefore not be available for further

reaction. After one hour (Figure I11-19.a), bromate formation was similar or higher when H>O»
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was applied, at comparable SACa36. SACas¢/bromate combinations obtained after reaction time
of one week (Figure I1I-19.b) do not reveal a beneficial combination of ozone and H>O; as all
values are described by similar graphs. For both reaction times, the application of H>O> in com-
bination with ozone did not significantly improve the trade-off between decolorization and bro-

mate formation beyond the effect of reduction in specific ozone dose.

To examine the effects of ozonation in combination with H>O, dosage in other groundwaters,
additional experiments with groundwaters C and E were performed, at one ozone dose each
(0.8 and 1.14 mgos/mgroc). A similar trade-off between bromate minization and SACa36 in-
crease was observed in these groundwaters, indicating similar mechanisms as discussed above

for groundwater A. (Figure I11-20).

4.4.2 Multi-stage Ozone Dosage

Experiments with multi-stage ozone dosage, i.e. partitioning of the total ozone dose into smaller
aliquots, were performed with groundwater C (Preda, 2019). The specific ozone dose of 0.8
mgos/mgroc was added to the water sample in 1-5 aliquots. This procedure was supposed to
mimic multi-stage ozonation with different number of stages. Equilibration time between the

dosing steps was 10 min to allow complete ozone depletion in between.

Figure 4-14 illustrates the effect of different number of ozone stock solution aliquots on SACa36
and bromate obtained in the final sample. With increasing number of aliquots, SACa36 de-
creased. Similar to the results shown here, enhanced reduction of UV3s4 was observed when
ozone was added in a multi-step procedure to NOM isolates at neutral pH (Lienhard and Son-
theimer, 1979).
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Figure 4-14. Effect of partitioned dosing of ozone on SAC436 and bromate. Stock solution volume to apply spe-
cific ozone dose of 0.8 mgos/mgroc was partitioned into 1, 2, 3, 4 or 5 aliquots dosed in 10 min intervals. Results
adapted from Preda (2019). pH 8.0, DOC 3.5 mg L', 21 °C
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The use of smaller ozone doses changes ozone/NOM ratios. It has been shown that reaction
products of ozone and phenols vary depending on the ozone/phenol ratio due to competition of
different reactants for ozone (Mvula and von Sonntag, 2003). It is plausible that this competi-
tion kinetic approach also applies for NOM. As chromophoric NOM moieties show high reac-
tion rates with ozone (Westerhoff et al., 1999), they could be oxidized preferentially, at limited
ozone availability. This would result in enhanced removal of absorbance, e.g. of SACazs. It is
also viable that a shift in reaction conditions of NOM implies a change in *OH yield. At lower
*OH yield, direct ozonation of chromophores may be enhanced. In the same study cited above
(Lienhard and Sontheimer, 1979), no difference in UV2s4 reduction between single-step and
multi-step ozone dosage was observed at pH 2. At pH 2, the *OH yield of NOM ozonation is
significantly lower than at neutral pH (Onnby et al., 2018). Generally, a decrease in *OH yield
would also decrease the maximum potential of *OH yield reduction. Contrawise, at neutral pH,
a high overall *OH yield would allow more significant reduction in *OH yield. Note that no
effects of pH on *OH yield were reported elsewhere (Mvula and von Sonntag, 2003). Due to
this contradiction and the lack of *OH measurements for the results presented here, the

explanation of higher absorbance removal due to lower *OH yield must remain hypothetical.

Similar to SACa36, bromate concentrations in ozonated samples decreased with increasing
number of dosing steps (Figure 4-14). The discussion on the effect of ozone limitation on
SACa36 removal may also explain the effect on bromate. If NOM moieties with high ozone
reaction rates preferentially consume ozone at low ozone dosing concentrations, this may re-
duce ozone availability for direct reaction with bromide and BrOH. Moreover, if *OH yield is

reduced, this would also decrease bromate formation.

Despite uncertainties about the underlying mechanisms, multi-stage ozone dosage resulted in
clear improvements in both SACass removal and bromate minimization. Thus, it is considered
a viable option for optimization of the ozonation-biofiltration process with regard to bromate
minimization. If multi-stage ozonation is combined with an intermittent biological degradation
step, e.g. biofiltration, biodegradable organic compounds may be removed before the next 0zo-
nation stage. These compounds are therefore not consuming ozone in the subsequent ozonation
stage. Higher overall DOC removal rates were reported for multi-stage ozonation with inter-
mittent biodegradation (Nishijima et al., 2003; Yasui and Miyaji, 1992). Intermittent biodegra-
dation could also allow the reduction of overall ozone dose. This would further reduce the for-

mation of bromate and other ozonation by-products.
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5 Small-scale Pilot Ozonation-biofiltration

This chapter presents results of small-scale pilot experiments for groundwater decolorization at
groundwater treatment plants A and E. Both plants produce drinking water with visible color
(SACu36) around (groundwater E, SACu36 = 0.5 m™) or above (groundwater A, SACa36 =~ 0.8—
0.9 m™!) the German drinking water limit of 0.5 m™! (Trinkwasserverordnung, 2001). The small-
scale pilot plant is schematized in Figure II-8 and described in chapter 3.2.2. A first set of
experiments focussed on ozonation under different operating conditions, comparison to batch
experiments and bromate minimization strategies (H2O2 or ammonia addition, pH depression).
A second set of experiments focussed on the effects of combined ozonation and biofiltration.
For most experiments conducted, finished drinking water was used, however, additional exper-
iments were conducted with raw water and aerated, non-filtrated raw water at groundwater
treatment plant A. Part of the results shown here for groundwater treatment plant E were elab-
orated within a Master’s thesis at Hamburg University of Technology (Sellmann, 2020). More-

over, excerpts of the results shown here were presented before in Kdmmler et al. (2021).

5.1 Comparison to Batch Experiments

Small-scale pilot experiments were performed with water samples similar to those that were
used for batch ozonation experiments (chapter 4). Thus, results of small-scale pilot and batch
ozonation obtained with groundwaters A and E were compared. Data for groundwater samples
were shown and discussed previously in chapter 4.1. Small-scale pilot experiments were per-
formed on other days than sampling for batch experiments was done, which resulted in slightly
different water quality, e.g. higher temperature and pH in batch experiments due to sample
adaptation to atmospheric conditions during transport and storage.

Generally, groundwater E showed lower decolorization performance than groundwater A (Fig-
ure 5-1.a), which was discussed for batch experiments before (Figure 4-5.c, chapter 4.1). For
both groundwaters A and E, a lower ozone dose was needed for SACa36 reduction in batch than
in pilot ozonation. A similar pattern was obtained for UV2s4 reduction in groundwater A while
UV3s4 reduction in groundwater E was comparable in batch and pilot experiments (Figure
5-1.b). Bromate formation was similar for batch and pilot ozonation in groundwater A while
pilot ozonation of groundwater E resulted in significantly higher bromate formation than batch
ozonation at ozone doses above 0.5 mgos/mgroc (Figure 5-1.¢). To exclude the possibility that
different patterns obtained by pilot and batch ozonation result from systematic error regarding
ozone dose in one of the ozonation setups, UV2s4 reduction was plotted against bromate for-
mation (Figure 5-1.d). By this, ozonation results may be discussed independently of ozone dose.
For both groundwaters A and E, molar bromate yield was smaller in pilot than in batch ozona-
tion for relative UV2s4 reduction of up to approximately 30—40 %. For higher UV2s4 reduction,

bromate formation was clearly enhanced in pilot experiments.
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Figure 5-1. Results of of small-scale pilot experiments compared to batch ozonation for groundwaters A and E.
(a) Relative residual SACas6 versus specific ozone dose; (b) relative residual UVss4 versus specific ozone dose;
(¢) molar bromate yield versus specific ozone dose; (d) molar bromate yield (logarithmic scale) versus relative
UVas4 reduction (1-UV2s4/UVass0) Experimental data and exponential fits (y = a - exp(b - x)). Fitting parameters:
a=0.0002,b=12.2,R?=0.98 (E pilot); a=0.0012, b = 7.4, R? = 0.97 (E batch); a=0.0003, b =113, R =0.99
(A pilot); a=0.0009, b= 7.9, R? = 1.0 (A batch). Experimental conditions: 13 °C, 5.7 mgroc L', pH 8.0 (E pi-
lot); 20 °C, 5.9 mgroc L, pH 7.8 (E batch); 15+1 °C, 4.5 mgroc L, pH 7.6 (A pilot); 20 °C, 4.6 mgroc L', pH
7.8 (A batch). Water samples used: Groundwater A and E for batch experiments (Table 3-2), Groundwater A.1
(Table II-1) and E.1¢ (Table 1I-2) for pilot experiments.
The coincidence of this phenomenon in both groundwaters suggests that this pattern may be
due to reaction conditions in pilot and batch ozonation. E.g., a major difference between both
ozonation setups is in dosing mechanisms, i.e. addition of ozone stock solution in batch exper-
iments and ozone gas venturi injection in pilot experiments. Similarly, it was observed that
bromate formation in batch ozonation may either be lower or higher than in membrane
ozone/H>O» application (Merle et al., 2017; Stylianou et al., 2018b) and in membrane ozonation
(Kdmmler et al., 2022) depending on the operating conditions. An alternative explanation may

be the higher temperature of 20 °C in batch ozonation compared to 13—16 °C in pilot ozonation.
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This could also have resulted in lower bromate formation, similar to the batch ozonation of
groundwater C at 10 °C and 20 °C (Figure 4-11, Figure I1I-17). To interpret the results obtained
in this study, it should be noted that realistic ozone doses for groundwater decolorization are in
the range of 0.2—0.4 mgos/mgroc and result in molar bromate yield of = 0.01 (chapter 4.1). In
this range, batch and pilot ozonation resulted in similar combination of UV2s4 reduction and
molar bromate yield (Figure 5-1.d). However, the congruence of results shown here with larger

plants or other ozone dosing systems is not suppositional and warrants further research.

5.2 Ozone Decay and Reaction Kinetics in Organic-rich Groundwater

Ozone decay kinetics were examined in groundwaters A and E in small-scale pilot experiments.
Dissolved ozone measurements were made with an online sensor at different sampling ports
mounted on a column reactor (Figure II-8). A correlation to reaction time was made by dividing

reactor volume and water flow rate.

Figure 5-2.a depicts ozone decay kinetics in groundwater A as relative logarithmic plot. From
the first data point measured, i.e. after the immediate ozone demand (IOD) phase, ozone decay
was exponential, which appears as linear plot for logarithmic values. Linear slopes shown in
Figure 5-2.a were used to calculate the first-order ozone decay rate constant Kgec. Ksec Values in
the range of 1.7 - 107 s to 1.7 - 10 s”! were measured in groundwater A and decreased with
specific ozone dose. ksec for other experiments, e.g. with groundwater E, are listed in Table
II-2. ke in groundwater E was faster than in groundwater A (up to 4.7 - 102 s at 0.5
mgos/mgpoc, Figure I11-23.a). Lower Ksec values in the range of 2.7 - 10%s! to 1.5 - 102 s™!
were reported for natural waters and NOM isolates (Elovitz et al., 2000; Kwon et al., 2017;
Shin et al., 2016; Westerhoff et al., 1998).
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Figure 5-2. Reaction kinetics of ozone in finished groundwater A.1r (Table II-1). Experimental conditions: 3 =

14 °C, DOC 4.5 mg L', pH 7.7. (a) logarithmic relative ozone decay kinetics plotted as In(cos/cos,0), R?> = 0.98,

1.00 and 0.97 for 1.58, 1.08 and 0.54 mgos/mgpoc. (b) Specific ozone consumption (normalized to influent sam-
ple DOC concentration) with immediate ozone demand (IOD) after 25 s.
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Similar to the groundwaters used here, ks in wastewater ozonation may exhibit values of up
to 3.1 - 102 5! (Néthe et al., 2009). The high ozone decay-rates in the samples used here may
be due to their relatively high SUV A»s4 (Table 3-2) (Westerhoff et al., 1999). Moreover, NOM
from highly reduced environments may be rich in lignin-like material (K6lle, 2010) and exhibit
high electron donating capacity (EDC) (Walpen et al., 2018). Generally, this could indicate a
high content of phenolic compounds in reduced groundwaters (Aeschbacher et al., 2012). Phe-
nols exhibit high reaction rates with ozone (Houska et al., 2021), which could explain the high
ksec in groundwaters used here. Within the groundwaters A and E, higher kec in groundwater E
indicates that the composition of NOM moieties may be different. Groundwater E exhibits low
sulfate concentration (1 mg L', Table 3-2). This indicates that groundwater E is highly reduced
(Kolle, 2010), which could in turn imply a high phenol content (Walpen et al., 2018). Moreover,
total alkalinity of groundwater E is low (Table 3-2), which implies low *OH scavenging by
carbonate and bicarbonate and therefore enhanced ozone consumption (Elovitz et al., 2000).

Figure 5-2.b depicts specific 0zone consumption, i.e., consumed ozone amount per initial DOC
concentration, versus reaction time. At the lowest ozone dose of 0.5 mgos/mgpoc, 0zone was
completely consumed at well below 300 s. At 1 and 1.5 mgos/mgpoc, 0zone consumption in-
creased in very similar way after the IOD phase, which consumed slightly more ozone at 1.5
mgoz/mgpoc. The 10D increased with specific ozone dose and was in the range of 0.42—-0.62
mgos/mgpoc for groundwater A. This was only slightly lower than the IOD in groundwater E
(0.46-0.67 mgos/mgpoc, Figure I1I-23.b). Specific IOD values in natural waters were reported
in the range of 0.15 to 0.5 mgos/mgpoc while ozonation of more aromatic and reactive NOM
isolates may result in IOD values of up to 1 mgos/mgpoc (Cho et al., 2003; Kwon et al., 2017,
Park et al., 2001; Shin et al., 2016). Similar to ksec, the IOD in organic-rich groundwater is

therefore in the upper range of reported literature values.
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Figure 5-3. Immediate ozone demand (IOD) after 25 s reaction time in raw groundwater (A.1r) and finished
groundwater (A.1r). 14-17 °C, DOC 4.5 mg L', pH 7.6 (finished), DOC 6.1 mg L', pH 7.8 (raw) (Table II-1)
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Figure 5-3 shows the IOD for raw groundwater A compared to finished, i.e., aerated, coagulated
and filtered groundwater A. The IOD in raw water was increased compared to finished water.
Reduced inorganic species in anoxic groundwater, e.g. Fe?", H,S and NO,~ exhibit reaction
rates with ozone in the 10° M™! s”! range (von Gunten, 2003a). Resulting half-life times of these
species, even at a low ozone concentration of 1 mg L', are < I s, which is fast enough to allow
significant oxidation of inorganic compounds within the IOD phase. For the groundwater tested
here, mainly H>S may be expected from the water supplier’s regular analyses. Moreover, the
raw water shown exhibited slightly higher pH (7.7 versus 7.6, Table 1I-1) and higher SUV A2s4
(3.9 versus 3.2 L mg!' m™"), which may have increased its reactivity with ozone (Westerhoff et
al., 1999).

Dissolved ozone concentration measurements from the ozonation of groundwater A at pilot-
scale were used to calculate the ozone exposure at different specific ozone doses of 0.11-1.07
mgos/mgpoc. Figure 5-4 depicts the effects of ozone exposure (ct) on (a) residual SACass, (b)
residual UV2s4 and (c¢) molar bromate yield. SACs36 and UV2s4 decreased rapidly to approxi-
mately 50 % and 70 % of initial values at ct << 1 mg L' min. At higher ozone exposition,
SACaz6 and UV2s4 reduction was increasingly ineffective. This was expected based on the de-
pendence of absorbance reduction on specific ozone dose (Figure 4-5). Bromate yield increased
with ozone exposure (Figure 5-4.c and d) as expected based on the contribution of ozone in
direct and direct-indirect bromate formation (Figure 2-2). The initial increase in bromate con-
centration was more enhanced than at higher ozone exposure, which is indicated by the steeper
slope of the first datapoints given. This may be due to disproportionally high R values at low
ozone exposure (Buffle et al., 2006a).
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Figure 5-4. impact of ozone exposure (ct) on (a) residual SACuase, (b) residual UV,s4 and (¢) molar bromate yield

in the ozonation of finished groundwater Al.r (small-scale pilot). (d) showing molar bromate yield (y-axis) ver-

sus ct (x-axis) for ¢t < 0.5 mg L! min. Results obtained from experiments with specific ozone dose of 0.11-1.07
mgo/mgpoc. 3 = 14-17 °C, DOC 4.5 mg L', pH 7.6 (see Table 1I-1 for details)
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Overall, ozone consumption in organic-rich groundwaters is fast due to high reactivity of NOM.
This indicates high content of reactive NOM moieties, e.g. phenols, which is also suggested by
the fact that organic-rich groundwaters may be highly reduced. 10D values of ~ 0.5
mgos/mgpoc have been measured. SACa36 and UV2s4 show high removal rates at low ozone
exposure and smaller rates at later stage. Formation of bromate was observed even at low ozone

exposure, presumably due to high R values.

5.3 Biofiltration of Ozonated Water
5.3.1 General Performance

Ozonation experiments with subsequent biofiltration were conducted at groundwater treatment
plants A and E. Maximum applicable ozone doses with regard to bromate formation were de-
termined in pre-experiments. Specific ozone doses for ozonation-biofiltration were 0.33-0.46
mgosz/mgroc (groundwater E) or 0.17-0.28 mgos/mgroc (groundwater A). Feed gas concentra-
tions were determined after initial ozonation experiments as process settings with good color
removal but low bromate formation. The biofilter was usually operated at 10 L h™!, i.e. filter
velocity of 1.3 m h'! and empty-bed contact time (EBCT) of 71 min. At groundwater treatment
plant E, finished water was used as the small-scale pilot plant influent. Measuring data from the
start-up at groundwater treatment plant E phase is presented in Figure I1I-26. After approxi-
mately 4050 days operation, SACa36, UV2s54 and TOC in the biofilter effluent equilibrated after
low initial values due to GAC adsorption (Terry and Summers, 2018).
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Figure 5-5. LC-OCD-UVD tracking of ozonation-biofiltration in groundwater treatment. (a) groundwater A.44
(aerated groundwater before coagulation and filtration), TOC 4.0 mg L', 0.28 mgos/mgroc, pH 7.9, 16 °C. (b)
groundwater E.2r (finished drinking water), TOC 6.3 mg L', 0.36 mgos/mgroc, pH 7.8, 15 °C. EBCT 71 min for
(a) and (b). Samples: O3 (ozonation effluent/biofilter influent), O3+GAC (effluent of granular activated carbon
(GACQ)), O3+GAC+phonolithe (biofilter effluent after ozonation, GAC and phonolithe filtration). LC-OCD-
UVD fractions (Huber et al., 2011): I — humic substances, II — building blocks, III — low molecular-weight acids
and humic substances, [V — low molecular-weight neutrals
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Figure 5-5 shows the impact of ozonation-biofiltration on LC-OCD-UVD fractions of ground-
water A (Figure 5-5.a) and groundwater E (Figure 5-5.b) for a single representative sampling
day. Ozonation affected the organic carbon (OC) composition of humic substances (HS, frac-
tion I), building blocks (BB, fraction II) and low molecular-weight acids (LMWA, fraction III)
and reduced the UV absorbance of all NOM fractions, as discussed in detail in chapter 4.1. The
impact of ozonation on the OC signal was more significant in groundwater E, which may be
due to the slightly higher specific ozone dose used (0.36 mgosz/mgroc while 0.28 mgosz/mgroc
for groundwater A).

Biofiltration (GAC + phonolithe) decreased the concentrations of BB and LMWA and resulted
in lower OC signal intensities than in the plant influent. This is assumed to be due to bacterial
processing, as these NOM fractions are small enough to enter GAC pores (Velten et al., 2011)
and well biodegradable (Lautenschlager et al., 2014). A slight decrease in UV signal was in-
duced by biofiltration, mainly in BB and LMWA fractions but also in smaller HS fractions
(Figure 5-5.a). However, the decrease of UV was smaller than of OC.

For groundwater E, an additional LC-OCD sample was taken from a sampling point between
the GAC and phonolithe filter layers (Figure 5-5.b). However, no differences were discernible
between LC-OCD-UVD analyses of GAC and GAC/phonolithe filtered water. Therefore it is
assumed that most significant biofiltration processes occurred in the GAC layer. This may be
due to an empty-bed contact time (EBCT) of 19 min in the GAC layer, which may suffice for
removal of biodegradable compounds (Melin and @degaard, 2000; Terry and Summers, 2018).

The impact of ozonation in combination with biofiltration on bulk NOM parameters and bro-
mate concentration in groundwaters E and A is depicted in Figure 5-6. SACa36 and UV2s4 were
reduced significantly by ozonation in groundwater E (Figure 5-6.b). GAC filtration resulted in
further decrease of both SAC436 (mean overall removal rate of 39 %) and UV2s4 (mean overall
removal rate of 47 %). Note that the preferred removal of UV2s4 over SACa36 by 0zonation was
only observed for groundwater E, among five groundwaters tested (chapter 4.1.2). Phonolithe
filtration had minor impact on SACas36 and UV2s4 (GAC + phonolithe). Data scattering of
groundwater A samples was more enhanced as plant influent was obtained directly from sand
filter effluent, with alternating wells in use. Similar to groundwater E, biofiltration of ground-
water A resulted in further decrease of SACa3s and UV2s4 (mean overall removal rates of 45 %
for SACuzs and 27 % for UV2s4, Figure 5-6.a). Color removal in biofiltration of ozone-treated
water was observed previously in another study, for different filter materials (Rittmann et al.,
2002). As removal of UV absorbance was mainly due to removal of biodegradable fractions
(BB and LMWA, Figure 5-5.b), it is viable that the additional absorbance removal in biofiltra-
tion was due to biodegradation. However, adsorptive processes may occur in biologically active
GAC filters over a long time period and may also induce absorbance removal (Terry and Sum-
mers, 2018).
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Figure 5-6. Small-scale ozonation-biofiltration results for (a) groundwater A after aeration, coagulation and fil-
tration, specific ozone dose = 0.22+0.03 mgo3/mgroc, EBCT 71 min, pH 7.6-7.9, 15-16 °C, n = 5 samples, bro-
mate below limit of quantification (LOQ) of 1.5 ug L™ in one sample (approximation: 0.5 - LOQ) and below
limit of detection (LOD) of 0.5 pg L' in four samples (approximation: 0.5 - LOD); (b) finished groundwater E,
specific ozone dose 0.38+0.06 mgo3s/mgroc, EBCT 35—71 min, pH 7.6-7.9, 15-16 °C, n = 6 samples (SACusg,
UVss4, TOC) n = 3 samples (bromate); Sample abbreviations: O3 = ozonation effluent; O3 + GAC = ozonation
effluent filtered by granular activated carbon (GAC); O3 + GAC + phonolithe: ozonation effluent filtered by
GAC and phonolithe; w/o O3: effluent from second, identical biofilter with non-ozonated water as influent. Note
different y-axis scaling of (a) and (b).

TOC concentration of groundwater E showed minor decrease in ozonation (5 % of initial con-
centration) but was further decreased in GAC and phonolithe filtration to a total of 19 % reduc-
tion (Figure 5-6.b). Approximately 10 % TOC reduction were also obtained by biofiltration of
non-ozonated groundwater E (Figure 5-6.b, Figure 111-26.d), while SAC436 was marginally af-
fected (Figure 5-6.b, Figure I1I-26.c). In groundwater A, TOC concentration increased slightly
in the ozonation stage by 2 %, which may be due to experimental or analytical error. An overall
TOC reduction of 6 % was achieved by ozonation, GAC and phonolithe filtration of ground-
water A. The lower TOC reduction efficacy compared to groundwater E may partly be due to
lower ozone dose. However, TOC removal in both groundwaters by ozonation-biofiltration lies

well within the range reviewed by Terry and Summers (2018) (TOC removal rate 3—47 %,
median 15 %, n=72).

Bromate concentration in groundwater E was approximately 3 pg L™ after ozonation and stayed
<< 10 pg L' in all samples measured. In the start-up phase with virgin GAC, partial bromate
removal in the GAC layer was observed (Figure I1I-26.e). This may be due to chemical reduc-
tion of bromate which occurs in virgin activated carbon but not at later stage (Huang and Chen,
2004). Increased ozone dose was applied to improve SACasz6 removal but resulted in bromate
formation ~ 10 ug L' (Figure I11-26.¢). Thus, increase in ozone dose and therefore color re-
moval were constrained by bromate formation in this case, without bromate minimization strat-

egies. Bromate concentration in groundwater A was below the limit of quantification
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(1.5 ug L") in all samples measured. A slight increase in ozone dose and therefore bromate

formation may therefore be acceptable to improve decolorization efficacy for groundwater A.

Ozonation-biofiltration was performed with an additional water quality at groundwater treat-
ment plant A, i.e. acrated water before coagulant addition and filtration (Figure III-25). Results
were similar to finished, i.e. aerated, coagulated and filtered groundwater E. This was expected
as only low differences in relevant water quality parameters (TOC, UV2s4, SACaz6, bromide)

were measured between these water qualities.

In conclusion, removal of SACas36 and UV2s4 mainly occurred in ozonation and to some extent
in biofiltration. Biofiltration resulted in more enhanced TOC removal than ozonation alone and
concomitantly reduced UV2s4 and SACa36. Ozonation-biofiltration resulted in SACaz6 removal
of 39 % in groundwater E (SACu36 < 0.3 m™) and 45 % in groundwater A (SACa36 < 0.5 m™).
Bromate formation was controlled << 10 ug L' for both groundwaters, however limited the
application of higher ozone doses and decolorization rates. Groundwater A (high bromide con-
tent) and groundwater E (color increase at low ozone dose) may be considered difficult for
ozonation-biofiltration. For other groundwaters used in this work, higher decolorization rates

of up to 70 % may be expected, based on results of batch experiments (chapter 4.2).

5.3.2 Microbiological Characterization of the Ozonation-Biofiltration Process

Biological growth potential and microbiological stability of ozonated-biofiltered water were
assessed by measurement of assimilable organic carbon (AOC). AOC is the increase of carbon
mass incorporated in bacterial cells (Hammes and Egli, 2005; Ross et al., 2013; van der Kooij
et al., 1982). Thus, total cell count (TCC) was measured at different points of the small-scale
pilot plant right after sampling. Samples were then incubated at 30 °C, with regular measure-
ments of TCC. AOC was quantified by indirect determination of changes in bacterial biomass
(107 pgaoc cell!, Hammes et al., 2006). Moreover, incubated samples were analyzed for their
content of low nucleic-acid (LNA) and high nucleic-acid (HNA) cells and for their TOC con-
centration. Initial TCC (after sampling) were 1.56 - 10° cells mL™! (ozonation influent), 2.74 -
10° cells mL™! (O3 + GAC) and 2.41 - 10° cells mL! (O3 + GAC + phonolithe), indicating
bacterial regrowth within the biofilter. The ozonated sample (O3) showed a high degree of in-
active cells and was therefore filtered (0.1 um) and inoculated (1:10) with ozonation influent.

High cell counts in biofilter effluents reflect high biological activity (van der Kooij et al., 1989).

Figure 5-7 depicts AOC concentrations in groundwater E for batch ozonation at varying specific
ozone doses and for small-scale pilot ozonation with subsequent biofiltration. For batch ozona-
tion, a strong correlation between AOC and specific ozone dose was observed. Similarly, a
linear correlation of AOC and ozone dose was reported for low ozone doses of up to approxi-
mately 1 mgos/mgpoc (van der Kooij et al., 1989). Despite dilution by ozone stock solution
(factor 1.04—1.43), AOC after ozonation showed good agreement between batch and small-

scale pilot ozonation. Good agreement of AOC data was previously observed between batch
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tests and full-scale treatment (Hammes et al., 2006). Ozonation in the small-scale pilot plant
with 0.36 mgos/mgroc increased the AOC concentration significantly from 41 to 185 pg L
(Figure 5-7). Increased AOC may stimulate growth of bacteria, including pathogens, in ozo-
nated water (Park et al., 2016). Biofiltration resulted in reduction of AOC from 185 pg L to
55 ug L' in the GAC layer and to 48 pg L! in the phonolithe layer. The overall removal of
AOC in biofiltration was 74 %, which is slightly higher than the 40-59 % AOC removal ob-
served in other studies (Pharand et al., 2015; Tan and Johnson, 2001; van der Kooij et al., 1989).
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Figure 5-7. AOC levels after batch and small-scale pilot ozonation of groundwater E and effect of biofiltration
(GAC + phonolithe) on AOC. Batch: pH 7.8, TOC 6.1 mg L', 20 °C (Table 3-2). Pilot: 0.36 mgos/mgroc, pH
7.8, TOC 6.3 mg L', 15 °C, EBCT 71 min. Sample abbreviations: O3 = ozonation effluent, O3 + GAC = ozona-
tion effluent filtered by granular activated carbon (GAC), O3 + GAC + phonolithe: ozonation effluent filtered by
GAC and phonolithe. Dilution of batch samples by addition of ozone stock solution balanced by multiplication
with dilution factor. AOC determination by flow cytometric cell counting (correlation 10”7 pgaoc cell”!, Hammes
et al., 2006). Standard deviations show incubation aliquots (n = 3) obtained from the same original sample.
Batch results adapted from Sellmann (2020)

During the incubation of small-scale pilot samples, a decrease of TOC compared to non-incu-
bated samples was measured in all samples (Figure 5-8). TOC decrease was most significant in
the initial phase but was proceeding for the whole incubation period of 28 d. Ozonated (Figure
5-8.b) and biofiltered (Figure 5-8.a and b) samples showed enhanced TOC decrease compared
to the influent sample (Figure 5-8.a). Decrease of TOC concentration in incubation may serve
as indicator for biodegradable dissolved organic carbon (BDOC), similarly to incubation meth-
ods described elsewhere (Gregorich et al., 2003; McDowell et al., 2006). Note that TOC and
DOC were similar in the water sample used here and may therefore approximate each other
with reasonable accuracy (Table 3-2). The initial rapid TOC reduction in all samples was ac-
companied by rapid increase in HNA cells (Figure 5-8). HNA cells contain elevated concentra-
tions of nucleic acid compared to LNA cells (Prest et al., 2013). Moreover, HNA cells exhibit
relatively high growth rates and biochemical activity (Jie et al., 2017; Park et al., 2016). This

might explain the rapid increase of HNA count in all samples.
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Figure 5-8. Incubation (30 °C) of small-scale pilot samples from different sampling points. (a) influent, (b)
ozonation effluent (0.36 mgos/mgroc), filtered and inoculated 1:10 with influent sample, (¢) ozonation effluent
filtered by granular activated carbon (GAC), (d) ozonation effluent filtered by GAC and phonolithe. Influent
water quality: pH 7.8, DOC 6.3 mg L-!. Biofiltration conditions: EBCT = 71 min, § = 14 °C (filter influent).
HNA - high-nucleic-acid bacteria, LNA — low-nucleic-acid bacteria.

The maximum HNA count in the ozonated sample (Figure 5-8.b) exceeded maximum HNA
counts in the influent (Figure 5-8.a) and biofiltered (Figure 5-8.c and d) samples by factors 2.4—
3.3. Cell counts in the ozonated sample may even be slightly underestimated as the incubation
flasks contained 10 vol% influent sample to stimulate bacterial growth. High HNA counts in
ozonated water may indicate relatively high bacterial regrowth and contamination potential in
the ozonated sample (Prest et al., 2013). This is also highlighted by increased concentrations of
building blocks and low molecular-weight acids in the ozonation effluent compared to the in-

fluent sample (Figure 5-5.b) and from higher AOC (Figure 5-7).

Similar HNA counts and growth patterns were observed in both biofilter samples (Figure 5-8.c
and d). Maximum HNA counts were only slightly elevated compared to the influent sample
(Figure 5-8.a). As error bars for standard deviation are overlapping, HNA regrowth in biofil-
tered samples is not considered significantly higher than in the influent sample. This suggests

resilience of ozonated-biofiltered groundwater against rapid bacterial regrowth.

LNA growth was delayed compared do HNA growth in all samples (Figure 5-8), due to lower
growth rate of LNA bacteria (Schuster et al., 2022; Wang et al., 2009). LNA cell counts in the
incubated influent sample exceeded the initial count only slightly (Figure 5-8.a). LNA cell
counts in ozonated (Figure 5-8.b) and ozonated-biofiltered (Figure 5-8.c and d) samples were
significantly higher than in the influent sample and showed similar growth patterns. Similar to
the incubation experiments shown here, it was observed that the LNA cell count increased in
slow sand filters (0.2—0.5 m/h) after ozonation and GAC filtration, while the HNA cell count
remained constant after initial increase (Lautenschlager et al., 2014). Thus, ozonated-biofiltered
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water may still be prone to slow LNA regrowth, while HNA regrowth would not proceed sig-
nificantly after biofiltration. The scope of bacteria occurring in natural waters may adapt to
varying nutrient availability by intra- and interspecific differentiation (Egli, 2010; Kundu et al.,
2020). The slow increase in LNA cell count with concomitant slow TOC degradation in the
later incubation stage suggests that LNA bacteria utilized more recalcitrant carbon sources than
HNA. Similar to the results shown here, an increase in TCC in ozonated-biofiltered water was
observed in water distribution systems, associated with decrease in AOC. This was associated
with a potential risk of microbial contamination of ozonated-biofiltered water and the need for

subsequent disinfection (van der Kooij et al., 1989).

LNA and HNA cells were assumed to contribute equally to AOC, despite different cell size
(Hammes and Egli, 2005). The increased LNA count, compared to the influent sample, is a
major reason for slightly higher AOC concentrations in ozonated and biofiltered samples (Fig-
ure 5-7). Maximum cell counts were observed at times > 7 d for all samples presented here
except ozonation effluent. In contrast, incubation times < 10 d were suggested for flow-cy-
tometric AOC determination (Elhadidy et al., 2016; Hammes and Egli, 2005). Thus, the AOC
incubation method used here (30 °C for 28 d) may overestimate rapidly available AOC.

In conclusion, HNA cells dominated the initial phase of NOM biodegradation, along with TOC
reduction in ozonated and ozonated-biofiltered samples. AOC concentration and HNA yield in
the ozonated sample were higher than in ozonated-biofiltered samples, suggesting a reduction
of rapid regrowth potential by biofiltration. However, increased LNA yield was observed both
in ozonated and in ozonated-biofiltered samples. LNA growth was slower than HNA growth
and resulted in steady TOC degradation during the degradation experiment. The potential of
increased LNA growth in ozonated water indicates the need for further research regarding mi-

crobial contamination of ozonated water and applicable control measures.

5.4 Effect of Bromate Minimization Techniques
5.4.1 Dosage of Hydrogen Peroxide

Ozonation in combination with dosage of hydrogen peroxide (H20z) was tested in small-scale
pilot experiments with groundwater A, at specific ozone doses of 0.26 and 0.51 mgos/mgpoc.
At 0.51 mgos/mgpoc, bromate yield decreased with H>O, dose (Figure 5-9.a). At 0.26
mgosz/mgpoc, the effect of H,O» on bromate yield was marginal. Ozone dose-dependent bro-
mate minimization efficacy of H2O» was shown previously for batch experiments (Figure 4-13)
and discussed in chapter 4.4.

Only small effects of H2O> dose on SACa36 were observed at both 0.26 and 0.51 mgos/mgpoc
(Figure 5-9.b). For 0.26 mgos/mgpoc, this accords with the results of batch ozonation at 0.25
mgos/mgpoc for the last sample taken after seven days (Figure 4-12.a—c). Similarly, the time
between sampling and measurement was approximately one week for the results shown in Fig-

ure 5-9. At 0.5 mgos/mgpoc, an increase of residual SACa3¢ with H2O> dose was observed in
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batch experiments (Figure 4-12.d—f). This seems to contradict the results for 0.51 mgosz/mgpoc
shown in Figure 5-9.b. However, H>O; and SACa36 showed relatively slow equilibration kinet-
ics in ozonated groundwater (Figure 4-12). This may induce differences in SACas36 due to vari-

ation in reaction time or sample storage conditions (temperature, UV light).

From the observations made in Figure 4-12 it is expected that SACa36 was initially, i.e. minutes
to hours after ozone depletion, higher than shown in Figure 5-9.b. This is further supported by
a SACa36 decrease of approximately 20 % in a non-ozonated sample that received 8.7 mg L"!
H>0O; (Figure 5-9.b). This is the maximum H>O> dose that was used in the experiments pre-
sented here (at 0.51 mgos/mgpoc and 5 molm202/molos). In conclusion, it is not expected that
H>0» dosage significantly improved the trade-off between bromate minimization and decolor-

ization, at realistic reaction times.
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Figure 5-9. Small-scale pilot ozonation of groundwater A.3r in combination with H,O, dosage. Effect of H,O,
dose on (a) molar bromate yield and (b) residual SACa36. Experimental conditions: 3 =15 °C, pH 7.6, DOC =
4.9 mg L' (see Table II-1 for details), specific ozone doses 0.51 and 0.26 mgos/mgpoc. Samples measured one
week after experiment with residual H>O» reacting in the sampling vials. Bromate analysis at 0.26 mgos/mgpoc
and 5 moli202/molos was hampered by high residual H,O, concentration and is therefore enclosed in brackets.
Further experimental studies on ozonation in combination with H>O» dosage were performed
in small-scale pilot experiments with groundwater E (Sellmann, 2020). H>O was dosed either
before ozone addition (pre-ozone H>O» dosing) or approximately 30 s after ozone addition
(post-ozone H20: dosing). The inlet ozone gas concentration was held constant during the ex-
periments after a specific ozone dose of 1.1 mgosz/mgroc was initially set, without H>O> dosage.
In pre-ozone H20; dosing experiments, ozone mass transfer to the water was enhanced, which

resulted in lower ozone off-gas concentration and an increase in ozone dose with H>O; dose.

Figure 5-10.a depicts bromate formation in pre- and post-ozone H>O» dosing. Both dosing strat-
egies decreased bromate formation proportionally to H>O> dose, as observed also for ground-
water A (Figure 5-9.a) and in batch ozonation of groundwater E (Figure I1I-20.b).
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Figure 5-10. Ozonation of groundwater E.1r in combination with H>O, dosage. 3 = 14 °C, DOC 5.6 mg L', pH
8.0. H,O; dosing before ozone addition (pre-ozone H,O, dosing, ozone dose 1.1 mgos/mgroc) or 30 s after H,O»
dosing (post-ozone H>O» dosing, ozone dose 1.1-1.37 mgos/mgroc, see data labels). (a) molar bromate yield, (b)
relative residual SACus6 (measured four days after the experiment). Data adapted from Sellmann (2020)
Despite higher ozone dose, pre-ozone H>O> dosing resulted in significantly lower bromate for-
mation compared to post-ozone H>O» dosing. Although the ozone exposure was not determined
for these experiments, significantly higher ozone exposure may be expected for post-ozone
H>0> dosing. This might have resulted in increased bromate formation compared to pre-ozone

H20: dosing.

The impact of pre- and post-ozone H>O: dosing on SACa3e is shown in Figure 5-10.b. Post-
ozone H>O> dosing resulted in slightly lower SACa36 than pre-ozone H>O2 dosing, which may
be due to higher ozone exposure. Pre-ozone H>O> dosing resulted in lower SACaz6 than without
H>0O:> dosing, at 1 and 5 molu202/molos. This was not observed in batch ozonation of ground-
water E at similar but constant ozone dose (Figure III-20.b) and may therefore be due to the

variation of ozone dose within the experiment.

In conclusion, small-scale pilot results on ozonation in combination with H>O, dosage support
the findings that were made in batch ozonation (4.4), i.e. bromate minimization efficacy in-
creases with ozone and H>O> doses. A trade-off between decolorization and bromate was not
observed in small-scale pilot experiments, but may be expected at shorter reaction times. The
dosing of H>O> subsequently to ozone may result in lower residual color, however bromate

yield was increased compared to pre-ozone H,O; dosing.

5.4.2 Dosage of Hydrochloric Acid

Ozonation at reduced pH was performed in small-scale pilot experiments with groundwater A.
Natural pH was 7.6, which was reduced to pH values between 6.5 and 7.5 by continuous, pH-
controlled dosage of hydrochloric acid (HCI) (= 0.2 M) to the feed water right before ozone

addition. Two specific ozone doses were used (0.5 and 0.25 mgos/mgpoc).
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Figure 5-11.a shows the effect of pH on molar bromate yield in groundwater A. Bromate con-
centration peaked at pH 7.5 for both ozone doses tested. Similar bromate concentrations were
measured at pH 6.5, 7 and 7.6. This is comparable to the results obtained in batch ozonation of
groundwater C, which resulted in only small variaton in bromate formation between pH 6.5 and
7.5 (Figure 4-10). Diverging from the results shown here, bromate formation in groundwater C
peaked at pH 7.5. This small difference may be specific for the groundwaters used or due to the
higher specific ozone dose used for groundwater C (0.8 mgosz/mgroc). Theoretical background

of the effect of pH on bromate formation was discussed in chapter 4.3.
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Figure 5-11. Ozonation of groundwater A.3r at natural pH 7.6 and at reduced pH 6.5-7.5. (a) molar bromate
yield, (b) relative residual SACas6. pH adjustment by dosage of hydrochloric acid. ® = 14-15 °C,
DOC 4.9 mg L*! (see Table II-1 for details)

Figure I1I-24.a shows bromate formation as a function of ozone exposure for the results pre-
sented here. At comparable ozone exposure, bromate formation increased in the order pH 6.5 <
7.0 <7.6 <7.5. An increase of bromate concentration with pH was observed before (Legube et
al., 2004). Thus, the results were expected apart from higher bromate formation at pH 7.5 com-
pared to pH 7.6. However, differences in both ozone exposure and pH were marginal between
pH 7.5 and pH 7.6. Therefore it is not possible to exclude experimental or analytical error as

reason for higher bromate formation at pH 7.5 than at pH 7.6, at comparable ozone exposure.

Figure 5-11.b depicts the effect of pH on SACass reduction in groundwater A. At both ozone
doses tested, residual SACa36 decreased with pH. This is comparable to the results obtained
with groundwater C at 0.8 mgos/mgroc and suggests that this effect is independent of water

sample used and specific ozone dose.

5.4.3 Dosage of Ammonia

Ozonation in combination with dosage of ammonia (NH4") was performed in small-scale pilot

experiments with groundwater A. Ammonia is currently not allowed as additive for drinking
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water treatment in Germany (Umweltbundesamt, 2021), but may occur naturally in anaerobic
groundwaters. E.g., the ammonia concentration in raw groundwater A.1r was 0.87 mg L! (Ta-
ble II-1). It was hypothesized that the ozonation of raw water may result in lower bromate
formation compared to finished groundwater, due to its ammonia content. To test this hypoth-
esis, the raw water ammonia concentration was mimicked by ammonia addition to the feed of
finished groundwater A. The resulting feed ammonia concentration was 0.79 mg L. At this
concentration, major impact of ammonia on bromate minimization may be expected (Pinkernell
and von Gunten, 2001).
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Figure 5-12. Effect of ammonia spiking (0.79 mg L!) on bromate formation in the ozonation of groundwater
A.lp. §=14-17 °C, pH 7.6, DOC 4.5 mg L. Specific ozone doses 0.25, 0.5, 0.75 and 1.0 mgos/mgpoc in am-
monia-spiked groundwater; Additional data points for non-spiked groundwater at 0.1, 0.2, 0.3 and 0.4
mgos/mgpoc (data previously shown in Figure 5-4.c and d)

Figure 5-12 shows bromate yield in finished groundwater A with and without dosage of ammo-
nia. At ozone exposure > 5 mg L' min, which involves ozone doses of 0.75 and 1.0
mgos/mgpoc, bromate concentrations in ammonia-spiked water were 30 % and 49 % lower than
in the absence of ammonia. Similarly, a maximum reduction in bromate yield of 50 % by am-
monia was suggested, due to quenching of the bromate intermediate BrOH by ammonia (von
Sonntag and von Gunten, 2012). At ozone exposure < 2 mg L' min, no significant differences
in bromate formation were observed in the presence and in the absence of ammonia. Similar to
the reults shown here, no bromate minimization by ammonia was observed for ozone exposure
<2 mg L min in Lake Ziirich water (Pinkernell and von Gunten, 2001). This was attributed to
significant impact of indirect-bromate formation, i.e. without BrOH intermediate, at low ozone
exposure. It is viable that the effect of ammonia on bromate formation also depends on the type
of NOM. In the ozonation of Suwanee River NOM, which exhibits unusually high reaction
rates with ozone (Kwon et al., 2017; von Sonntag and von Gunten, 2012), no inhibitory effect
of ammonia on bromate formation was observed even at 1 mgos/mgpoc (Wu et al., 2020).

Therefore, results shown here may not be quantitatively comparable to other groundwaters.
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Only minor and inconsistent effects of ammonia on the reduction of SACa3¢ and UV2s4 by 0zo-
nation were observed (data not shown). The limited effect of ammonia on bromate minimiza-
tion, especially at low ozone exposure, implies only minor impact on bromate formation at
realistic ozone doses both for naturally occuring ammonia and ammonia spiking. Enhanced
bromate reduction may be possible in the combination of ammonia and chlorine or chloramine
addition (Buffle et al., 2004; Ikehata et al., 2013). Like ammonia, chloramine is currently not

allowed for use in drinking water treatment in Germany (Umweltbundesamt, 2021).

5.5 Ozonation of Different Feed Water Qualities

To test the potential of integrating ozonation-biofiltration into groundwater treatment, small-
scale pilot experiments at groundwater treatment plant A were performed with feed water ob-
tained from different treatment steps. Water qualities used were raw water (before mineraliza-
tion tank, Figure II-1), aerated water (after mineralization, before polyaluminium hydroxylchlo-
ride addition and sand filtration, Figure II-1) and aerated, flocculated, filtered water (AFF, sand
filter effluent). Compared to raw water, aerated water contained no hydrogen sulfide and am-
monia. Beyond that, AFF water contained lower TOC, SAC436 and UV2s4 levels (Table I1-1).

The effects of feed water quality on ozonation kinetics and results were analyzed. A compre-
hensive overview of results obtained with different feed water qualities is given in Table III-3.
Figure 5-13.a depicts relative UV2s4 removal for various specific ozone doses in the ozonation
of different feed water qualities. UV2s4 removal patterns were similar for aecrated water and AFF
water. Other than that, UV2s4 removal in raw water was less pronounced compared to other feed
water qualities. This may be due to increased content of H>S in non-aerated raw water, which

consumes ozone fast enough to compete with NOM ozonation (chapter 5.2).
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Figure 5-13. Relative reduction of (a) UV2s4 and (b) SACuass versus specific ozone dose. Water samples used:
Raw groundwater (A.2g, 14 °C, 5.2 mgpoc L', pH 7.8), aerated groundwater (A.24, 14 °C, 5.2 mgpoc L}, pH
7.7) and aerated, flocculated (0.2 mg L' Al) and sand-filtered groundwater (A.2, 14 °C, 4.9 mgpoc L™, pH 7.7)
(see Table I1-1 for water quality details)
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SACa36 reduction efficacy by ozonation of different feed water qualities showed only slight
variation and ranged in the order aerated > AFF > raw (Figure 5-13.b). The lower SACa36 re-
moval in raw water may be expected from the presence of inorganic substances (see above).
Aerated water exhibited lower UV254/SACase ratio than AFF water, as UV254/SACasz6 increased
during coagulation and sand filtration (Table II-1). It was shown that SAC436 removal efficacy
increased with decreasing UV2s54/SACaz6 ratio (Figure III-11). This might explain the higher

SACas36 removal efficacy of ozone in aerated water compared to AFF water.

Bromate formation was lowest in raw water both as a function of specific ozone dose (Figure
5-14.a) and of UV2s4 reduction (Figure 5-14.b). Lower bromate formation in raw water may
partly be due to lower ozone exposure, at comparable specific ozone dose (Figure I111-27.a).
However, bromate formation in raw water was also lower than in the other feed waters, at com-
parable ozone exposure (Figure 111-28). This may be due to the ammonia content of 0.54 mg L!
in raw water (Table II-1). The presence of ammonia reduces bromate formation via BrOH (see
chapter 5.4). Bromate formation in aerated water was slightly lower than in AFF water, at com-
parable specific ozone dose (Figure 5-14.a) or UV2s4 reduction (Figure 5-14.b). Aerated water
exhibited higher SUVA»s4 than AFF water (Table II-1), which implies high reactivity with
ozone (Westerhoff et al., 1999). This reduced ozone exposure in aerated water (Figure I11-27.a)
and therefore resulted in lower bromate concentration compared to AFF water. At comparable
ozone exposure, bromate formation in aerated water was higher than in AFF water (Figure
I11-28.b). In aerated water, more ozone was consumed than in AFF water, at comparable ozone
exposure. This may have resulted in increased *OH radical yield (Kwon et al., 2017) and thereby

increased bromate formation in aerated water.
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Figure 5-14. Molar bromate yield versus (a) specific ozone dose and (b) relative UV,s4 reduction
(1-UV254/UVas4) for raw groundwater (A.2g, 14 °C, 5.2 mgpoc L', pH 7.8), aerated groundwater (A.24, 14 °C,
5.2 mgpoc L', pH 7.7) and aerated, flocculated (0.2 mg L' Al) and sand-filtered groundwater (A.2F, 14 °C,
4.9 mgpoc L', pH 7.7) (see Table 1I-1 for water quality details)
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As various effects on SAC436 and bromate formation were observed for the different water
qualities used here, a comprehensive overview of bromate concentrations and SACa3zs is given
in Figure I11-29. The AFF sample showed the lowest bromate formation, at comparable SACasze.
However, the initial SACa36 in the AFF sample was smaller than in other samples due to prior
flocculation and filtration. Aerated and raw water exhibited the same initial SACa36 value. Bro-
mate formation was similar at low SACa36 abatement. At the highest ozone dose used for aer-
ated water, bromate formation was higher than in raw water, which may be due to the effect of

ammonia in raw water.

In conclusion, only small water quality differences in UV and color degradation and bromate
formation were obtained for the ozonation of feed water from different locations of groundwater
treatment plant A. Thus, location of ozonation-biofiltration may be flexibly considered within
the treatment scheme, with respect to water quality. Slightly less ozone was needed for SACase
reduction in water pre-treated with aeration, coagulation and sand filtration. This is assumed to
result in lower *OH yield and therefore lower bromate formation. However, the comparison
between coagulated and non-coagulated water is biased, as less ozone for the same overall color
removal may also be needed in a hypothetical process with coagulation positioned after ozona-
tion. The ammonia content of raw water improved the trade-off between decolorization and
bromate formation only at high ozone doses, compared to aerated water. In other groundwaters
than used here, high Fe(Il) and Mn(II) concentrations may hamper the ozonation of raw water
due to low Fe(III) filtration performance and permanganate formation (DVGW, 2005; Reisz et
al., 2008; von Gunten, 2003a).
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6 Membrane Ozonation

Membrane ozonation experiments were performed with groundwater E using two different con-
tactors: a single-tube contactor with a dense polydimethylsiloxane (PDMS) membrane and a
multi-tube contactor with 490 porous polytetrafluoroethylene (PTFE) fibers. Membrane ozona-
tion experiments were performed at University of Bath (UK), in cooperation with Garyfalia
Zoumpouli. Additional batch ozonation experiments were performed at Hamburg University of
Technology as a benchmark for water quality obtained by membrane ozonation. Results pre-
sented in this section were previously published, in adapted form (Kadmmler et al., 2022;
Zoumpouli, 2021).

6.1 Ozone Mass Transfer in Membrane Ozonation

The ozone dose in membrane ozonation was adjusted by varying hydraulic retention time
(HRT) and ozone feed gas concentration (co3,¢). Ozone dose could not be measured directly due
to low concentration difference between feed and outlet gas streams. Thus, results were com-
pared based on dissolved ozone concentration (co3) at the membrane contactor outlet and UV2s4
reduction. cos for all experimental settings and both membrane contactors are shown in Figure
6-1. co3 in both membrane contactors were severely below Henry equilibrium concentrations.
This indicates the occurrence of ozone mass transfer throughout the entire module length, due
to the existence of a driving force. For the single-tube contactor, cos were in the range 0.0-6.4
mg L for cos g of 25-200 g m™. Similar results were obtained with the multi-tube contactor
(0.0-7.2 mg L) for lower cos ¢ of 25-70 g m>. The higher ozone gas concentration needed in
the single-tube contactor to obtain the same dissolved ozone concentration may be explained
by its different mass transfer characteristics (see below).
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Figure 6-1. Ozonation of groundwater E.1r (Table 1I-2) by membrane ozonation. Dissolved ozone concentrations
at the contactor outlets for various feed gas ozone concentrations and hydraulic retention times. Experimental
conditions: 9 16 °C, pH 8.0, DOC 5.6 mg L. Henry equilibrium concentration given for 16 °C according to

Carell Morris (1988). Results adapted from Kdmmler et al. (2022)
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Ozone mass transfer in membrane contactors is determined by various parameters including the
overall mass transfer coefficient, ozone solubility in the membrane material, specific surface
area, liquid flow velocity and contactor length (Equation I-11, Equation I-12, Berry et al., 2017).
The single-tube contactor exhibited slightly larger overall mass transfer coefficient and lower
ozone solubility in the membrane (Table 1I-5), which would imply slightly higher ozone flux
per unit volume (Equation I-11). However, flow velocities were higher than in the multi-tube
contactor, at significantly shorter module length. This resulted in lower HRT in the single-tube
contactor. Moreover, the single-tube fiber diameter was larger, implying a lower specific sur-
face area (Table II-5). Despite high ozone flux, these features of the single-tube contactor have
hampered the attainment of higher dissolved ozone concentrations (Equation 1-12). Thus,
higher ozone gas concentrations were necessary to apply sufficient dissolved ozone concentra-
tions in the single-tube contactor. The discussion on ozone mass transfer in the membrane con-
tactors used here is extended in previous publications (Kdmmler et al., 2022; Zoumpouli et al.,
2018; Zoumpouli, 2021).

Figure 6-2.a depicts cos obtained by membrane ozonation versus relative UV2s4 reduction, as a
proxy for ozone dose. For both membrane contactors, no ozone was measured at the contactor
outlets for relative UV2s4 reduction < 0.2. This indicates significant reaction of ozone within
the membrane contactors. For the single-tube contactor, due to its low HRT, this implies ozone
consumption within seconds, in the time range of the immediate ozone demand (IOD) (chapter
2.2.1). At increasing UV2s4 reduction, i.e. higher ozone dose and increasing depletion of fast-

reacting NOM moieties, cos increased. This was similar in both membrane ozonation contac-

tors.
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Figure 6-2. Ozonation of groundwater E.1r (Table 1I-2) using two different membrane contactors at varying hy-

draulic retention time (HRT). Correlation between relative UV ,s4 reduction and (a) dissolved ozone concentra-

tion, (b) Hatta number (Ha). Experimental conditions: 9 16 °C, pH 8.0, DOC 5.6 mg L. Results adapted from
Kéammler et al. (2022)
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The Hatta number (Ha) gives insight into the location of 0zone consumption in membrane con-
tactors (chapter 2.5). Figure 6-2.b depicts Ha of membrane ozonation versus relative UV2s4
reduction. Ha ranged from 0.31 to 1.72 in the membrane contactors. This is in the moderately
fast reaction regime and indicates ozone consumption both in the liquid film and in the bulk
liquid (Charpentier, 1981). At Ha = 1, the amount of ozone reacting in the liquid film equals
ozone consumption in bulk liquid. At Ha > 1, ozone consumption in the liquid film dominates
while ozone consumption in the bulk is dominant at Ha < 1 (Leiknes et al., 2005). Ha in the
moderately fast regime were also obtained in the ozonation of drinking water NOM concentrate
(2.7 mgpoc L) at comparable flow-dynamic conditions (i.e., Reynolds number < 100 for most
experiments) (Leiknes et al., 2005). This indicates the results presented here are applicable to
other NOM-rich waters. Ha decreased for increasing UV2s4 reduction, at constant HRT, i.e. at
constant flow-dynamic conditions (Figure 6-2.b). This decrease in Ha is due to decreasing
ozone decay rate with increasing depletion of ozone-reactive NOM moieties (Jansen et al.,
2005). Moreover, Ha increased with increasing HRT, at constant UV2s4 reduction. This is due
to higher liquid-side mass transfer resistance at lower HRT (Bein et al., 2020; Zoumpouli et al.,
2018). This implies that by variation of HRT and cos g, the location of main ozone consumption

within the membrane contactors may be adjusted.

6.2 Decolorization and Bromate Control in Membrane Ozonation

Figure 6-3.a depicts relative SACa36 reduction versus relative UV2s4 reduction for membrane
ozonation and, as a benchmark, for batch ozonation. At relative UV2s4 reduction < 0.3, SACa3e
increased compared to the initial concentration, which resulted in negative removal rates. The
reason for the increase in SACa3¢ was discussed in detail in chapter 4.1 and in Kdmmler et al.
(2022). For practical reasons, comparison of decolorization efficacy between different ozona-
tion setups is limited to positive values of SAC436 reduction. This was observed at relative UV2s4
reduction above 0.3, i.e. to specific ozone doses of approximately 0.4 mgos/mgpoc in batch
ozonation. Under these conditions, SACa36 removal was slightly enhanced in single-tube mem-
brane and in batch ozonation, compared to multi-tube ozonation. Ozone distribution in the
multi-tube contactor was from a single central baffle, combined with small space between fibers
(Figure II-12). This may have resulted in higher ozone dose in fibers closer to the center. In
these fibers, ozone may have been consumed by reactions with NOM degradation products,
after depletion of fast-reacting NOM moieties, particularly phenols. Such degradation products
include quinones (Mvula and von Sonntag, 2003; Onnby et al., 2018), which exhibit significant
UV2s4 absorbance. The ongoing oxidation of quinonic NOM reaction products may have re-
sulted in more selective UV2s4 over SACazs removal in the multi-tube contactor. SACazs degra-
dation in the single-tube contactor was more scattered than in the multi-tube contactor (Figure
6-3.a). This may be due to a higher range of flow-dynamic conditions in the single-tube con-
tactor (Table II-5.b). However, no clear patterns of different HRT were discernible. Thus,
SACas36 removal is considered relatively resilient against changes in flow-dynamic conditions

in the single-tube contactor.
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Figure 6-3. Comparison of batch and membrane ozonation using two different membrane contactors at varying
hydraulic retention time (HRT). Correlation between relative UV s4 reduction and (a) relative SACass reduction,
(b) molar bromate yield. Experimental conditions: groundwater E.1r (Table 1I-2), § 16 °C, pH 8.0, DOC 5.6 mg

L. Results adapted from Kimmler et al. (2022)
Figure 6-3.b shows bromate yield obtained by membrane and batch ozonation. In the multi-
tube contactor, bromate yield was significantly higher than in batch and single-tube ozonation.
Similarly as for SACas¢ removal, this may be due to ozone accumulation in some membrane
fibers. These fibers would receive higher ozone exposure than others, which would increase
bromate formation drastically.

Single-tube ozonation resulted in lower or similar bromate formation compared to batch ozo-
nation for relative UV2s4 removal of up to 0.2 (Figure 6-3.b). This coincided with cos = 0 (Figure
6-2.a) and Ha > 1 (Figure 6-2.b). However, at higher UV2s4 removal rate, bromate formation in
single-tube ozonation resulted in significantly higher bromate formation than batch ozonation.
Similar to the interpretation of higher bromate formation and lower SACa3¢ removal in the
multi-tube contactor, higher bromate formation in membrane ozonation may be explained by
competition kinetics and spatially varying ozone concentration. In membrane ozonation, ozone
concentrations closer to the membrane surface may significantly exceed concentrations in the
center (Berry etal., 2017; Schmitt et al., 2020). This could result in excessive oxidation of NOM
and increasing availability of ozone for bromate formation at locations closer to the membrane
surface. Similar to the results shown here, higher bromate formation in membrane ozonation in
combination with H>O» dosage was observed (Stylianou et al., 2018b). In the same study, it was
found that a decrease in membrane diameter decreased differences between membrane and
batch ozonation, which was attributed to more uniform oxidant distribution within the mem-

brane fibers. This supports the hypothesis that spatial variation in ozone concentration affects
bromate formation in membrane ozonation.
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It was found that bromate formation in membrane ozonation in combination with H>O> dosage
decreased with decreasing cos.g, at constant target compound removal (Merle et al., 2017; Styl-
ianou et al., 2018b). This accords with the single-tube ozonation results presented here: A de-
crease in bromate yield was observed with increasing HRT, at comparable UV2s4 removal (Fig-
ure 6-3.b). Note that an increase in HRT at constant UV»s4 removal was combined with a de-
crease in co3,g for the results shown here. The effect of HRT on bromate formation was only
visible at low UV2s4 removal, i.e. < 0.4. In this range, Ha was > 1 (Figure 6-2.b), indicating the
liquid film as the main reaction zone. Under this condition, cos and therefore ozone exposure
could be kept low, which is demonstrated by low cos at the contactor outlet, at low UV2s4 re-
moval rates (Figure 6-2.a). Similarly, lower bromate formation at lower cos ¢ in 0zonation with
H>0O> dosing was attributed to a decrease in cos by Merle et al. (2017). This was explained by
time-expansion of the dosing process. The use of Ha to explain low ozone exposure in mem-
brane ozonation may be an alternative approach to explain the effect of HRT and co3,¢ on bro-
mate formation. Moreover, H2O, and NOM may affect bromate formation in membrane ozo-

nation similarly, as both exhibit high ozone quenching rates (chapter 4.4.1).

In conclusion, flow-dynamic conditions, cos and Ha affect bromate formation in membrane
ozonation significantly. This may result in higher bromate formation than in batch ozonation
but may also be utilized to control bromate formation, if ozonation is conducted at high Ha.
High Ha is aspired to allow rapid ozone consumption by NOM and reduce ozone exposure of
bromate intermediates. Moreover, module design apparently affects SACa36 removal and bro-
mate formation in membrane ozonation. Inhomogeneous ozone distribution between different

membrane fibers seemed to affect results.
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7 Conclusions and Outlook

7.1 Characteristics of Ozonation-biofiltration for Groundwater Decolorization

Organic-rich groundwaters used in this work present a characteristic composition. These waters
usually exhibit high concentrations of highly conjugated chromophoric natural organic matter
(NOM), measured as total organic carbon (TOC, 3.5-6.1 mg L), ultraviolet light absorbance
(UV2s4, 14.0-16.7 m™) or visible light absorbance/color (SACa36, 0.41-1.2 m™!). Moreover, the
groundwaters used were characterized by relatively high pH of 7.5-8.1 and relatively high con-
tent of bromide (70-330 pg L. Different groundwaters exhibit similar reaction behaviour with
ozone (O3), yet with high dependence on specific ozone dose, i.e. ozone dose normalized to the
dissolved organic carbon (DOC) content of groundwater (chapter 4). A specific ozone dose of
up to approximately 0.5 mgos/mgpoc is consumed rapidly, i.e. within approximately 30 sec-
onds, in different organic-rich groundwaters, due to fast reaction rates of ozone with highly
conjugated NOM (chapter 5.2). At such conditions, further referred to as “low ozone dose”
conditions, characteristic reaction conditions are present in groundwater (Table 7-1.a), In par-
ticular low ozone exposure (< 1 mgos L' min) and presumably high ratios of hydroxyl radical
(*OH) to ozone exposure (Re) (Buffle et al., 2006a; Onnby et al., 2018). At high specific ozone
doses (0.5-1.0 mgos/mgpoc), ozone exposure increases significantly due to depletion of fast-

reacting NOM moieties. Concomitantly, a decrease in R is presumed.

7.2 Reassessment of Objects of Research

7.2.1 Transformation of Groundwater NOM by Ozonation-biofiltration at Typical Decol-

orization Conditions

The examination of this object of research must be initiated by the definition of typical decol-
orization conditions. It has been discussed in chapter 4 that bromate formation was the limiting
factor in groundwater decolorization. The applicable ozone dose may be slightly but not signif-
icantly increased by available bromate minimization or removal strategies (see below). Under
this premise, typical decolorization conditions for groundwater imply specific ozone doses
< 0.5 mgo3/mgpoc, referred to as “low ozone doses” (Table 7-1). Note that most effects of 0zo-
nation on NOM transformation are highly dose-dependent and may also vary between very low

and moderately low ozone doses.

Ozonation at typical decolorization conditions changes NOM composition, analyzed by liquid
chromatography coupled with organic carbon detection (LC-OCD, chapter 4.1.1): humic sub-
stances (HS) are only slightly affected in concentration but undergo a shift to smaller molecular
weight. The molecular-weight shift of NOM progresses into smaller fractions such as building
blocks and low molecular-weight acids. Small NOM fractions show enhanced biodegradation
potential, which is indicated by an increase in assimilable organic carbon (AOC), particularly
at high, but also at small ozone doses (Table 7-1.b). NOM mineralization results in slight re-

duction (<5 %) of TOC by ozonation alone, i.e. without biofiltration.
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Table 7-1. Summary of ozonation-biofiltration in organic-rich groundwater. Effects of low and high ozone doses
on (a) ozone reaction kinetics, (b) organic water quality parameters, (¢) bromate formation and impact of *OH
and (d) bromate minimization strategies. © = no or adverse effect, ® = low, ®® = medium, eee = high, n.a. =
not available / not tested. “Not measured within this work, therefore based on assumptions. **H,O» addition re-

duces efficacy of decolorization

Low ozone dose (< 0.5 mgos/mgpoc) High ozone dose (0.5-1.0 mgos/mgpoc)

a. Ozone reaction kinetics

Ozone decay rate Kec (YY) oo
Ozone exposure ° oo
Re" YY) oo

b. Removal and formation of organic parameters

Color (SACi36) removal oo eoo
UVas4 removal ° '
TOC removal o—e °
AOC formation [y Y ) oo _oeoo

¢. Bromate formation and impact of *"OH
Total bromate o —_oo YY)
*OH-induced bromate” YY) o0

d. Effect of bromate minimization strategies

H,0,™ o—ee YR YY)
NH4* o—e oo
pH reduction (pH 6-6.5) ° °
Multi-stage dosing n.a. oo
Membrane ozonation = o

NOM transformation continues in post-ozonation biofiltration by GAC/phonolithe (chapter
5.3). Building blocks and low molecular-weight organic acids concentrations are reduced in
biofiltration, due to biological degradation. Chromophoric, i.e. light-absorbing properties of
NOM were quantified as UV2s4 and SACasz6. Low 0zone doses, especially in combination with
biofiltration, may lead to significant but incomplete reduction of SACas36 and UVas4 (Table
7-1.b). Biofiltration results in slightly enhanced reduction of SAC436, UV254 and TOC. Overall
removal rates for NOM bulk parameters in small-scale pilot ozonation-biofiltration were 40—
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50 % for SACaze, 2545 % for UVas4 and 6-19 % for TOC, for two water samples tested.
Among the five groundwater samples tested, these two samples showed the most difficult re-
action behavior with ozone (groundwater A due to high bromide content, groundwater E due to
increase in SACa36 at low ozone doses). Thus, for other water samples used for experiments

without biofiltration in this work, maximum removal rates may be estimated slightly higher as
up to 70 % for SACa3zs, up to 50 % for UV2s4 and up to 20 % for TOC.

7.2.2 By-product Formation and Minimization in Groundwater Ozonation

Several ozonation by-products may complicate ozonation, including bromo-organic com-
pounds, transformation products of trace organic contaminants, biodegradable organic com-
pounds and bromate (von Gunten, 2018). The formation of bromo-organic compounds is low
at low ozone doses (Legube, 1996), which were identified as typical decolorization conditions
(see above). In the absence of trace organic compounds, relevant ozonation by-products in
groundwater decolorization are biodegradable organic compounds and bromate. The formation

of both were observed in the ozonation of groundwater (chapter 5.3.2, chapter 4.2, Table 7-1.c).

Biodegradable organic compounds, quantified as assimilable organic carbon (AOC), are signif-
icantly, but not completely removed in biofiltration (chapter 5.3.2). This coincides with reduc-
tion in TOC concentration, and in growth potential for high nucleic-acid (HNA) cells. This may
reduce the risk of pathogenic contamination of ozonated-biofiltered water. However, low nu-
cleic-acid (LNA) cells may grow in ozonated-biofiltered water, under incubation conditions at
30 °C. The consequences of this for microbial safety of drinking water remain an important

object of research.

In contrast to AOC, post-ozonation removal strategies for bromate are associated with high
costs and effort (chapter 2.4). Thus, different available bromate minimization strategies (e.g.
H>0,, NH4" or HCI dosing, multi-stage ozonation and membrane ozonation) have been exam-
ined with regard to their efficacy in groundwater decolorization (chapters 4.4, 5.4 and 6.1). All
bromate minimization techniques tested have only little effect on bromate minimization, with-
out affecting the main treatment target of decolorization (Table 7-1.d). H-O» and NH4" addition,
which mainly mitigate bromate formation that is initiated by reaction of bromide with molecular
ozone, are rather ineffective in the presence of low ozone and high *OH concentrations. Reduc-
tion of pH shows only small improvement in the trade-off between decolorization and bromate
formation. Small reduction in bromate formation for low ozone dose settings was observed for
multi-stage ozonation (chapter 4.4.2) and for membrane ozonation, depending on process set-

tings (chapter 6).

Ozonation of organic-rich groundwaters presumably results in high concentrations of hydroxyl
radicals (*OH) which contribute to bromate formation especially at low ozone doses, i.e. for

typical decolorization conditions (Table 7-1.c). Quenching of *OH could therefore be a viable
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strategy to reduce bromate formation in groundwater decolorization. No specific *OH quench-
ing strategies were tested in this work. *OH quenching strategies covered by literature (Buffle
et al., 2004; Ikehata et al., 2013) are based on NH>Cl and therefore restricted for use in drinking
water production in Germany (Umweltbundesamt, 2021). It was observed for some experi-
mental conditions in chapter 4.3.1 that groundwater decolorization may be less efficient at in-
creased alkalinity, i.e. in presence of *OH-quenching bicarbonate ions. This may be due to an
important contribution of *OH to decolorization mechanisms. Thus, the development of practi-
cally feasible bromate minimization strategies based on *OH quenching remains a challenge.
Note that an increased ozone dose, in case of successful bromate reduction, may result in in-
creased concentrations of other ozonation by-products, such as AOC. Thus, the control of ozone

dose remains most important to limit bromate formation in groundwater decolorization.

7.2.3 Applicability and Integration Potential of Ozonation-biofiltration into Groundwater

Treatment

The applicability of ozone in groundwater treatment depends on the ozone dose available. As
described above, the ozone dose is limited by the bromate formation potential of a groundwater.
Certain groundwater qualities may allow higher ozone dose and are therefore more addressable
by ozone. Most importantly, low bromide concentrations reduce the by-product formation po-
tential regarding bromate and also bromo-organic compounds. As ozone decay in groundwater
is decisively controlled by UV light absorbing NOM moieties (chapter 4.1.2), groundwaters
with low UV254/SACas6 ratio may exhibit higher relative SACass reduction at comparable ozone
dose. An increase in groundwater alkalinity reduced bromate formation, presumably due to *OH
quenching in groundwater A (chapter 4.3.1). Despite the necessity for this effect to be con-
firmed in other organic-rich groundwater matrices, it might indicate the application potential of
ozonation in high-alkalinity waters. Moreover, these waters usually exhibit lower pH than low-
alkalinity waters (after adjusting the calcium carbonate equilibrium). A lower pH may improve
the decolorization — bromate formation trade-off slightly (chapters 4.3.2 and 5.4.2). In raw wa-
ters containing high CO» concentrations, ozone application may be beneficial before CO> re-
moval to utilize lower pH and higher bicarbonate concentration. Ammonia in raw water may
reduce bromate formation slightly if higher ozone doses are applied, but not at low ozone doses
(chapter 5.5).

Ozonation of different feed water qualities of groundwater A was performed to examine the
integration of ozonation-biofiltration into groundwater treatment at different positions. It was
shown that differences in final water quality obtained were minor and render ozonation-biofil-
tration generally flexible regarding its positioning in groundwater treatment train. Given the
complexity of water resources and existing treatment schemes, the most advantageous position-
ing of ozonation-biofiltration may therefore be determined by other, more practical reasons.
E.g., it might be feasible to apply ozonation-biofiltration after removal of iron and manganese
by Fe(II) and Mn(1I) filtration, as these processes allow higher filter velocities than Fe(III) and
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Mn(IV) filtration (DVGW, 2005). Moreover, oxidation of iron and manganese reduces the pH

value which may be beneficial regarding bromate formation in ozonation.

7.3 Outlook

This work presents a comprehensive overview of the application ozonation-biofiltration for the
treatment of organic-rich groundwaters. The possibility to treat different groundwater matrices
with low ozone doses was shown in batch and small-scale pilot experiments. This may help
increase the scope of groundwater resources eligible for drinking water treatment and regionally

decrease water stress.

The application of ozonation-biofiltration for groundwater decolorization is mainly limited by
bromate formation. Thus, the development or improvement of bromate minimization or re-
moval strategies compatible with decolorization could improve the overall performance of the
process. The development of methods that induce *OH quenching and process-based options
(multi-stage ozonation, membrane ozonation) seems most favorable from the current perspec-
tive of process understanding. Bromate minimization strategies need to be applicable particu-
larly at low ozone doses to avoid the trade-off of bromate against other ozonation by-products.
Overall toxicity measurements, e.g. bioassays might be helpful to exclude the presence of toxic

ozonation by-products other than bromate in ozonation-biofiltration treated water.

Mechanistic understanding of organic-rich groundwater ozonation could be enhanced by deter-

mining *OH exposure and its effects on decolorization and on bromate formation.

Further research should consider the impact of remaining AOC and LNA growth potential after
ozonation-biofiltration on microbial drinking water quality. This might influence the require-
ments of biofiltration systems that follow ozonation of groundwater.

Practical aspects of ozonation-biofiltration in groundwater, especially its interaction with other
treatment processes and the concomitant oxidation of inorganic species (e.g. iron, manganese,
ammonia), highlight the need for further pilot studies and various water qualities. These studies
should also benchmark ozonation-biofiltration economically, e.g. by assessing the optimization
potential of biofilter operational parameters.

Further research on ozonation-biofiltration should also include the comparison to other pro-
cesses viable for NOM removal and decolorization, e.g. coagulation, nanofiltration, or ion ex-
change. Comparison should include water quality differences, integration potential into ground-

water treatment and economical and environmental aspects.
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Appendix I. Supplemental Theoretical Background

Method groups

Table I-1. Frequent NOM characterization methods

Examples

Target NOM features

References

Elemental com-

position analyses

Spectroscopic

analyses

Chemical tests

Biological tests

Fractionation and

separation

Dissolved organic
carbon (DOC)

Mass spectrometry

Radiocarbon dating

Light absorbance

Fluorescence

Carbon-13 nuclear

magnetic resonance

Fourier-transform in-

frared

Electron donating

capacity

Oxidative titration

Potentiometric titra-

tion

Incubation

Membrane fractiona-

tion

Resin fractionation
(XAD, ion ex-
change)
Chromatographic
fractionation

Bulk concentration of

organic carbon

Elemental composition

Age of NOM

Chromophores, spectral slope

Fluorophores

Functional groups

Atomic bonds

Redox properties

Oxidant-reactive moieties (phe-
nols, B-diketones, amines, ole-
fins)

Proton-binding properties

Bioavailability

Size distribution

Hydrophobicity, acidic or basic

moieties

Size distribution, charge

Jennings et al. (2018),
Wangersky (1993)

Parsi et al. (2007), Reemtsma et
al. (2008)

Plummer and Glynn (2013)

Del Vecchio and Blough (2004),
Twardowski et al. (2004)

Chen et al. (2003), Chen and Yu
(2021)

Mao et al. (2000), Wong et al.
(2002)

Chen et al. (2002)

Aeschbacher et al. (2012), Wal-
pen et al. (2020)

Houska et al. (2021)

Ritchie and Perdue (2003)

Hammes and Egli (2005),
McDowell et al. (2006)

Benecke (2018), Lankes et al.
(2008)

Aiken et al. (1992), Malcolm
and MacCarthy (1992)

Huber et al. (2011), Lankes et
al. (2009), Wagner et al. (2016)
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Figure I-1. Conventional treatment of groundwater, adapted from Worch (2019)

Table I-2. Bromate formation via ozone and hydroxyl radical. Subset of reactions and rate constants to identify
bromate formation pathways. “Rate constant applicable for pH 6-9

Equation

Rate constant

Equation

Reference

Oxidation of Br

Br=+ 03 - BrO™ + 0,
Br~+ ‘OH -» Br*+ OH~™

Oxidation of BrOH/BrO
BrOH < BrO~ + HY

BrO~ + 03 - BrO; + 0,
BrO~ + ‘OH -» BrO® + OH™
BrOH + °OH — Br0O* + H,0

Oxidation/Reduction of Bre
Br*+ 03 —» BrO*® + 0,

Br*+ Br~ —» Bry~
2Br,” - Br™ + Bry~

Bry~ + H,0 > BrOH + 2Br~ + H*

160 M1 st

1.1-10°M1s!

pKa =8.8
100 M- 5!
45-10° M5!

2-10°M "' s

1.5-108 Mg’
~ 1010 M-l S-l

2-10°M' s

Equation I-1

Equation I-2

Equation I-3
Equation -4
Equation I-5

Equation I-6

Equation I-7
Equation I-8
Equation I-9

Equation I-1

Haag and Hoigne (1983)

Yang et al. (2017a)"

Haag and Hoigne (1983)
Haag and Hoigne (1983)
Buxton and Dainton (1968)

Klaning and Wolff (1985)

von Gunten and Oliveras (1998)
Zehavi and Rabani (1972)
von Gunten (2003b)

0 von Gunten (2003b)
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Figure I-2. Example for theoretical bromate formation pathways at pH 8, 150 ug L' bromide and ozone concen-
trations of 1.5 mgos L™! (solid line) or 3 mgos L'! (dotted line). Calculations according to Table 1-2, attribution to
pathways according to Figure 2-2. Direct oxidation by ozone, indirect oxidation by *OH, reduction means for-
mation of BrOH by reaction of Bre with Br~ (Equation I-8, Equation I-9, Equation I-10). Dotted line highlighes
shift in pathway III (bromate formation via pathway IV is marginal at 3 mgos L)

In membrane ozonation, the mass flux of ozone through the membrane N may be calculated by

using Equation I-11. The concentration change of dissolved ozone per unit length in a mem-

brane fiber % may be calculated from Equation I-12 (Berry et al., 2017).

C .
— 9 Equation I-11
N=K/(%—-H-c qua

ﬂ — L Equation I-12

dx UL, mean
N Mass flux of ozone gm?g!
K; Overall ozone mass transfer coefficient ms!
Cg Ozone gas concentration gm?
S Solubility of ozone in the membrane material -

Henry coefficient

c Ozone liquid concentration gm?

x Length in direction of flow m

a Specific surface area of membrane per unit volume of liquid .
UL mean Mean liquid velocity ms!
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Appendix I1. Supplemental Materials and Methods
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Figure II-1. Treatment scheme of groundwater A
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Table I1-1. Water A quality specifications for different batches used in experiments. *F = finished or aerated +
flocculated + filtered water, A = aerated water, R = raw water. “"based on TOC

Groundwater A.dr A.lr A2y A.2r A2a A3¥ Ada A.5¥ A.6r
Date DD 04 03 22 21 22 05 14 05 22
MM 11 11 04 04 04 11 05 11 04
YY 20 20 21 21 22 20 21 20 21
Condition” F R F R A F A F F
pH/- 7.6 7.8 7.7 7.8 7.7 7.6 7.9 8.1 8.4
Alkalinity / mmol-L"! n.a. n.a. n.a. n.a. n.a. n.a. n.a. 2.7 n.a.
TOC / mg-L™! 4.5 6.1 4.9 5.2 52 4.9 4.0 4.5 4.6
DOC / mg-L"! 4.5 6.1 4.9 5.2 52 4.9 n.a. 4.5 4.6
UVas4 / m! 14.4 23.5 15.1 18.3 18.4 16.4 13.6 14.4 14.4
SACu36 / m! 0.75 1.19 0.60 0.85 0.85 0.80 0.69 0.76 0.76
SUVA2s4 / L'mg!-m’! 32 3.9 3.2 3.5 35 3.3 3.4 32 3.1
SSAC436/ L'mg!t-m! 0.17 0.20 0.12 0.16 0.16 0.16 0.17"  0.17 0.17
UV254/SACuzs / - 19 20 26 21 22 20 20 19 19
Bromide / pg-L! 290 390 310 300 310 330 160 320 290
Ammonia / mg L-! n.a. 0.87 n.a. 0.54 n.a. n.a. n.a. n.a. n.a.
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Table II-2. Water E quality specifications for different batches used in experiments.

Groundwater E.lr E.2r
Date DD 29 16
MM 01 07
YY 20 20
Condition F F
pH/- 8.0 7.8

Alkalinity / mmol-L! | 1.6  n.a.

TOC / mg-L"! 5.7 6.3
DOC / mg-L*! 56 6.3
UViss / m! 153 164
SACus6/ m! 0.48 047

SUVAsss/L-mgtm'| 273  2.60
SSAC436/ L-mg'-m™? | 0.086 0.075
UV254/SACuz / - 32 35

Bromide / ug-L"! 82 90
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Figure II-3. NOM fractionation of non-ozonated groundwater samples A, B, C, D (Table 3-2) and E.1¢ (Table
1I-2) by (a) TOC-V (NPOC) (results given as percentage of TOC measured by TOC-V) and (b) LC-OCD meas-
urements. Abbreviations: DOC — dissolved organic carbon, POC, particulate organic carbon, HOC — hydropho-

bic organic carbon, HS — humic substances, BB — building blocks, LMW A — low molecular-weight acids,
LMWN - low molecular-weight neutrals. No humic substances in LMWA fraction assumed.
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I Il mo v
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Figure II-4. LC-OCD chromatogram with multiple parameter detection of groundwater E after conventional
treatment. Abbreviations: OC — organic carbon detection, VIS436 — visible light absorption at 436 nm, UV254 —
UV light absorption at 254 nm, FL. — humic fluorescence emission at 380 nm (excitation wavelength 365 nm).
NOM fractions according to Huber et al. (2011): I — humic substances, II — building blocks, III — low molecular-
weight acids and humic substances, IV low molecular-weight neutrals. Adapted from Kédmmler et al. (2022)
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Figure II-5. Impact of groundwater treatment on (a) SACass, (b) UV2ss and (¢) TOC. Boxplots showing 0 %
value (minimum), 25 % value, 50 % value (median), 75 % value and 100 % value (maximum); own data and
water supplier information used; SACass covering groundwaters A, B, C, D and E; UV2s4 covering groundwaters
B, D and E; TOC covering groundwaters A, B, D and E.

Table 1I-3. List of chemicals used for experiments in this work

Chemical Grade Manufacturer Experiments
Ammonium heptamolybdate 99.98 % Alfa Aesar Bromate analysis
tetrahydrate

Bromate standard 1000 mg L-! VWR, Radnor, US Bromate analysis
Indigo trisulfonate (potassium Thermo Fisher Scientific, Waltham, US ~ Batch/pilot

salt)

H>0,, 30 %, p = 1.11, stabi- Analytical ~VWR, Radnor, US Batch/pilot

lized

H3;PO4 > 85 % p.a. Carl Roth, Karlsruhe, DE Batch

KoHPO4 >99.5% Carl Roth, Karlsruhe, DE LC-OCD

KI >99 % Carl Roth, Karlsruhe, DE Bromate analysis
NaH,POs4 - 2 H,O Ph. Eur. Merck, Darmstadt, DE Batch, LC-OCD
NaNO; >99 % VWR, Radnor, US Batch

(NH4)2S04 99.9999 %  Merck, Darmstadt, DE Pilot

Oxygen 99.95 % Westfalen, DE Batch

SYBR Green I Thermo Fisher Scientific, Waltham, US TCC analysis
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Indigo solution

Catalytic ozone
destructor

Ozone generator Safety bottles \

Ozone stock solution

Figure I1I-6. Production of ozone stock solution for batch experiments. Purpose of components: Safety bottles:
Prevention of water intrusion in ozone generator/ozone destructor; phosphate buffer: Removal of potential NOy
contamination; ozone destructor: removal of ozone residuals before release into lab ventilation; indigo solution:
visual control of ozone destructor funcionality. Use of phosphate buffer was omitted for some experiments with

use of pure oxygen for ozone production. Ozone stock solution was optionally cooled by an ice bath.

2.5
€30 s stirring
O continuous stirring
L7
~ <
- g8 o o
& o
o 1.5
S
8
= ] ©
L
=
=}
2
B 05 - °
0 T T T T
0 5 10 15 20 25

reaction time / min

Figure II-7. Ozone stability in the batch kinetic setup (Figure 3-1.b). 20 mM H3POy in ultrapure water, pH 2,
ozone dose 2 mg L', n =1 for each experiment. Continuous stirring for 20 min versus stop of stirring after 30 s.
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Figure II-9. (a) Small-scale ozonation pilot plant (without biofilters), (b) detail pumping unit (before equipment
with additional measuring devices and dosing points), (¢) detail reaction tube
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Table I1-4. Instruments used in the small-scale ozonation pilot plant

Instrument Type Manufacturer

Oxygen generator SEP 100 Anseros, Tiibingen, DE

Oxygen generator Everflo Philips Respironics, Murrys-
ville, US

Ozone generator COM-AD-02 Anseros, Tiibingen, US

Ozone feed gas analyzer GM-OEM Anseros, Tiibingen, US

Ozone off-gas analyzer Ozomat MP Anseros, Tiibingen, US

Dissolved ozone and temperature

measurement

Feed water flow meter

H>0,/NH4" pump

HCI pump

In-line pH electrode

In-line pH measurement controller
Handheld pH device

Venturi manometer

Orbisphere C1100 sensor, membrane
2956A, 410 controller

Picomag

Stepdos 08

gamma/4
AquaLine 70 pH
pH 296

pH 320

A10, -0.6—-1 bar

Hach, Loveland, US

Endress+Hauser, Reinach,
CH

KNF Neuberger, Freiburg,
DE

ProMinent, Heidelberg, DE
SI analytics, Mainz, DE
WTW, Weilheim, DE
WTW, Weilheim, DE

WIKA, Klingenberg, DE
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Figure II-10. Scheme and dimensions of biofilters used in small-scale pilot experiments
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Tubular

’ membrane

Figure II-11. Membrane ozonation contactors. (a) Single-tube PDMS contactor, taken from Zoumpouli et al.
(2018). (b) multi-tube PTFE contactor, © Garyfalia Zoumpouli

Module housing

perforated tube
for gas distribution

Membrane fibers

Figure II-12. Top view of the multi-tube membrane ozonation contactor, with the end cap removed. Taken from
Kéammler et al. (2022)
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Table 1I-5. (a) Membrane contactor specifications. “Based on the inner diameter. “*Maximum pore size provided
by the manufacturer. (b) Experimental flow-dynamic and mass-transfer parameters for membrane ozonation ex-
periments. Adapted from Kimmler et al. (2022). **Ozone solubility in PDMS from Dingemans et al. (2008).
Ozone solubility in PTFE approximated as 1 (Kdmmler et al., 2022)

Membrane contactor Single-tube Multi-tube

a. Membrane contactor specifications

Membrane outer diameter / mm 3.2 1.9
Membrane inner diameter / mm 1.59 1.5
Membrane length / cm 20 46
Number of membrane tubes | 490
Lumen volume / mL 0.4 400
Shell volume, minus the lumen / mL 50 1000
Membrane surface area” / m? 0.001 1.1
Membrane specific surface area” / m?> m> 2500 2670
Membrane material non-porous PDMS porous PTFE
Membrane maximum pore size™ / pm - 0.82
Ozone solubility in membrane material 0.881"*" 1™

b. Experimental flow-dynamic and mass-transfer parameters

Liquid-side flow rate / mL min™! 12 26 50 9.7 | 400 680 920
Water flow velocity / 102 m s™! 1 22 42 81 |08 13 18
Hydraulic retention time / s 20 92 48 25 60 35 26
Reynolds number 18 39 75 145 13 22 30
Liquid-side Sherwood number 70 9.1 11 14 47 56 6.2
Liquid-side ozone mass transfer coefficient kp / 10° m s™! 69 89 11 14 49 58 64
Membrane ozone mass transfer coefficient kn / 10° m s 3.0 4300
Theoretical overall ozone mass transfer coefficient Ky (at 1.1 1.5

water flow velocity 102 ms™') / 10¢m s’

Experimental overall ozone mass transfer coefficient K. (at 1.240.1 0.86+0.08

water flow velocity 102 ms') /10 m s
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Calculation of ozone exposure (ct)

The time-dependent ozone concentration profile ¢y, (t) was approximated by time-discrete ex-
perimental data points in this work. To calculate the total ozone exposure from these data, it
was calculated from the stepwise addition of the ozone exposure between neighbouring data

points (Equation II-1).

tht1—tn
t _ —Ksecppaqt dt Equation II-1
Clpn+1 = COg,tne ’
0

Ctpns1 Ozone exposure between ¢, and #,+; mg L! min

First-order decay of ozone between each pair of time steps t,, and t,,,; assumed, the first-order

rate constant for ozone decay between these time steps, k was calculated according to

seCn,n+1’

Equation II-2 and Equation II-3 from measured ozone concentrations at t,, and ¢t,, ;4.

= —knn+1(Enr1—tn) Equation II-2
Cos,tni1 = Cos,t0€ q

secnnid First-order decay rate constant of ozone between ¢, and #,+; s

€03,tn1s
In Costy ) Equation II-3

_ksecn,n+1 B the1 — tn

Integration of eq. Equation II-1 and substitution of k with the expression in Equation

Selnn+1

II-3 yields eq. Equation II-4, from which the total ozone exposure was obtained from the sum

of ozone exposure times between all data points of the experiment.

" _ thtr —tn Costngr 1
¢ nn+l = C03'tn <C03 tn+1> Co.t )
—_— 3, ln

Cos ity

Equation 1I-4

For experiments with dissolved ozone concentration exceeding zero in the last sample taken at

final time t;, ozone exposure from t; to infinity, cts o, was extrapolated from the indefinite
integral of Equation 2-2, resulting in the expression shown in Equation II-5. ¢f is the dissolved

ozone concentration at the final time step ty and k, ; is the arithmetic mean of kg, values

LI
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calculated between first and and final sample taken. The initial ozone concentration was ex-
cluded from calculation of k; ¢ as ksec from the initial phase of ozonation may overestimate Ksec

at a later stage.

Cc
Clf oo = L Equation II-5

ki s
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Appendix III. Supplemental Results
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Figure III-1. (a) Concentration changes (difference to non-ozonated sample) in NOM fractions of groundwa-
ter A due to batch ozonation. 9 = 20 °C, DOC 4.5 mg L', pH 7.8. Determination of fractions by LC-OCD
(Huber et al., 2011): HOC — hydrophobic organic carbon, HS — humic substances, BB — building blocks,
LMWA - low molecular-weight acids, LMWN — low molecular-weight neutrals. (b) fraction concentrations
in non-ozonated sample. No humic substances in LMWA fraction assumed. LMW A content, corrected by
HS eluting with LMWA: n.q. (not quantified)
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Figure I11-2. LC-OCD-UVD diagram of groundwater B (batch ozonation). 8 =20 °C, DOC 5.1 mg L', pH 7.6.
Specific ozone doses 0 (blind sample), 0.4 and 1.0 mgos/mgroc. NOM fractions according to Huber et al. (2011):
I — humic substances, II — building blocks, III — low molecular-weight acids and humic substances, IV low mo-
lecular-weight neutrals
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Figure III-3. (a) Concentration changes (difference to non-ozonated sample) in NOM fractions of groundwater B
due to batch ozonation. § = 20 °C, DOC 5.1 mg L*!, pH 7.6. Determination of fractions by LC-OCD (Huber et
al., 2011): HOC — hydrophobic organic carbon, HS — humic substances, BB — building blocks, LMWA — low
molecular-weight acids, LMWN — low molecular-weight neutrals. (b) fraction concentrations in non-ozonated

sample. LMWA content, corrected by HS eluting with LMWA: 38 ug L!
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Figure I1I-4. LC-OCD-UVD diagram of groundwater C (batch ozonation). Specific ozone doses 0 (blind sam-
ple), 0.4 and 1.0 mgos/mgroc. 9= 10 °C, DOC 3.5 mg L', pH 8.0. NOM fractions according to Huber et al.
(2011): I — humic substances, II — building blocks, III — low molecular-weight acids and humic substances, [V
low molecular-weight neutrals. Results adapted from Preda (2019).
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Figure III-5. (a) Concentration changes (difference to non-ozonated sample) in NOM fractions of groundwater C
due to batch ozonation. $ = 10 °C, DOC 3.5 mg L'}, pH 8.0. Determination of fractions by LC-OCD (Huber et
al., 2011): HOC — hydrophobic organic carbon, HS — humic substances, BB — building blocks, LMWA — low
molecular-weight acids, LMWN — low molecular-weight neutrals. (b) fraction concentrations in non-ozonated
sample. No humic substances in LMWA fraction assumed. LMWA content, corrected by HS eluting with
LMWA: 17 pug L', Results adapted from Preda (2019).

180

groundwater D I II o Iv

160
140
120

100

OC / UV detector signal / -

retention time / min

Figure I11-6. LC-OCD-UVD diagram of groundwater D (batch ozonation). Specific ozone doses 0 (blind sam-
ple), 0.4 and 1.0 mgos/mgroc. $ =20 °C, DOC 6.1 mg L}, pH 7.7. NOM fractions according to Huber et al.
(2011): I — humic substances, II — building blocks, III — low molecular-weight acids and humic substances, IV
low molecular-weight neutrals. Results adapted from Specker (2019).

LVI



Supplemental Results

500 7000
groundwater D .
- . I
'_:L 300 A 56000
2 =
s I g 5000 | —
5 100 - H H g |
&n
= =
_Ec:: r—ﬂ l I_IJ—I L U_[ § 4000 -
£ -100 M =
= % 3000 -
& 1 S
5 g
% -300 - 'g 2000 -
° 1 OHOC OHS O0BB OLMWA OLMWN §
2500 § 1000 -
0.1 0.2 04 0.6 0.8 1
: 0
specific ozone dose / mgq;/mgroc
(a) (b)

Figure III-7. (a) Concentration changes (difference to non-ozonated sample) in NOM fractions of groundwater D
due to batch ozonation. § =20 °C, DOC 6.1 mg L'}, pH 7.7. Determination of fractions by LC-OCD (Huber et
al., 2011): HOC — hydrophobic organic carbon, HS — humic substances, BB — building blocks, LMWA — low
molecular-weight acids, LMWN — low molecular-weight neutrals. (b) fraction concentrations in non-ozonated

sample. No humic substances in LMW A fraction assumed. LMW A content, corrected by HS eluting with
LMWA: 84 ug L'!. Results adapted from Specker (2019).
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Figure I11-8. LC-OCD-UVD diagram of groundwater E.1¢ (batch ozonation). Specific ozone doses 0 (blind sam-
ple), 0.4 and 1.0 mgos/mgroc. 3 = 16 °C, DOC 5.6 mg L', pH 8.0. NOM fractions according to Huber et al.
(2011): I — humic substances, II — building blocks, IIT — low molecular-weight acids and humic substances, IV
low molecular-weight neutrals
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Figure II1-9. (a) Concentration changes (difference to non-ozonated sample) in NOM fractions of groundwater
E.1F due to batch ozonation. 3 = 16 °C, DOC 5.6 mg L', pH 8.0. Determination of fractions by LC-OCD (Huber
et al., 2011): HOC — hydrophobic organic carbon, HS — humic substances, BB — building blocks, LMWA — low

molecular-weight acids, LMWN — low molecular-weight neutrals. (b) fraction concentrations in non-ozonated

sample. No humic substances in LMWA fraction assumed. LMWA content, corrected by HS eluting with

LMWA: n.q.
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Figure II1-10. Specific UV2s4 absorbance (UV254:DOC) as a function of specific ozone dose in batch experiments
with different groundwaters. Experimental conditions: 8 = 20 °C, TOC 3.5-6.2 mg L', pH 7.6-8.0 (Table 3-2).
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Results partly from Preda (2019) (groundwater C) and Specker (2019) (groundwater D).
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Table I1I-1. Overview of batch ozonation results of five different groundwaters. Mean values, n = 3. Results
were obtained from multiplication of measured values with dilution factors caused by addition of ozone stock
solution. “Preda (2019), ~*Specker (2019), “**Sellmann (2020)

Groundwater A

Specific ozone dose SACaze UVas4 TOC Bromate
mgos/mgroc m’! m’! mg L! pg L
0 0.90 16.5 4.8 0.0
0.1 0.69 13.6 4.5 1.8
0.2 0.54 11.9 4.5 44
0.4 0.31 9.1 4.5 15
0.6 0.22 7.5 44 32
0.8 0.16 6.1 44 67
1 0.10 5.0 44 119
Groundwater B
Specific ozone dose SACaz6 UVasa TOC Bromate
mgos/mgroc m’! m’! mg L-! pg L
0 0.43 13.8 4.8 0.0
0.1 0.28 10.7 4.6 0.4
0.2 0.20 9.3 4.6 0.9
0.4 0.11 7.2 4.6 4.0
0.6 0.06 5.9 4.6 11
0.8 0.04 5.0 4.5 28
1 0.03 42 4.5 58
Groundwater C*
Specific ozone dose SACaze UVas4 TOC Bromate
mgos/mgroc m’! m’! mg L-! pug L
0 1.15 15.1 3.6 0.0
0.1 1.00 13.7 3.6 1.0
0.2 0.86 12.5 3.6 1.8
0.4 0.54 10.1 3.6 4.6
0.6 0.31 8.3 3.6 11
0.8 0.20 6.6 3.5 22
1 0.11 5.6 3.4 44
Groundwater D™
Specific ozone dose SACaze UVasa TOC Bromate
mgos/mgroc m’! m’! mg L-! pug L
0 0.59 19.1 6.1 0.0
0.1 0.50 16.3 6.0 0.3
0.2 0.38 13.8 6.0 0.7
0.4 0.25 10.8 5.9 2.5
0.6 0.19 9.0 5.8 7.4
0.8 0.15 7.6 5.8 14
1 0.14 6.7 5.7 25
Groundwater E*™*
Specific ozone dose SACa36 UVass TOC Bromate
mgos/mgroc m’! m’! mg L-! pg L
0 0.48 16.3 59 0.0
0.1 0.53 14.8 no data 0.3
0.2 0.58 13.9 0.7
0.4 0.41 11.2 1.7
0.6 0.26 8.9 33
0.8 0.20 7.4 10
1 0.18 6.6 18
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Figure III-11. Relative residual SACa36 absorbance versus SACasg-specific ozone dose in batch ozonation with
exponential fitting and 95 % confidence interval (Groundwater E not included in fitting). Results partly from
Preda (2019) (groundwater C), Specker (2019) (groundwater D) and Sellmann (2020) (groundwater E)
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Figure I1I-12. Bromate concentration depending on raw-water bromide concentration and molar bromate yield.
Dashed lines highlight the WHO provisional guideline value of 10 ug L' and the upper-bound excess lifetime
cancer risk of 107 value of 2 ug L' (WHO, 2017)
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Figure III-13. Effect of alkalinity on color (SACa36) at ozone doses of (a) 0.5 and (b) 0.5 (encircled) and 1.0
mgos/mgpoc. Finished groundwater A.5r (Table 1I-1), pH 8.1, DOC 4.5 mg L', 3 = 19 °C, batch ozonation. Note
different axis scaling for (a) and (b). Results adapted from Bharadwaj (2022).
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Figure II1-14. Effect alkalinity on UV1s4 at ozone doses of (a) 0.5 and (b) 0.5 (encircled) and 1.0 mgos/mgpoc
Finished groundwater A.5r (Table II-1), pH 8.1, DOC 4.5 mg L', § = 19 °C, batch ozonation. Note different axis
scaling of (a) and (b). Results adapted from Bharadwaj (2022).
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Figure III-15. Effect of alkalinity on molar bromate yield at ozone doses of (a) 0.5 mgos/mgpoc and (b) 1.0
mgos/mgpoc. Finished groundwater A.5r (Table 1I-1), pH 8.1, DOC 4.5 mg L', 3 = 19 °C, batch ozonation. Lin-
ear trendlines added in Microsoft Excel as a guide for the eye. Note different axis scaling for (a) and (b).Results

adapted from Bharadwaj (2022).
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Figure II1-16. Effect of pH during batch ozonation of groundwater C on (a) UVs4 at 0.8 mgos/mgroc and (b)
ratio UV2s4/SACus6 at 0.8 mgos/mgroc, compared to effect of increasing specific ozone dose (0—1 mgos/mgroc).
Results adapted from Preda (2019).
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Figure I11-17. Effect of sample temperature on molar bromate yield as a function of (a) relative UV»s4 reduction
(1-UV254/UV2s40) and (b) relative SACaz6 reduction (1-SACa36/SACus60). Groundwater C, 3.5 mgpoc L, pH 8.0,
batch ozonation. Experimental data and exponential fits (y = a - exp(b - x)). Fitting parameters for x = Relative
UVas4 reduction: a = 0.0013, b= 8.0, R2=0.99 (10 °C), a=0.0021, b = 6.4, R? = 1.0 (20 °C); Fitting parameters
for x = Relative SACa36 reduction: a = 0.0009, b = 6.2, R =0.99 (10 °C), a=0.002, b = 4.3, R2=0.97 (20 °C).
Results adapted from Preda (2019).
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Figure III-18. Molar bromate yield as a function of specific ozone dose for the batch ozonation in combination
with H,O» dosage of groundwater A.6r. Results adapted from Eberhard (2021).
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Figure III-19. Relative residual color SAC436/ SACusp versus molar bromate yield in batch experiments with
groundwater A.6r (Table II-1) at varying ozone and H>O, doses. (a) SACass 1 h after ozone dosage; (b) SACuzs 7
d after ozone dosage; bromate was measured only once but showed no significant changes after depletion of
ozone. Results adapted from Eberhard (2021). Experimental conditions: pH 8.4, DOC 4.6 mg L', 9 = 20 °C
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Figure II1-20. Relative reduction of SACass and molar bromate yield in batch ozonation in presence of H,O» as a
function of H>O, dose. (a) groundwater C, 0.8 mgos/mgroc, 3 = 10 °C, DOC 3.5 mg L', pH 8.0, SAC436 meas-
ured 5 d after ozone dosage (Preda, 2019); (b) groundwater E.1f, 1.14+0.03 mgos/mgroc, 9 = 20 °C, DOC 5.6

mg L', pH 8.0, SACu3s measured 4 h after ozone dosage.
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Figure II1-21. Small-scale pilot ozonation of groundwater E.2r at various combinations water flow rate (50, 100,

150, 180 L h'") and feed gas ozone concentration (5, 10, 20, 30 g m™). Feed gas flow rate 25 L h™!, § = 15-19 °C,

TOC 6.3 mg L', pH 7.8. (a) UVas4 versus specific ozone dose. (b) bromate versus specific ozone dose. (¢) UVass
versus bromate (data obtained from (a) and (b)).
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Figure III-22. Reaction kinetics of ozone in finished groundwater E.2r (small-scale pilot) measured with the
online sensor and the indigo method. 3 = 13 °C, DOC 6.7 mg L', specific ozone dose 0.96 mgos/mgpoc, pH 7.8.
(a) logarithmic relative ozone decay kinetics plotted as In(cos/cos0), R?> = 0.96 (online) and 1.00 (indigo). (b)
Specific ozone consumption (normalized to influent sample DOC concentration) with immediate ozone demand
(IOD) after 25 s.
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Figure I11-23. Reaction kinetics of ozone in groundwater E.1¢ (batch). 9 = 16 °C, pH 8.1, DOC 5.6 mg L. (a)
logarithmic relative ozone decay kinetics plotted as In(cos/cos,0), R? = 0.99, 1.0 and 0.98 for 1.5, 1.0 and 0.5
mgos/mgpoc. (b) Specific 0zone consumption (normalized to initial sample DOC concentration) with immediate
ozone demand (IOD) after 15 s for specific ozone doses of 0.5, 1.0 and 1.5 mgos/mgpoc. Adapted from Kdmmler

et al. (2022)
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Table I1I-2. Overview of ozone decay kinetics in groundwater: Immediate ozone demand (IOD) and first-order
rate constant for secondary decay ks.. “data adapted from Kammler et al. (2022). *Batch: IOD time 30 s, pilot:
IOD time 25 s. Pilot concentration measured with online sensor

DOC 9 Batch / Specific 10D™ Ksee
Water mg L! pH °C Pilot ozone dose mgo3/mgpoc st
E.lI+ 5.6 8.1 16 Batch 0.5 0.47 0.047
E.lI+ 5.6 8.1 16 Batch 1.0 0.68 0.0092
E.lI+ 5.6 8.1 16 Batch 1.5 0.72 0.0034
E.2¢ 6.3 7.8 13 Pilot 0.96 0.63 0.0089
Al 4.5 7.7 14 Pilot 0.54 0.42 0.017
Alg 4.5 7.7 14 Pilot 1.08 0.56 0.004
Al 4.5 7.7 14 Pilot 1.58 0.62 0.0017
A.2R (raw) 52 7.8 14 Pilot 0.59 0.56 0.05
A.2R (raw) 52 7.8 14 Pilot 0.71 0.63 0.019
A.2R (raw) 52 7.8 14 Pilot 0.96 0.74 0.0061
A.2R (raw) 52 7.8 14 Pilot 1.19 0.82 0.0044
A24 52 7.7 14 Pilot 0.47 0.45 0.051
A2r 4.9 7.7 14 Pilot 0.38 0.36 0.063
A2p 4.9 7.7 14 Pilot 0.5 0.44 0.017
0.05 0.80
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Figure I11-24. Effect of ozone exposure on (a) molar bromate yield and (b) relative residual SACass for varying
pH in the ozonation of groundwater A.3r. pH adjustment by dosage of hydochloric acid. $ = 14-15 °C,
DOC 4.9 mg L', specific ozone doses 0.25 and 0.5 mgos/mgpoc, small-scale pilot ozonation.
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Figure I11-25. Small-scale pilot ozonation-biofiltration results for groundwater A after aeration, specific ozone
dose = 0.26+0.03 mgos/mgroc, pH 7.7-7.9, 15-17 °C, n = 5 samples (four samples for bromate), bromate below
limit of quantification (LOQ) of 1.5 ug L™! in two samples (approximation: 0.5 - LOQ) and below limit of detec-
tion (LOD) of 0.5 pg L' in two samples (approximation: 0.5 - LOD). Sample abbreviations: O3 = ozonation ef-

fluent; O3 + GAC + phonolithe: ozonation effluent filtered by GAC and phonolithe
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Figure I11-26. Conditioning of virgin biofilter (GAC + phonolithe) with groundwater E (small-scale pilot). 3 13—
17 °C, pH 8.0, bromide n.a., EBCT 35 min. Samples: influent, O3 (ozonation effluent), O3+GAC (GAC efflu-
ent), O3+GAC+phonolithe (biofilter effluent), GAC+phonolithe w/o O3 (second identical filter with non-ozo-

nated influent). (a) specific ozone dose, (b) UV2s4, (€) SACasze, (d) TOC, () bromate.
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Figure I11-27. (a) Ozone exposure, (b) IOD for small-scale pilot ozonation of raw groundwater (A.2g, 14 °C, 5.2
mgpoc L', pH 7.8), acrated groundwater (A.2, 14 °C, 5.2 mgpoc L', pH 7.7) and aerated, flocculated (0.2 mg
L' Al) and sand-filtered groundwater (A.2r, 14 °C, 4.9 mgpoc L', pH 7.7).
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Figure I11-28. (a) Molar bromate yield versus ozone exposure for raw groundwater (A.2g, 14 °C, 5.2 mgpoc L,

pH 7.8), aerated groundwater (A.24, 14 °C, 5.2 mgpoc L', pH 7.7) and aerated, flocculated (0.2 mg L' Al) and

sand-filtered groundwater (A.2r, 14 °C, 4.9 mgpoc L', pH 7.7). (b) Detailed view of data points with ozone ex-
posure < 1.5 mg L' min. Small-scale pilot ozonation.
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Figure 111-29. bromate versus SACus¢ for raw groundwater (A.2g, 14 °C, 5.2 mgpoc L™, pH 7.8), aerated ground-

water (A.2a, 14 °C, 5.2 mgpoc L}, pH 7.7) and aerated, flocculated (0.2 mg L™ Al) and sand-filtered groundwa-

ter (A.2r, 14 °C, 4.9 mgpoc L', pH 7.7). Data points stem from variation of ozone dose in small-scale pilot 0zo-
nation.

Table I1I-3. Overview of results obtained by small-scale pilot ozonation of different feed water qualities of
groundwater A. Mean values, n = 2.

Raw groundwater A.2r

Specific ozone dose SACa36 UVass DOC Bromate
mgo3/mgpoc m’! m’! mg L-! pug L
0.00 0.85 18.3 5.2 0.0
0.24 0.59 152 no data 0.1
0.50 0.40 12.3 3.8
0.59 0.33 11.2 7.8
0.71 0.26 9.9 21
0.96 0.19 8.3 50
1.19 0.16 7.4 76
Aerated groundwater A.2a
Specific ozone dose SACa36 UVass DOC Bromate
mgos/mgpoc m’! m’! mg L-! pg L
0.00 0.85 18.4 5.2 0.0
0.18 0.59 15.1 no data 0.2
0.24 0.52 14.2 1.2
0.36 0.44 12.9 3.0
0.47 0.37 11.6 10
Aerated, flocculated, filtered groundwater A.2r
Specific ozone dose SACa36 UVass DOC Bromate
mgo3/mgpoc m! m! mg L! pg Lt
0.00 0.60 154 49 0.0
0.20 0.45 12.8 no data 0.7
0.25 0.39 11.9 1.3
0.38 0.32 10.6 6.7
0.50 0.26 9.5 17
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