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Abstract

Abstract

The growing world population, in conjunction with climate change, cases the global water demand
to increase. It is, therefore, crucial to protect existing water resources from chemical pollution and contami-
nation by pathogens. An increasingly popular strategy to meet increased water demand is potable water
reuse, which uses wastewater effluent as the water source and treats it to such an extent that it is safe to
drink. However, this practise may encompass risks for human health if the treatment train does not ensure
a sufficient removal of chemical and microbial contaminants. In the context of both water and wastewater
treatment, ozonation has emerged as an efficient treatment method for the control of pathogens, the abate-
ment of organic micropollutants, and the removal of taste and odor compounds. Despite its popularity, in-
formation on the inactivation of waterborne viruses by ozone is scarce.

The aim of this thesis was to investigate the kinetics and mechanisms of inactivation of waterborne
viruses by ozone. In a first step, the inactivation kinetics of a suite of human viruses and commonly used
surrogates (bacteriophages) were determined in well-controlled buffer systems. To this end, we developed
a method to control O3 decay in batch reactors. This allowed us to measure virus inactivation as a function
of low ozone exposures. The resulting inactivation rate constant (kos.virus) differed between the virus species
studied, but all kos.virus fell within a narrow range of 10°-10° M!s™. These high inactivation rate constants
indicate that ozone is efficient to inactivate waterborne virus. Increases in temperature and pH resulted in
an increased kos.virus, though the effect was relatively minor.

To determine if more complex, natural water matrices influence virus inactivation by ozone, we in-
vestigated the virucidal efficacy of ozone in two surface waters and a secondary wastewater effluent. While
inactivation kinetics as a function of ozone exposure initially corresponded well to those observed in buffer
solutions, the inactivation curve tailed off at higher ozone exposures. Furthermore, because it is not possible
to measure virus inactivation during water treatment in real-time, we tested different if “easy-to-measure”
proxies can be used to track virus inactivation. We determined that the applied specific ozone dose, the
reduction in UVas4, or the abatement of carbamazepine all correlated to virus inactivation, though some
proxy-inactivation relationships were not universal but depended on the water type. The proxies were vali-
dated in a pilot-scale ozonation reactor treating Lake Zurich water, and were found to provide good estimates
of virus inactivation.

Finally, an immunostaining assay was developed to observe how ozonation affects crucial steps in the life
cycle of echovirus 11, a representative of the Enterovirus genus. Specifically, we investigated if ozone alters
the ability of the virus to enter the host cells, and if it prevents the viral genome from replicating. Preliminary
results indicate a loss of internalization after ozone treatment as well as genome replication.

In conclusion, this thesis provides new information on the efficacy and mechanisms of ozone as an inactivat-
ing treatment for waterborne viruses, and it delivers tools to monitor virus inactivation during water and
wastewater treatment in real-time.
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Résumé

Résumé

L'augmentation de la population mondiale, ainsi que le changement climatique, accroit la demande en en
eau a travers le monde, et avec elle la pression sur les ressources en eau douce. Il est donc crucial de protéger
ces ressources de la pollution et des contaminant par des agents pathogenes. Une stratégie qui gagne en
popularité pour répondre a cette demande croissante et la réutilisation des eaux usée comme sources d’eau
potable. Bien entendu, il existe des risques sanitaires importants liés a une telle pratique si les traitements
ne sont pas suffisament performant. Autant dans le tratement des eaux potables que des eaux usées, |'0zo-
nation a émergée comme une solution efficace d’inactivativer les pathogénes, réduire les micropolluants et
enlever les odeurs et les golts désagréables. Malgré sa popularité, les informations sur sa capacité d’inactiver
les virus entériques sont rares et insuffisantes.

L'objectif de cette these est de comprendre la cinétique et les mechanismes d’inactivation des virus enté-
rique par I'ozone. Dans un premier temps, les cinétiques d’inactivation de plusieurs virus humains et bacté-
riophage (substitut come modeéle) ont été résolue dans une solution tampon bien définie. Pour accomplir
ceci, une method a été developpée pour permettre d’appliquer des expositions d’ozone tres faible, permet-
tant ainsi de mesurer l'inactivation des virus en fonction de I'exposition a I'ozone. Les constantes d’inactiva-
tion (kos.irus) des virus différaient, mais toutes restaient dans un intervalle étroit de 10°-10° Ms %, Ces cons-
tant élevée prouve I'efficacité de I'ozone pour inactiver les virus. Une augmentation de la temperature ou du
pH a pour consequence uen augmentation de cette constant, mais cette augmentation reste faible.

Afin de déterminer I'influence des constituents des matrices naturelles sur I'inactivation des virus par | ozone,
nous avons choisis deux eaux de surface et un effluent secondaire d’eaux usée.Alors que la cinétique d’inac-
tivation en fonction de I'exposition a I'ozone correspond initialement bien a celle observée dans les solutions
tampons, la courbe d’inactivation présent un plateau avec des expositions a I'ozone plus élevées. De plus,
comme il n’est pas possible de mesurer I'inactivation du virus pendant le traitement de I'eau en temps réel,
nous avons testé différents types de proxy qui sont des parametres « faciles a mesurer » pouvaient étre
utilisés pour suivre I'inactivation du virus. Nous avons déterminé que la dose spécifique d'ozone appliquée,
la réduction de I'UV254 ou I'abattement de la carbamazépine étaient tous corrélés a I'inactivation du virus,
bien que certaines correlation dépendent du type d'eau. Ces proxys ont été validés lors d’'une expérience
d’ozonation dans pilote traitant I'eau du lac Zurich et se sont révélés étre une bonne estimation de I'inacti-
vation du virus.

Enfin, un test d'immunocoloration a été mis au point pour observer comment I'ozone affecte les étapes cru-
ciales du cycle de vie de I'échovirus 11, représentant du genre Enterovirus. Plus précisément, nous avons
recherché si I'ozone altére la capacité du virus a pénétrer dans les cellules hotes et s'il empéche le génome
viral de se répliquer. Les résultats préliminaires indiquent une perte d'internalisation apres le traitement a
I'ozone ainsi que la réplication du génome.



Résumé

En conclusion, cette thése fournit de nouvelles informations sur I'efficacité et les mécanismes de lI'ozone en
tant que traitement inactivant des virus transmis par I'eau, et fournit des outils permettant de surveiller en
temps réel I'inactivation des virus lors du traitement de |'eau et des eaux usées.

Mots-clés

Virus, bactériofage, désinfection, ozone, cinétique, traitement de I'eau, eau potable, eaux usées, adénovirus,
caxsackievirus B5, echovirus 11, MS2, Qf3, T4, ®174, inactivation entéroviral, internalization de virus, élimi-

nation de micropolluant
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Introduction

Chapter 1 Introduction

1.1 Context

An increasing world population and economic growth challenge safe drinking water supplies and ecosystem
preservation, as human activities are the main pressure on water systems. Especially in fast developing soci-
eties, an increased water demand and high levels of pollution stress freshwater resources.! This pollution
may stem from either treated or untreated industrial and communal wastewater discharge, and other
sources, such as agricultural production, may also contaminate water bodies with fertilizer and pesticides
through runoff.2 Major contaminants include an excess of nutrients (nitrogen, phospohorous) that lead to
eutrophication, an excessive increase in plant growth that can deplete oxygen from water sources,? or the
release of micropollutants®* or pathogens.®> Minimizing water body contamination is necessary for preserving
natural environments and ecosystem biodiversity and for protecting drinking water sourced from lakes,
ground water, and rivers. ® To lower health risks related to drinking water, advanced and efficient treatment
technologies to prevent human waste contamination of source water should be a focus of water safety plans.
Therefore, technology investments and policy commitments are mandatory to protect public health.”

In addition to world population growth, climate change impacts water availability and increases the stress on
existing drinking water sources, meaning that areas of water scarcity are increasing. To reduce these effects,
more sustainable, climate-independent, resilient, and adaptative drinking water supplies have to be devel-
oped and should be located close to high population density centers for maximum impact. Potable water
reuse meets these criteria by producing large quantities of drinking water from wastewater through ad-
vanced technology in wastewater treatment plants (WWTPs), which can simultaneously reduce the environ-
mental impact of wastewater discharge. However, several challenges have to be overcome for this option to
be feasible and highly accessible, one of the biggest being the high concentrations of microbial and chemical
contaminants present in wastewater. Complex treatment is required to ensure sufficient levels of safety.®
These treatments require substantial investment, but this technology is key to ensuring water safety.

Of special concern in water safety, micropollutants are contaminants that can accumulate through a food
chain and are highly ecotoxic. Extensive research has been conducted on the detection and removal of mi-
cropollutants since the early 1960’s when polychlorinated biphenyl compounds (PCB) were detected in wild-
life (mussels, fish, and birds).® In Switzerland, micropollutant monitoring started in 1975 in Lake Geneva, and
in 2006, the first analysis of pharmaceutical contaminants in the lake revealed the presence of several
drugs.1® By 2016, the Swiss government changed the law concerning wastewater discharge, mandating that
about 100 WWTPs be upgraded with tertiary treatment steps of either ozonation or activated carbon. The
goal is to achieve 80% removal of a dozen indicators of micropollutants.!

Ozonation has emerged as promising technology to fulfill these more stringent standards for micropollutant
abatement. However, more research is necessary to accurately assess and characterize its efficiency in mi-
crobial inactivation, especially for viral pathogens.
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1.2 Water treatment: A multi-barrier approach

In water treatment, there are multiple levels of barriers protecting public health and water resources from
waste and pollutants. The primary treatment of wastewater physically removes suspended solids and re-
duces heavy metals and organic nitrogen and phosphorus but does not sufficiently remove microbial patho-
gens or micropollutants. Secondary biological treatments, such as activated sludge or a membrane bioreac-
tor, reduce the biochemical oxygen demand, and suspended solids by 85% or more. Digestion by microor-
ganisms reduce nutrients and organic matter. Virus, bacteria, and protozoa concentrations may also be re-
duced by 2.5, 3, and 2log1o, respectively.® However, most micropollutants and waterborne pathogens can still
escape this secondary treatment to be released into the environment.?>’ Therefore, further downstream
processes have to be added to conventional wastewater treatment to ensure sufficient removal of health-
target compounds or microbials prior to discharge in the environment. These advanced treatments may in-
clude a combination of processes such as adsorption, media or membrane filtration, oxidation, and disinfec-
tion.

In addition to protecting water sources, multiple treatments are also a required next barrier for ensuring
drinking water safety. Drinking water treatment may include pretreatment, flocculation, coagulation, sedi-
mentation, filtration, and disinfection. This combination of processes may reduce by 6 logio viruses and bac-
teria, and by 3-4 logio protozoa. Another important aspect of drinking water production is a good mainte-
nance of drinking water supply system to avoid recontamination post-treatment.

In the case of potable water reuse, where the loop between wastewater release and drinking water produc-
tion is closed, it is fundamental to ensure sufficient pathogen removal. Therefore, complex treatment trains
with multiple barriers between secondary wastewater effluent and drinking water supply are necessary. To
ensure health protection, each individual process has to meet performance targets, and the overall treat-
ment must be validated to reliably and consistently produce safe drinking water. Total organic carbon or
discrete chemical species are sometimes used as surrogates for the removal of chemical hazards. However,
the use of surrogates to monitor microbial disinfection is frequently discussed, and such contradictory results
are presented in the literature!?** that the World Health Organization (WHO) strongly recommends avoiding
microbial surrogates (such as Escherichia coli) to estimate microbial pathogen removal, including for human
viruses.’ Because indicator organisms are typically much more susceptible to inactivation than the patho-
gens they are supposed to indicate, process validation requires evidences of a certain log removal, also called
logio removal credits (details in Table 1.1), of the microbes of interest. Moreover, an important component
of validation is the identification of operational criteria that can assess the online treatment performance.
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Table 1.1 Validated log reduction values based on challenge testing and operational monitoring sensitivity. (adapted from Potable
reuse: GUIDANCE FOR PRODUCING SAFE DRINKING-WATER, WHO 2017)

LRVowms

Bacteria Viruses Protozoa

Treatment process

Secondary wastewater treat-

1 .
ment (without disinfection) 0.5 0.5
Soil-aquifer treatment system specific
Membrane biorector 4 1.5 2
Microfiltration 4 0 4
Ozone-biological activated car- 4 4 0
bon
Reverse osmosis 1.5-2 1.5-2 1.5-2
Ultraviolet light disinfection 6 6 6
Ultraviolet light/advanced oxi-
. . . 6 6 6
dation process disinfection
Chlorination 6 6 0

Drinking water treatment
plant (coagulation, floccula- 6 6 34
tion, filtration, chlorination)

Advanced oxidation processes (AOPs) are some of the most important components to micropollutant or mi-
crobial risk removal, several of which have been implemented in existing water reuse treatment trains.’® In
parallel to AOPs, standard ozonation is of interest due to its high potential for micropollutant abatement and
microbial inactivation, and it has been used for more than 100 years in drinking water production.’” However,
its application to wastewater treatment is more recent, where its main goals is microppolutant abatement.

1.2.1  Ozone chemistry and stability in water

Ozone is a strong oxidant that is unstable in aqueous solutions due to various different effects, not all of
which are fully understood. Essentially, ozone instability increases in basic solutions due to a higher OH con-
centration and increased formation of hydroxyl radicals (*OH), which are also strong oxidants. A lower pH
and temperature increase ozone stability and solubility in water.

In drinking or wastewater, the presence of natural dissolved organic matter (DOM) significantly contributes
to ozone decay, potentially due to its preferential reaction with the electron rich moieties of the DOM. Ozone
has a high reactivity towards olefins and aromatics that is dependent on the accessibility of these functional
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groups and their surrounding substituents. For example, its reactivity towards nitrogen-containing com-
pounds varies significantly with the type of functional groups involved. Its reactivity towards aliphatic amines
depends on the lone pair accessibility such that this reactivity is knocked down by complexation or protona-
tion of the amine. In aromatic amines, a high electron density in the aromatic cycle may compete for ozone
reactivity, though when the nitrogen is in an aromatic heterocycle, it has a low reactivity towards ozone.
18195Amides exhibit extremely low reactivity due to the presence of a carboxyl group that draws a lone pair of
electrons. A similar effect is observed for sulfonamide compounds.?’

Other organic and inorganic are affected by ozone to various degrees. Disulfide bonds are typically involved
in bridges in secondary protein folding, so they are present in protein of microbes found in wastewater. Sul-
fur-containing compounds react with ozone in their low oxidation states as thiols (RSH) or disulfides (RSSR),
though cysteine and methionine amino acids have high reaction rate constants for the reaction ozone at
1x10%°and 6 x 10°M s at pH 7, respectively.? Considering the very slow reactivity of ozone with C-H bonds,
saturated compounds lacking heteroatom reactive sites are “ozone refractory”, meaning they are typically
not directly abated by ozone. Nevertheless, due to "OH production during the ozonation of drinking or
wastewater, they can be eliminated by alternative pathways with hydroxyl radicals. 17 Inorganic constituents
of the water matrix, such as low oxidation state metal ions or inorganic anions, may also contribute to ozone
decay. One particularly concerning one is bromide (Br’), whose reaction with ozone leads to the formation of
bromate (BrOs’), which has been identified as potential human carcinogenic compound.”’

The quantity of conducted research into ozone for abating micropollutants highlights its potential, and, in
fact, ozone has been used as a disinfectant for more than a century, including as a primary disinfectant for
drinking water and wastewater. However, the complexity of ozone decay kinetics in water challenge the
precise quantification of ozone exposure during laboratory experiments and water treatment. This decay
kinetics are also largely dictated by the multitude of possible reactions with the DOM present in water ma-
trices and can vary greatly depending on the concentration and specific DOM composing the water sample.
Figure 1 shows how ozone can react with DOM moities to form various radicals, and due to these reactions,
ozone decay kinetics are often multiphasic.'”*® The formation of *OH radicals are of special interest as an
intermediate in ozone decomposition because higher *OH formation actually increases ozone consumption,
and "OH is itself also likely to react with micropollutants or pathogens present in water. Alkalinity is also an
important parameter of the water matrix, because COs> ions act as *‘OH scavengers, and therefore it in-
creased ozone stability.
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DOM model

R R

03 e 02 + O_.

O 4+ HO —= OH +OH

Figure 1.1 Reaction of ozone with DOM and pathways resulting in hydroxyl radical production. 17

1.2.2  Ozone as a disinfectant

To evaluate the efficiency of a given disinfectant, its kinetics have to be characterized. At the beginning of
the last century, the Chick-Watson model (Equation 1.1) was proposed to describe disinfection kinetics,?* and
is represented as3

Equation 1.1 Chick-Watson model

N
In (—) = —k j[Disinfectant]" dt
Ny

With this equation, inactivation can be described by the product of the inactivation rate constant (k) and the
exposure to the disinfectant. As seen previously, ozone reacting with DOMs also generates "OH radicals that
are also able to inactivate pathogens. Therefore, both processes may be considered to determine overall
pathogen inactivation, which can be represented as

Equation 1.2 Model for inactivation by ozone

ln[[N—NO]]= —(k03 f[03]dt+ keoy f[‘OH]dt>

The Rct concept was introduced by Elovitz and von Gunten, where??

Equation 1.3 R concept

[[*OH ] dt

Ree = TT0,T a

which represents the ratio of *OH exposure over ozone exposure in a given water sample. Generally, the Re
is equal to 108-10°(M/M) in surface water. This concept is useful for determining microbial inactivation
based on the inactivation rate constants, the R, and the ozone exposure.
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The total inactivation is expressed in the transformed formula below as a function of their rate constant, the
Rcand the ozone exposure. Moreover, the importance of each disinfection process can be directly compared.

Equation 1.4 Inactivation model including R concept

N
T IN,]

= —(koz + k-on Ret ) f[03]dt

As one can see here, k.on has to be much higher than kosto be important in the disinfection process because
of the low R value of the "OH radical, so its contribution to disinfection is generally neglectable in drinking
water disinfection.? Here, the important variable to determine is the ozone exposure which is the repre-
sented by the area under the ozone decay curve. As highlighted by Buffle et al.,’® the initial phase of ozone
decay (0 to 5s) is crucial for precisely determining ozone exposure in natural matrices. As highlighted by
Figure 1.2, if this first phase is not measured (black dots), the real exposure can be overestimated (dashed
area), resulting in an underestimation of the inactivation rate constant.

[Os]

0 1 15
Time, [s]

Figure 1.2 Scheme of ozone decay (dots) in function of the time to highlight the importance to con-
sider the first phase of decay (black), to correctly calculated the ozone exposure. Dashed area rep-
resents the overestimation due to late measurement of ozone (red).

By comparing the required exposure for 2 logio inactivation (also called CTqs), 0zone has been recognized
more efficient than chlorine. Especially against several pathogens of concern that are known to be chlorine
resistant.>*%° For 99% inactivation, the required CT (in mg*min/Il) were lower for O3 by factor 10 for Legionella
pneumophila and Giardia lamblia, and even 100 for Cryptosporidium parvum.*°

1.2.3  Disinfection by-products

During disinfection, disinfection by-products (DBPs) are formed due to the reaction of ozone with natural
organic matter (NOM), and it is necessary to consider these by-products due to their potential chronic expo-
sure. A major reason for concern in by-product formation is the presence of bromide (Br’) in natural water,
which can be found in the broad range from 10-1000 pg/1.Y” In low levels or the absence of Br’, a variety of
organic DBPs are formed, most of which are biodegradable and will be eliminated by a biological filtration
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step after ozonation. In the presence of bromide, bromoorganic compounds can be formed, though generally
in concentrations below the threshold for drinking water. Therefore, the main by-product concern is bromate
(BrOs) because of its carcinogenic effects. The maximum contaminant level has been established to 10 pg I
by EU and USEPA. For Br™ levels above 50-100 pg/l, bromate formation become already a problem. To miti-
gate bromate formation, ammonia can be added to scavenge hypobromous acid (HOBr), a precursor of bro-
mate. In addition, lowering the pH can shift bromate precursor equilibrium and reduce its formation. Com-
bining these two measures can decrease bromate formation by up to 50%.

This illustrates the fine balance that must occur between the reduced microbial content and formation of
toxic and possible cancerogenic DBPs in terms of health risks. The health benefits and the losses of different
strategies of treatment can be compared using the disability adjusted life year (DALY) metric. This DALY may
represent the lost years of “healthy” life.3! Havelaar et al. estimate risks of C. parvum as 103/person-years.
Applying ozone may reduce this risk by ~7-fold, but bromate level may rise higher than drinking water stand-
ards. However, the authors estimated the net benefit of preventing gastroenteritis in general and premature
death with acquired immunodeficiency syndrome to be approximatively 1 DALY/million person-year. Accord-
ing to the authors, health benefits by reducing C. parvum outcompete the losses due to renal cell cancer by
a factor of >10.32 To establish overall treatment goals, though, accurate inactivation kinetics are key because
an underestimation of the required exposure may lead to insufficient inactivation, but an overestimation
may uselessly increase the risk of DPB formation. In addition, an increased understanding of inactivation
kinetics will allow a better evaluation of health benefits and losses during risks assessment analysis.
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1.3 Microbial hazards

1.3.1 Types of microbes found in wastewater

Table 1 shows several examples of relevant enteric pathogens and their related indicators linked to water-
borne disease, and includes data for bacteria, viruses, parasites, and helminths, as well as their general con-
centration range in typical untreated wastewater.

Table 1.2 Examples of pathogens and indicators found in wastewater (adapted from WHO, 2017)8

Number in untreated

Pathogen lliness .
wastewater (per liter)
Bacteria
Escherichia coli Gastroenteritis /Microbial indicator 10°-10%
Enterococci /Microbial indicator 1010
Campylobacter Gastroenteritis, Guillain-Barré syndrome <1-10°
Mycobacteria (non- Respiratory illness (hypersensitivity pneu- <1-108
tuberculous) monitis), skin infections
Salmonella Typhi Typhoid <1-10°
Other Salmonella Gastroenteritis, reactive arthritis <1-10°
Shigella Dysentery <1-10*
Vibrio cholerae Cholera <1-10°
Viruses
Somatic coliphage Microbial indicator <1-10°
F-RNA phage Microbial indicator <1-10’
Adenoviruses Gastroenteritis, respl.ratory illness, eye infec- <1-10°
tions
Noroviruses Gastroenteritis <1-10°
Enteroviruses Gastroenter‘ltls, respiratory |IIr.1€.:ss, nervous <1-10°
disorders, myocarditis
Rotavirus Gastroenteritis <1-10°
Protozoa
Cryptosporidium Gastroenteritis <1-10°
Ent b
framoena Amoebic dysentery <1-10°
histolytica
Giardia Gastroenteritis <1-10°
Helminths
Ascaris Abdominal pain, intestinal blockage <1-103
Trichuris Abdominal pain, diarrhea <1-10?
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1.3.2  Pathogen transmission

Waterborne pathogens generally follow the fecal-oral transmission route, but several other routes may also
lead to infection, as highlighted by Figure 1.3. First, transmission can occur via direct infection through the
consumption of contaminated water or during recreational activities. Secondly, contaminated water may be
used for irrigation or wash water, resulting in the contamination of food. For example, the raw consumption
of contaminated lettuce has been known to lead to infections.3® Contamination from hand-to-hand, hand-
to-food, or flies-to-food are also important routes of transmission.3* If wastewater is sufficiently treated be-
fore release or not released at all in a reuse scenario, the global risk of infection can be reduced by minimizing
the exposure that occurs through any of the transmission routes.

Hands

Surface
Food /

Recreational >
\ / water
Wastewater
system * Environment

Drinking water v

Infected Host New Host

Hands i

Figure 1.3 Transmission routes of waterborne pathogens, red arrows highlights where water disinfection can be applied.

1.3.3  Waterborne viruses as pathogens of concern

Inactivation kinetics

Among all waterborne pathogens, the WHO considers waterborne viruses to be of moderate to high health
concern. Despite several differences in physical structure and genome morphology, these non-enveloped
viruses, have several common features of concern. They persist for long periods in the environment, have an
extremely low infectious dose (<100)%*, and are shed in high numbers in feces—up to 10! per gram of stool
for rotavirus, even when the infection is asymptomatic. Hence, fecally contaminated drinking water, if not
adequately disinfected, may cause large outbreaks of viral gastroenteritis. In addition, exposure through
swimming or showering may also lead to ocular or respiratory infections.3®

As highlighted in the previous section, ozone has a high potential as a disinfectant. However, despite its his-
torical use in water disinfection, only few studies have attempted to characterize its kinetics in relation to
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viral inactivation. Precise ozone exposure values are challenging to obtain due to the variety and complexity
of ozone decay profiles encountered in natural matrices. A recent study by Sigmon et al.** compiled data on
viral inactivation by ozone to measure the similarities and differences between indicators and actual patho-
genic viruses. Specifically, they measured the overall effect of ozonation on pathogen reduction by comparing
the reduction of several pathogenic viruses and bacteria in buffer and wastewater. However, they did not
derive inactivation rate constants and did not consider the initial rapid ozone decay phase. Vaughn et al.
estimated an inactivation rate constant for rotavirus to be around ~10* Ms! in buffer, but they also did not
measure ozone exposure in the initial rapid decay phase between 0 and 10 5.’
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Figure 1.4 Calculated inactivation rate constant based on reported data highlights inconcistencies through out litterature data.

Understanding the kinetics of ozone decay and disinfection is essential to its application in water treatment.
Additionally, the monitoring of treatment performance is necessary to meet the validation criteria for water
reuse. Therefore, to measure the efficiency of the disinfection processes, robust tools must be developed to
monitor viral inactivation through water treatment.

Molecular mechanism

As very few studies exist that address viral inactivation by ozone at all, even fewer address the mechanisms
by which ozone can inactivate viruses. Roy et al.®® published a study on inactivation of Poliovirus 1 by ozone,
demonstrating a reduction of viral infectivity after treatment with various concentrations of ozone. They
showed that ozone damages VP1 and VP2 polypeptide chains, two of the three proteins forming viral capsid
subunits. These damages did not lead to breaking the viral capsid. However, the associated changes in protein
conformation did not seem sufficient to reduce the host cell attachment capacity of the virus; thus, this im-
pairment of the viral coat is not the predominant cause of inactivation. They also observed that the viral RNA
was damaged during ozonation, which was therefore interpreted as the major cause of viral inactivation.

In contrast, Kim et al.>® worked with bacteriophage f2 and demonstrated that ozone inactivation coincided
with a loss in host attachment due to a breakup of the capsid protein. Additionally, they found that naked
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RNA was inactivated by ozonation to a lesser extent than RNA inside the phage particle. The authors at-
tributed this to a secondary reaction of RNA with radicals formed by reaction of coat protein subunits with
ozone. Overall, these authors established that the main bacteriophage targets of ozone were the viral pro-
teins, whereas the degradation of the genome was secondary.

Finally, Shinriki et al.*°

determined that in addition to degradation of the genome, the main mode of action
of ozone on tobacco mosaic virus was crosslinking of the coat proteins that prevented the virus from uncoat-
ing inside of the host, and hence releasing its genome. With all of these studies taken together, it can thus
be concluded that both protein and genome damage by ozone play an important role in inactivation and that

their interplay is complex and poorly understood.

A mechanistic understanding of the molecular targets of ozonation is important for anticipating the disinfec-
tion of viruses that cannot be assessed experimentally. Virus species lacking a convenient cell culture system
to measure their infectivity, such as norovirus. Furthermore, ozone target sites have to be determined to
better understand the variability in viral disinfection kinetics, i.e., why some viruses are more ozone-resistant
than others. Finally, a combination of disinfectants with different modes of action may be needed to elimi-
nate a maximum number of viral species, which can only be understood through a detailed investigation of
the mechanisms. A robust understanding of the modes of action of ozone is therefore necessary to design
such a combined system.

1.4  Research Objectives

1.4.1 What is the inactivation kinetics of virus by ozone ?

To precisely resolve viral inactivation, the kinetics were first studied in a buffered system. These systems have
the advantage of being a simplified water matrix with a well-controlled composition. As highlighted previ-
ously, the most challenging part in ozone inactivation is quantifying the precise exposure. In this study, an
experimental method was developed to measure viral inactivation by controlling ozone decay kinetics
through the addition of excess trans cinnamic acid (CA) to the buffer system containing t-BuOH to exclude
"OH radicals. This procedure allowed to study ozone inactivation kinetics in a simplified and reproducible
system. The reaction rate constant (kos.ca) have been established at different temperatures and the Arrhenius
activation energy was measured. Knowing the kos.ca and the initial concentration of the reactants, the ozone
exposure can be computed by resolving the second order decay equation below.

Equation 1.5 Second order rate constant of ozone reaction with trans-cinnamic acid

d[0s]
ot

= kos—ca X [CA]; X [03]¢

This would be impossible in natural matrices, because the kinetics of ozone are not controlled. Using this
method, the influence of pH and temperature on the inactivation rate constant (kos.virus) Were established for
MS2. Then, the inactivation kinetics of nine different viruses were determined at room temperature and pH
7 for four bacteriophages and five human viruses, including two environmental isolates. The goals were, first,
to measure the precise kos.virus, and second, to observe if different viral species had significant differences in
inactivation efficiency with Os. Additionally, we verified whether bacteriophages would be good surrogates
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for human viruses in ozone disinfection studies and if significant differences were measured between labor-
atory and environmental virus strains.

1.4.2 What is the effect of DOM on inactivation kinetics and which proxy to use for viral inac-
tivation during ozone treatment?

Once the kinetics were established, one bacteriophage (MS2) and one enteric virus (CVB5 Envl) were se-
lected to establish the inactivation kinetics in natural matrices for several reasons. First, MS2 is easy to work
with and can be propagated with a high titer, and experiments outside of a BSL2 environment are possible.
CVB5 was one of the most “resistant” viruses observed in the buffer system, and it is an environmental strain
that may better represent circulating viral species. To cover the different types of natural water matrices,
three were selected, two raw surface waters (SW) and one secondary wastewater effluent (WW) samples.
These matrices may represent the different types of water in which ozonation may be applied as treatment.
They include different types and concentrations of dissolved organig matter (DOM). In this chapter, we in-
vestigated whether the natural matrix constituents significantly change kos.virus. As a second goal, proxies for
viral inactivation during ozonation were tested.

More specifically, the ozone exposure was calculated for the different samples. The specific ozone dose

4142 \we measured precisely ozone exposure for

(mg03/mgDOC) correlated to ozone exposure in wastewater,
a range of specific ozone doses in one SW sample and the WW sample. A model was developed to predict
ozone exposure based on the specific ozone dose applied, and batch experiments were performed with the

MS2 and CVBS viruses to compare the inactivation with the previously measured Kos-irus.

We also chose to investigate and validate previously mentioned proxies for surface water and wastewater
application in this wstudy. For example, Gerrity et al. and Gamage et al. showed the potential of UV absorb-
ance reduction at 254 nm (AUVa.ss) and the specific ozone dose as proxies for MS2 inactivation in
wastewater.*** Additionally, carbamazepine abatement has also been consider as a proxy for virus inactiva-
tion by ozone. This micropollutant has similar reaction kinetics as the viruses with ozone. In addition, car-
bamazepine will be monitored ponctually during wastewater treatment in Switzerland as part of a new reg-
ulation.!

1.4.3 What are the mechanisms of virus inactivation by ozone?

For a multi-barrier approach to water treatment, understanding the ability of a disinfectant to damage either
the genome or capsid proteins is important. Successive disinfection steps have to be complementary to avoid
resistant pathogens passing through the treatment train, wherefore, synergistic processes are preferred.

In this chapter, the effect of ozone damage on viral life cycle functions (internalization, or replication) are
investigated. An immunocytochemistry assay was developed to measure internalization of the virus and its
ability to replicate.
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Chapter 2 Kinetics of Inactivation of Water-
borne Enteric Viruses by Ozone

Reproduced with permission from : C. Wolf, Urs von Gunten; Tamar Kohn. 2018. “Kinetics of Inac-
tivation of Waterborne Enteric Viruses by Ozone.” Environ. Sci. Technol. 2018, 52 (4), 2170-2177. DOI:
10.1021/acs.est.7b05111 > Copyright [2018] American Chemical Society.

The author of this thesis, Camille Wolf, developed the experimental methods, performed the ex-
periments, analyzed the data and wrote the paper.

2.1 Abstract

Ozone is an effective disinfectant against all types of waterborne pathogens. However, accurate
and quantitative kinetic data regarding virus inactivation by ozone is scarce, due to the experimental chal-
lenges associated with the high reactivity of ozone towards viruses. Here, we established an experimental
batch system that allows tailoring and quantifying very low ozone exposures and simultaneously measuring
virus inactivation. Second-order ozone inactivation rate constants (kos.virus) Of five enteric viruses (laboratory
and two environmental strains of coxsackievirus B5: CVF, CVEnv1 and CVEnv2, human adenovirus: HAdV, and
echovirus 11: EV) and four bacteriophages (MS2, Q, T4 and ®174) were measured in buffered solutions.
The kos.virus O all tested viruses ranged from 4.5 x 10° to 3.3 x 10° Ms, For MS2, kos-ws2 only depended
weakly on temperature (2 — 22 °C, E, = 22.2 kJmol?) and pH (6.5 — 8.5), with an increase of kos.ms2 With in-
creasing pH. The susceptibility of the selected viruses towards ozone decreases in the order Q3 > CVEnv2 >
EV =~ MS2 > ®174 ~ T4 > HAdV > CVF = CVEnv1. Based on the measured kos.viris and typical ozone exposures
applied in water and wastewater treatment, we conclude that ozone is a highly effective disinfectant for virus
control.

2.2 Introduction

Ozone (03) has been applied to drinking water disinfection and chemical oxidation for over a century.'” Ozone
is known to efficiently inactivate bacteria, and protozoans, including chlorine resistant pathogens such as
Cryptosporidium parvum oocysts, Giardia cysts and Legionella. >>*%728 |n addition, ozone can be applied for
taste and odor control, as well as for the oxidation of inorganic contaminants.*® More recently, the applica-
tion of ozone has been extended to wastewater treatment,**™° where its main purpose is to contribute to
the abatement of micropollutants in secondary wastewater effluent and the reduction of their load to the
aquatic environment. Finally, ozone is becoming an integral part of many potable reuse trains, where it can
be applied for pre-oxidation of effluent organic matter, micropollutant abatement and disinfection.®
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Ozone has also been recognized as an effective treatment against waterborne viruses. This property is par-
ticularly desirable in the context of potable reuse, where guidelines require a stringent treatment goal of up
to 12 logio virus removal from raw wastewater to tap water.>® Previous studies have reported inactivation
data for different enteroviruses, adenoviruses and several bacteriophages.!*3¥°152 However, reproducible
measurements of kinetic parameters for viral inactivation remain sparse, and the reported efficacy of ozone
toward a given virus varies dramatically. For example, as reviewed by Finch and Fairbairn (1991), the reported
inactivation of poliovirus type 1 ranges from 0.5 logio at an estimated ozone exposure (ozone concentration
integrated over exposure time*) of 3.9 mg*min/L (15 min at 0.26 mg/L ozone) to 4 logio at an estimated
exposure of only 1.7*10* mg*min/L (0.1 s at 0.1 mg/L ozone).! In a less extreme example, Roy et al. (1981)
reported a 2 logye inactivation of coxsackievirus B5 at an ozone exposure of 0.072 mg*min/L (0.48 min at
0.15 mg/L ozone),*® whereas Sigmon et al. (2015) determined an ozone exposure of 0.51 mg*min/L to
achieve the same extent of inactivation.>*

These differences in reported kinetic data are in part associated with different experimental setups to meas-
ure virus inactivation by ozone. For example, in experiments using bubble contactors inactivation may be
limited by ozone transfer from the gas phase to the bulk solution.>* Compared to experiments using dosing
of stock solutions of dissolved ozone, bubble contactors are thus likely to report slower inactivation kinetics.
The biggest experimental challenge, however, is the quantification of the very low ozone exposures associ-
ated with virus inactivation. Although some studies report inactivation as a function of ozone residual or

3851 permitting rough estimates of exposure values - the

ozone concentration applied and time of exposure
majority of prior studies did not provide sufficient data to evaluate virus inactivation in terms of ozone expo-
sure. Furthermore, due to the extremely rapid kinetics of viral inactivation, substantial measurement uncer-
tainties remain even when exposures were reported. For example, while both Sigmon et al. (2015)** and
Thurston et al. (2005)°? reported inactivation as a function of the ozone exposure, their first measured ozone
concentration was only obtained after 10 to 15s. However, the initial phase (< 10s) of the ozone decay has
been identified as crucial to determine ozone exposures for fast reactions.'® Experimental approaches that
do not capture this initial phase will result in an overestimation of ozone exposure, and by consequence to

an overestimation of the exposure required to achieve a given virus inactivation.

The experimental challenges discussed above highlight the need for a reliable experimental approach to
measure virus inactivation kinetics at low ozone exposures. The resulting kinetic information is of particular
importance with respect to the use of ozone in wastewater, where competing reactions of ozone with matrix
constituents (e.g., dissolved organic matter) lead to rapid ozone consumption, and hence low ozone expo-
sures. For example, a typical specific ozone dose of 0.5 mg O3/ mg dissolved organic carbon (DOC) applied to
nine different secondary wastewater effluents yielded ozone exposures of 0.16 — 2.2 mg*min /L (0.2-2.8*10°
3 Ms). # To estimate the extent of virus inactivation by ozonation of wastewater, virus susceptibilities to low
ozone exposures must thus be known.

An existing experimental approach is the use of quench-flow systems. ' However, such experiments require
specialized equipment, which is not practical for use with biosafety level Il material. In this context, the first
aim of this study was to develop and validate a simple batch method to measure second order virus inacti-
vation rate constants at low ozone exposures. This method was then used to explore the range of suscepti-
bilities of different viruses toward ozone, which in turn allowed an estimation of virus inactivation during
wastewater ozonation.
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2.3 Experimental section

2.3.1 Chemical

The quality and sources of all chemicals are listed in the Supporting Information (SI).

2.3.2  Virus propagation, purification and enumeration

Five human enteric viruses (Faulkner strain and two environmental strains of coxsackievirus B5: CVF, CVEnv1l
and CVEnv2; human adenovirus type 2: HAdV; and echovirus 11 Gregory strain: EV) and four bacteriophages
(MS2, QB, T4 and ®174) were included in this study. The information on sources of all viruses, their host cells
and their propagation procedures is provided in the SI.

All viruses were purified using a polyethylene glycol (PEG)-chloroform method, as described previously.> For
MS2, a second purification method adapted from Oksanen et al. (2012)°® using a CIM monolithic column (QA
1 ml, BIA Separation) was performed to study the effect of purification on inactivation. Details of the proce-
dure are given in Table S1, SI. Virus stock solutions were kept in phosphate buffered saline (PBS; 5 mM
NaH,P0O., 10 mM NaCl, pH=7.5) and stored at 4°C. Phages were enumerated by the double-agar-layer method
as described previously® and infective phage concentrations are expressed in plaque forming units (PFU)/mL.
Enteric viruses were enumerated by the most probable number (MPN) assay as detailed elsewhere,” and
concentrations are expressed as most probable number of cytopathic units (MPNCU)/mL.

2.3.3 0Ozone Production

Ozone gas was produced by an ozone generator (Innovatec; model CMG 3-3 or CMG 3-5, Rheinbach, Ger-
many) from pure oxygen (Carbagaz) and the resulting ozone/oxygen mixture was bubbled through Barnstead
Nanopure (Thermofisher) /MilliQ (Millipore) water cooled in an ice bath.>® Ozone stock solutions reached
concentrations ranging from 0.8 to 1.25 mM. For each stock solution produced, the ozone concentration was
measured by direct spectrophotometry using an absorption coefficient €260 = 3200 Mt cm™.Y’

2.3.4 Experimental Procedures

Approach to produce and quantify low ozone exposures

To measure viral inactivation at low ozone exposures, we used an experimental setup in which the ozone
stability was controlled by a compound with known ozone reactivity added in excess of the ozone dose. Spe-
cifically, we performed inactivation experiments in solutions containing excess concentrations of trans-cin-
namic acid (CA) in presence of tert-butanol (t-BuOH) to avoid any interferences with hydroxyl radicals (*OH).
CA was chosen because it is highly reactive towards ozone (koz.ca = 3.8 x 10°— 1.2 x 10® M s1), 5980 it does
not affect viral infectivity at concentrations used for the experiments, and its reaction with O3 produces ben-
zaldehyde with a 1:1 stoichiometry (Equation 2.1).%°
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Equation 2.1 Reaction of trans-cinnamic acid with ozone: stoichiometric production of benzaldehyde.

/o O| H
X kO3-CinnA OH HO §O
oH + 0, —— + \ + H0,
(0]

trans-cinnamic acid Benzaldehyde Glyoxilic acid

Once the reaction between Osand CA is completed, the concentration of benzaldehyde can be used to pre-
cisely determine the initial ozone concentration. The theoretical ozone decay resulting from the reaction of
ozone with CA can be modelled using three parameters: the second-order rate constant for the reaction of
ozone with CA (kos.ca), the initial O3 concentration (determined from final benzaldehyde concentration) and
the initial CA concentration. The ozone decay curve is then integrated over time to determine ozone expo-
sure. ¢

In this experimental approach, kos.ca, is a key parameter to estimate the ozone exposure. Therefore, it is
crucial to adapt kos.ca in the ozone decay model to the applied experimental conditions (pH and tempera-
ture). To obtain kos.ca, the kinetics of ozone decay in the presence of excess CA were determined under
pseudo-first order conditions at different temperatures, using a Hi-Tech Scientific SF-61DX2 stopped-flow
spectrometer (TGK Scientific). The experimental procedure was modified from Heeb et al (2017)%2 and details
are given in the SI. Based on the resulting rate constants (Table S2, Sl) the activation energy (E.) was deter-
mined via the Arrhenius equation (Figure S1, Sl). This, in turn, allowed us to calculate kos.ca at any selected
temperature (Table S3, Sl).

Batch ozonation experiments

The steps involved in obtaining a virus inactivation curve are summarized in Figure 2.1. Specifically, a series
of batch reactions was run with different initial O5;:CA ratios (A), to establish different ozone exposures. After
complete depletion of O3, samples were withdrawn for benzaldehyde quantification by HPLC (see SI) to de-
termine the ozone concentration in each reactor. Additionally, residual infective viruses were enumerated.
Subsequently, the determined ozone concentration and the initial CA concentration were used to model the
ozone exposure in each reactor (B). Finally, the inactivation in each reactor was evaluated as a function of
the corresponding ozone exposure (C), and the inactivation rate constant (kos.virus) Was determined from a
least-squares fit to the linear portion of the following model:

Equation 2.2 Chick-Watson model for ozone disinfection

N t

im(5) = = kos-virus* f [0,](t) dt

where N and Npare the infective virus concentrations at times t and 0, respectively, [0s](t) is the time-de-

. t . .
pendent ozone concentration, and fO [03](t) dt is the ozone exposure at exposure time t.
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Figure 2.1 Overview over batch approach. (A) Viruses are inactivated in batch reactors with different 03: CA ratios, whereby
CA is in excess. The closer the 03:CA ratio is to unity, the higher is the resulting ozone exposure. (B) Ozone decay is simulated
based on the ozone concentration (determined by quantification of benzaldehyde) and initial CA concentration, and the ozone
exposure in each reactor is calculated. The residual infective virus concentration in each reactor is quantified by an infectivity
assay. (C) Inactivation is plotted versus the ozone exposure to obtain the inactivation rate constant, according to Equation 2.2

Experimental solutions were freshly prepared the day of the experiment with a range of CA (90-180 puM) in
PBS. 20 mM t-BuOH was added to scavenge *OH produced during ozonation, to ensure that kinetic parame-
ters pertained to the inactivation by ozone only. Inactivation curves for all viruses were obtained at pH 6.5
and a temperature of 22°C. For MS2, additional experiments were conducted over a range of pH values (6.5-
8.5) and temperatures (2-22°C) to assess the influence of these parameters on the second order ozone inac-
tivation rate constants. Virus ozonation was performed in 50 mL glass reactors filled with the experimental
solution, capped and sealed to limit ozone outgassing. Viruses were added to the reactors at concentrations
of 107 -10° PFU/mL (coliphages) or 10° MPNCU/mL (human enteric viruses). An ozone stock solution was
injected into the reactors to reach a concentration of 20 to 175 uM, and the reactors were mixed (650 rpm)
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for 30 s. A syringe connected to a 0.22 um filter (Infochroma) was simultaneously inserted to avoid overpres-
sure during Os injection and was removed after the injection. After 2.5 to 3 min, when O3 was completely
depleted, 100 uL aliquots were withdrawn, were diluted 10x into PBS containing 0.1 uM EDTA (coliphages)
or in culture media (human viruses), and viruses were enumerated as described above. The role of EDTA was
to prevent virus inactivation by a Fenton-type reaction of H,0, (produced during the reaction of O3 with CA;
Scheme 1) with trace metals present in PBS.%% No inactivation of viruses by H,0, was observed if the samples
were diluted in culture media. O; decay was then modelled and integrated to determine the ozone exposure
in each reactor. All experiments were conducted at least in duplicate.

In addition to viruses, the kinetics of carbamazepine (CBZ) abatement by ozone was also measured to validate
the experimental system.'” For these experiments, CBZ (5 uM) was mixed with CA (150- 170uM) in PBS ad-
justed to pH 3, and containing 20 mM t-BuOH. The lower pH was used to increase Ojs stability. CBZ concen-
trations were quantified by HPLC as described in the Sl.

Quench-flow ozonation experiments

MS2 inactivation. To confirm the inactivation rate constants obtained in the batch system, the inactivation
of MS2 was additionally measured by quench-flow, using a procedure adapted from Czekalski et al. (2016)
Specifically, a MS2 suspension (~10° PFU/mL) in PBS at pH 6.5 and 5 mM t-BuOH, was mixed at a 10:1 ratio
with an ozone solution (500 uM, prepared in 1mM HClI solution, kept at 4°C) in reaction loops (40 uL and 500
uL) with different flow rates, to yield a range of ozone exposures (Table S2.4 Sl). Ozone was quenched after
defined contact times by mixing the sample at a 11:1 ratio with 100 mM CA in Nanopure water at pH ~7.
Quenched samples were collected in a sterile syringe, and were used to quantify MS2 infectivity by plaque
assay and benzaldehyde concentrations by HPLC. The residual ozone concentration and ozone exposure was
determined as described previously ¢, and the inactivation rate constant was determined using Equation 1.

The initial MS2 concentration was measured in the same experimental setup in ozone-free samples consist-
ing of the MS2 solution and milliQ water at a 10:1 ratio. Similarly, the experimental ozone concentration was
measured at the start and end of each experiment at the shortest contact time in virus-free solutions con-
sisting of milliQ water and an Ossolution at a 10:1 volumetric ratio. The decay of the ozone feed solution in
the quench-flow system during the experiments (15-25 min) was less than 2 %.

Second order rate constant for the reaction of CBZ with ozone. The second order rate constant for the reaction
of CBZ with ozone was also quantified by the quench-flow setup. For these measurements, the experimental
solution consisted of 5 UM CBZ and 5 mM t-BuOH in milliQ water at pH 3. The experiments were conducted
as described above, except that ozone was quenched by 100 mM CA solution at a 11:2 volumetric ratio. Prior
to the experiment, the starting concentration of CBZ was measured in the same experimental setup in ozone-
free solutions (CBZ solution and milliQ water at a volumetric ratio of 10:1). The O3 concentrations were meas-
ured at the shortest contact time in CBZ-free experiments (milliQ water and Os solution at a 10:1 volumetric
ratio). The decay in the ozone feed solution (pH~3) throughout the experiment (40-60 min) was less than 2
%. Quenched reaction mixtures were withdrawn for CBZ and benzaldehyde quantification. Details on contact
times, flow rates, residual ozone concentrations and the derived ozone exposures are listed in Table S2.5.

2.3.5 Simulations and data analysis

766 767

Simulations of ozone depletion were performed in R® using the packages “caTools”®, “flux”®” and

“desolve”®®, Statistical analyses were performed in R® using the “ggplot2”% and “multcomp”’® packages.
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Rate constants of the different viruses were compared by ANCOVA with Tukey’s post hoc test, allowing for
an a-type error of 5%.

2.4 Results and discussion

2.4.1 Method validation and temperature-dependence of ko3-ca

To validate the batch ozonation approach developed herein, it was applied to measure the kinetics of the
abatement of CBZ. The obtained second order rate constant kos.csz was then compared to a previous value
from literature,” as well as to the value measured by the quench-flow system in this study. As summarized
in Table 2.1, the kos-csz values obtained in the batch and the quench-flow system were within the error sta-
tistically equivalent (p-value = 0.057). The larger error in the batch system may be explained by the fact that
the ozone exposure is simulated, whereas in the quench-flow approach it is directly measured. Furthermore,
the measured kos-csz values were within a factor of two of the previously reported values, which is typical for
such kinetic measurements. This suggests that the batch ozonation approach can accurately determine reac-
tion kinetics with ozone.

Table 2.1. Summary of measured and reported second-order rate constants for the reaction of CBZ with ozone and corresponding
statistics. The error associated with the kos.cgz corresponds to the standard error.

Method kos-csz, [M's] Adjusted R? Condition Reference
22 +£2°C
+ 5 o
Batch (5.5+£0.8) x 10 0.90 oH = 3.00 £ 0.03 This study
22+2°C
_ + 5 .
Quench-flow (6.1£0.1)x 10 0.99 oH = 3.00 £ 0.03 This study
Competlltlon kinet- ~3 x 105 i 20°C Ref. 22
ics pH=7

The batch approach generated ozone exposures ranging from approximately 107 Ms (8 x 10> mg x min L)
to approximately 10 Ms (8 x 103 mg x min L). The upper end of this range is determined by the requirement
that the O5:CA ratio has to be below unity.

This batch method can be applied over a range of temperatures, as long as the ozone depletion is modelled
using kos.ca for the corresponding temperature. To this end, kos.ca Wwas measured at different temperatures,
and an activation energy E, of 21.2 kJ/mol was determined (see Figure 2.1 and Table S2.3, Sl for details). The
kos.ca measured at 22 °C (7.6 x 10° M s1) corresponds well to previously reported values (3.8 x 10° and 1.2 x
106 M—l S—l).59,60

In summary, the batch ozonation approach developed herein can be applied to determine kinetic parameters
for ozone-sensitive substances/organisms at different temperatures. Furthermore, as the method does not
require any specialized equipment, it is well suited for applications in any laboratory, including laboratories
handling biohazardous materials.
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2.5 MS2 inactivation kinetics by the batch method

Influence of virus solution conditions on inactivation

An important prerequisite of the batch approach used herein is that CA be the main sink for ozone. This
condition can be readily met for ozonation of chemical substances such as CBZ, which are typically available
at high purity. The purity of stock solutions of viruses, in contrast, is compromised by residues from the cul-
ture media and host cells used during virus propagation. To ensure that impurities in the virus solutions do
not influence ozone inactivation kinetics, three purification approaches were compared. For MS2 coliphage
as the benchmark virus, we tested purification by PEG-chloroform, purification by ion exchange chromatog-
raphy on a monolithic column, and absence of purification (simple filtration using a 0.45 um Durapore filter,
Millipore). In addition, the inactivation kinetics were measured for different starting concentrations of MS2
(108-10° PFU/mL), as dilution can be used as a method to reduce impurities from the stock solution.

Second-order inactivation rate constant for MS2 (kos.ms2) Were statistically equivalent for all procedures as
long as purification was applied (p-value = 0.14, Table S2.8). In contrast, kos.ms2 decreased significantly if no
purification was used (p-value = 5.3 x 10%). In the absence of purification, the culture media constituents thus
likely protected the viruses from inactivation. Furthermore, the initial MS2 concentration did not affect kos-
ms2 to a significant extent (p-value >0.05; Table S2.8).

Replicate experiments using different MS2 stock solutions purified by the PEG-chloroform method indicated
that this purification procedure yielded consistent kinetic data across different viral batches (Table $2.8 and
Figure S2.2, Sl). Therefore, the PEG-chloroform method was used for all further virus inactivation experi-
ments.

Rate constant for the inactivation of MS2 by ozone

Based on multiple replicate batch experiments, a koz-ms2 of (1.9 £ 0.1) x 10° M s was determined at pH 6.5
and 22 °C. Under the same experimental conditions, quench-flow determination of kO3-MS2 yielded a value
of (1.0 + 0.1) x 107 Ms? (Figure S2.2). This difference of about a factor of 5 in measured kos-ws2 values ap-
proximately corresponds to that of reported second-order rate constants for the abatement of organic sub-
stances by ozone in different studies (e.g., reported values of kos.ca vary by a factor of 3 between measure-
ments by quench-flow®® and by competition kinetics®). The greater kos-ms2 obtained in the quench-flow sys-
tem may be explained by the differences in the experimental procedures. First, mixing may be less efficient
in the batch experiments, which are conducted in greater volumes. Second, the ozone exposures in batch
experiments are simulated not measured, which may introduce an error in the resulting kos.ms2. However,
despite the difference in the absolute values, both methods confirm the very high susceptibility of MS2 to
ozone. Furthermore, the discrepancies in kos-ms2 values observed herein are minor compared to the vast dif-
ferences in ozone susceptibilities for the same virus in different studies (see introduction).

Effects of temperature and pH

To investigate temperature- and pH-dependence of virus inactivation by ozone, MS2 inactivation was inves-
tigated over a pH range of 6.5-8.5 and temperature range of 2 — 22°C, roughly characteristic of water and
wastewater treatment (Figure 2.2).
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Figure 2.2 Second-order rate constants kos-ws2 for the inactivation of MS2 with ozone at different temperature
(2, 12 and 22°C) and pH (6.5 and 8.5) conditions.

Increases in temperature and pH both accelerated inactivation, though the effects were minor (see Table
S2.9). Specifically, an increase in pH from 6.5 to 8.5 enhanced kos-ms2 by a factor 1.4 (2°C) to 2 (22°C ), whereas
a temperature shift by 10°C resulted ina 1.2 (pH 6.5) to 1.4 (pH 8.5)-fold increase in kos-msz2. This temperature
dependence of kos-ms2 indicated an activation energy of MS2 inactivation by ozone of 12.2 to 23.4 kl/mol at
pH 6.5 and pH 8.5, respectively (see Table $2.10 and Figure S2.4, Sl). These values correspond well to that
previously reported by Roy et al. (1981) of 15 kJ/mol.”? Similarly low activation energies for the reaction with
ozone are also encountered for highly reactive organic compounds (e.g., the E,for the reaction of CA with
ozone determined herein corresponds to 21.2 kJ/mol). Such low temperature dependence of the reaction
indicates that reaction rate constants are close to the upper end of ozone reactions. In contrast, the E, for
the reaction of ozone with C. parvum, a more ozone-resistant pathogen, is significantly higher (51.7 kJ/mol).”®
Due to the rather modest effect of temperature and pH, additional viruses were only tested at a single tem-
perature and pH condition (pH6.5 and 22°C). The somewhat lower pH compared to that encountered in
wastewater was chosen to increase ozone stability throughout the experiment, and thus reduce a source of
variability. Given its low pH dependence, however, kos.irus measured at pH 6.5 is still representative of water
and wastewater treatment conditions.

2.5.1 Inactivation of other viruses by ozone

After validation of the batch method and optimization of the experimental parameters using MS2, the batch
method was applied to eight additional bacteriophages and enteric viruses. Representative inactivation
curves are shown in Figure 2.3, and the resulting second order inactivation rate constants (kos-virus) are sum-
marized in Table 2.2.

The investigated viruses spanned a range of genome types (CV, EV, MS2 and Qf3: single-stranded RNA; $X174:
single-stranded DNA; HAdV and T4: double-stranded DNA) and lengths, as well as different protein contents
and capsid configurations. Despite this diversity, all second-order inactivation rate constants were of similar
magnitude, spanning a range from 4.5 x 10° to 3.3 x 10° Ms? (Table 2.2). These high rate constants confirm
the high ozone efficiency for virus inactivation. Nevertheless, minor yet statistically significant differences
were observed among the ozone reactivities of the different viruses. Interestingly, the biggest differences
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were found among closely related viruses. For example, one of the most susceptible (CVEnv2) and the most
resistant viruses (CVEnv1 and CVF) are representatives of the same virus strain (coxsackievirus B5). Similarly,
MS2 was more resistant than its closely related counterpart Q. The causes underlying these differences are
currently not understood and are the subject of ongoing investigations.

42



Kinetics of Inactivation of Waterborne Enteric Viruses by Ozone

. MS2

e\

0X174

0d. T4 . Qp

O_ % ° . HAdV 4 % EV

Inactivation, log(N/No)

CVF ¢ . CVEnv1

0q-. CVEnv2

..u.u L]

0 2 4 6 8
Ozone exposure, [M s] x 10°

Figure 2.3. Log inactivation of all selected viruses as a function of the ozone exposure (22°C, pH = 6.5). Each panel contains
data from at least two independent experiments.
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Table 2.2 Second-order rate constants for the inactivation of the selected viruses by ozone (kos.virus), With corresponding standard
errors and adjusted R2.

Viruses kos.virus, [M? 5] R?
MS2 (1.9£0.2) x 10° 0.73
Qp (3.3+0.7) x10° 0.50
DOX174 (1.2£0.1) x 10° 0.86
T4 (1.3+0.1) x 10° 0.83
HAJV (9.0 1.2) x 10° 0.63
EV (1.9£0.2) x 10° 0.69
CVF (4.4 +1.4) x 10° 0.27
CVEnvl (4.9+0.7) x10° 0.66
CVEnv2 (2.5 +0.6) x 106 0.56

Interestingly, the ozone reactivities of the viruses tested herein exhibited a similar trend as observed by Sig-
mon et al. (2015), namely MS2>EV>TA>HAdV = $X174>CVF. Higher stability of CVF compared to other enteric
viruses tested was also observed for disinfection by free chlorine, whereas this trend did not apply to disin-
fection by chloramine (Table 2.3).

Table 2.3 Required oxidant exposures to inactivate, EV, HAdV and CVF by 2 logi. Ct values for ozone were determined in this study
(Table S10). Ct values for free chlorine and chloramine were determined by Cromeans et al. (2010) in buffer at pH 7 and 5 °C 74

Virus Ozone, Free chlorine Chloramine
[Ms] / [mg min L] [Ms]/ [mgminL?'] [Ms]/[mgminL?]
EV ~2.4x10%/ 1.9x103 ~7.8x10%/0.7 ~1.1/940
HAdV ~5.1x10%/4.1x 103 ~3.4x10°/0.3 ~0.9/795
CVF 5 -3 -3
~1.0x 10>/ 8.0 x 10 ~4.75 x 107 /4.2 ~0.7 / 590

Finally, the high kos.virus determined in this study imply that hydroxyl radicals (¢OH), which are typically pro-
duced during ozonation, do not significantly contribute to the inactivation of viruses of water and
wastewater. The ratio of the ¢OH to the Os; exposures (Ret)? typically corresponds to ~10°° to 10® during lake
water and wastewater ozonation, respectively.'® This implies that in order for eOH to play a significant role
in inactivation, its reactivity toward viruses would have to exceed that toward ozone by a factor of 10°to 108,
However, rate constants for ¢OH previously measured in our laboratory correspond to 7.0 x 10° M s for
MS2, 4.0 x 10° M? st for HAdV and 1.7 x 10° M s for $X174,”> whereas those for inactivation by ozone
were only 3-4 orders of magnitude lower (Table 2.2). The contribution of hydroxyl radicals to inactivation
during ozonation can thus be considered negligible.

2.5.2 Estimation of extent of virus inactivation during wastewater ozonation

As highlighted above, inactivation of viruses by ozone differ both between and within different virus sero-
types and families. However, these differences may not be relevant in the context of water and wastewater
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treatment, as the applied ozone exposures are generally large and the inactivation of viruses by ozone is
efficient. Based on the kos.irus determined herein, we estimated inactivation for specific ozone doses from
0.25-1 mg O3/ mg dissolved DOC. Based on previously determined relationships between specific ozone doses
and ozone exposures in secondary wastewater effluent, the corresponding ozone exposure during
wastewater treatment can be estimated as 6 x 10 ® to 8 x 103 Ms, *? which is in the upper range or above the
ozone exposures applied in this study (107 — 10° Ms). Figure 2.4 shows the calculated extent inactivation of
CVF (most resistant human virus studied; Table 2.2) and MS2 in a wastewater as a function of the specific
ozone dose. At the lowest specific ozone dose of 0.25 mg Os/mg DOC, the inactivation of CVF is minor,
whereas MS2 exceeds 4 logio inactivation. This example illustrates that viruses may escape inactivation if
low specific ozone doses are applied to wastewater. Furthermore, it indicates that at low specific ozone
doses, MS2 may not be a good surrogate for enteric viruses. At specific ozone doses > 0.3 mg 0s/mg DOC,
both viruses are estimated to be inactivated by =9 logi, (Figure 2.4).Typical specific ozone doses for enhanced
wastewater treatment for micropollutant abatement with ozone are in the order of 0.5-0.6 mg O3/mg DOC.
417677 Under such conditions, an efficient inactivation of viruses can be expected. We caution, however, that
these estimates are based on inactivation rate constants derived from the linear regression of the inactiva-
tion curves shown in Figure 2.3. The linear relationship between ozone exposure and inactivation may break
down at higher exposures, as some studies have reported tailing inactivation curves.”® Furthermore, a recent
study has shown that flocs present in wastewater effluent can protect microorganisms from inactivation by
ozone,* and this factor remains to be tested for viruses. Overall, ozone thus has a high potential as a
wastewater disinfectant for viruses, but this potential should be confirmed during ozonation in real
wastewater systems. This is done in Chapter 3.

Ozonedose, [mg Os/mg DOC]
0.25 0.3

0.5 1
0
-5.0 —I
-10.0

mMS2 = CVF

Calculated inactivation, Log (N/No)

Figure 2.4 Calculated inactivation of MS2 and CVF by ozone in
wastewater as a function of the specific ozone dose
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Chapter 3 Inactivation of Waterborne Vi-
ruses by Ozone in Natural Matrices: Proxies for
viral inactivation

The author of this thesis, Camille Wolf, developed the experimental methods, performed the ma-
jority of experiments, analyzed the data and wrote the paper (to be submitted). Most ozone decay batch
experiments and ~80% of the experiment measuring and AUV,s, were conducted by Annalisa Pavese.

3.1 Introduction

Human viruses are present in raw sewage at concentrations of 108 to 107 virus particles/L.”° If discharged into
the environment in an infective state, they can cause health risks to recreational water users, or consumers
of drinking water, if these waters are used as water resources. The removal and/or inactivation of viruses
during water and wastewater treatment is thus an important measure to prevent waterborne diseases. A
particularly critical case is potable water reuse, where guidelines aim for 9.5 (Australia) to 12 logio (California,
USA) enteric virus removal as performance target for a complete treatment train.%

A promising approach to strongly reduce infective virus concentrations is ozonation. Ozone is a powerful
oxidant that has a long tradition in treatment trains for drinking water®., and is increasingly implemented for
wastewater® and potable water reuse throughout the world.'® In Chapter 2, we determined the inactivation
kinetics of a suite of human enteric viruses and bacteriophages by ozone in well-controlled buffered solu-
tions, and inactivation rate constants (kos.virus) ON the order of 10° Ms! were determined as a function of
the ozone exposure®?, according to Equation 2.2. However, in natural water or wastewater, virus inactivation
remains difficult to predict. First, inactivation kinetics may be mitigated by different matrix constituents,*
resulting in lower values of kos.viis. Second, the extent of virus inactivation is a function of ozone exposure,
and this parameter is difficult to measure or estimate in real-time during treatment, due to the high ozone
demand of many wastewater or raw drinking water matrices.'® To overcome this problem, relationships be-
tween the ozone exposure and the specific ozone dose (mg0s/mgDOC) have been established*, and can be
invoked to estimate the ozone exposure in a given water matrix. However, these relationships differ between
different water matrices, and are time-consuming and experimentally challenging to establish. Overall,
knowledge of the specific ozone dose is not a sufficient parameter to estimate virus inactivation in water or
wastewater treatment.

Alternatively, inactivation may be monitored based on an “easy-to-measure” proxy. Proxies are an indirect
measure of the ozone exposure, and can be used as surrogate parameters to predict virus inactivation. Buffle
et al. (2006) demonstrated that during ozonation of wastewater, the UV absorbance at 254 nm of the matrix
decreases (AUVas4, details in Equation 3.1) as a function of the specific ozone dose, which in turn determines
the ozone exposure.® Gerrity et al. (2012) and Carvajal et al. (2017) measured the abatement of micropollu-
tants and/or the inactivation of fecal indicator organisms, which also depend on the ozone exposure, in func-
tion of AUV2s4. They then established correlations between AUV;s4 and micropollutant abatement as well as
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the inactivation of the indicator organisms.**#* This allowed them to estimate the abatement of these chem-
ical and biological pollutants based solely on the measurement of AUV;s4, without the need to determine the
ozone exposure.

Equation 3.1 Definition of AUV2s4 proxy

AUVysy =1 — (M>
[UV2s4l0
In this study, we explore if AUV2ss can be used as a proxy for virus inactivation. Additionally, we investigate if
micropollutants with similar ozone reactivity as viruses may serve as alternative proxies. We investigate mi-
cropollutants as an additional proxy, because in Switzerland their abatement in wastewater is regularly mon-
itored in the framework of the Swiss water protection act, a new regulation aiming to reduce discharge of
micropollutant in the environment.!! This is achieved by monitoring a suite of indicator compounds, among
them carbamazepine (CBZ), which has a similar ozone reactivity as viruses (5.5 x 10° M* s1).8% Therefore, CBZ
was chosen as second proxy for virus inactivation in this study.

The objectives of this study were (1) to investigate the influence of natural matrices on kos.virus, (2) to evaluate
potential proxies (AUV2ss or CBZ abatement) for virus inactivation during ozonation of environmental matri-
ces, and (3) to validate these proxies for virus inactivation in a pilot scale ozonation reactor. As model organ-
isms we used MS2 coliphage and an environmental strain of coxsackievirus B5 (CVB5). These viruses were
selected because they exhibited significant differences in kos.vius in buffered solutions, and thus spanned a
range of possible inactivation kinetics.®® Furthermore, MS2 inactivation has previously been correlated to
AUVas4 by Gerrity et al., which will enabled a comparison with results of this study.

3.2 Materials and Methods

3.2.1 Chemicals and solutions

Sodium chloride (NaCl), sodium monophosphate (NaH,PQ,) and sodium di-phosphate (Na;HPQ,) were pur-
chased from Acros. Ortho-phosphoric acid (HsPO4) was purchased from Fluka. Carbamazepine (CisH12N-0),
benzaldehyde (C;Hs0) and 1 M HCl were purchased from Sigma-Aldrich. HPLC grade solvents were purchased
from Biosolve chimie SARL. Indigo trisulfonate was purchased from (Sigma).

3.2.2 Phages and bacteria

Coliphages MS2 (DSMZ 13767) and its host Escherichia coli (DSMZ 5695) were purchased from the German
Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). MS2 phages were propa-
gated and purified by PEG purification, except for Pilot experiment where MS2 stocks was directly diluted.
The phages were enumerated using double agar layer plaque assay, as described previously.>®

3.2.3 Virus propagation, purification and enumeration

An environmental strain of the human enteric coxsackievirus B5 (CVB5) was isolated from the Vidy
wastewater treatment plant (Lausanne, Switzerland), as described elsewhere.® CVB5 was propagated on
buffalo green monkey kidney (BGMK) cells. BGMK cells were cultivated in minimum essential medium (MEM;
Invitrogen), was supplemented with penicillin (20 U mL; Invitrogen), streptomycin (20 pg mL?; Invitrogen),
and 2 or 10% fetal bovine serum (FBS; Invitrogen), and cells were incubated at 37°C in 5% CO;, and 95%
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humidity. Viruses were purified using a polyethylene glycol (PEG)-chloroform method, as described previ-
ously.>® Virus stock solutions were stored in phosphate buffered saline (PBS; 5 mM NaH,P0,, 10 mM Nacl,
pH=7.5) at 4°C. Phages were enumerated by the double-agar-layer method as described previously>® and
infective phage concentrations are expressed in plaque forming units (PFU)/mL. Enteric viruses were enu-
merated by the most probable number (MPN) assay as detailed elsewhere,® and concentrations are ex-
pressed as most probable number of cytopathic units (MPNCU)/mL.

3.2.4 Water matrices

Virus ozonation was studied in two surface waters (SW) that serve as drinking water sources, and in a sec-
ondary wastewater (WW) effluent. Surface waters were obtained from Lake Geneva (SWG; St-Sulpice) and
Lac de Bret (SWB; Puidoux, Switzerland) and were collected at the intake of the drinking water treatment
plants. Secondary wastewater effluent (WW) was obtained from the wastewater treatment plant in Diben-
dorf, Switzerland. The dissolved organic carbon (DOC) concentrations of SWG, SWB and WW were 1.2, 5.2
and 6.2 mg /L, respectively. The water samples (~30 L) were filtered through a 0.45um filter (PES, Merck
Millipore Ltd.) and stored at 4°C in dark until used. Further details pertaining to the composition of the three
water matrices are provided in the Table 3.1. DOC was measured by catalytic combustion at 720 °C, followed
by IR detection of CO; (Shimadzu TOC-L CSH), alkalinity by titration with HCl (0.1 mol/L) (Metrohm 809 Ti-
trando), respectively. For NO3', a spectrophotometric determination of nitrite-nitrogen after the reaction to
a reddish azo-dye (Griess-reaction) was used.

Table 3.1 Water quality parameters of real water samples

Water  DOC, [mgC/L] [uNg?\IZ/'L] ?:1‘:1"(:';2’] pH
SWG 1.2 <1.0 1.77 8.2
SWB 5.2 10.8 3.6 8.2
ww 6.2 172.7 6.3 8.2

3.2.5 Ozone production

An ozone generator (Innovatec; model CMG 3-3/CMG 3-5, Rheinbach, Germany) was used to generate ozone
gas from pure oxygen (99.999%, Carbagaz). The resulting ozone/oxygen mixture was bubbled through Nano-
pure (Barnstead Nanopure, Thermofisher) or MilliQ (Millipore) ice cooled water.®* Concentration of ozone
stock solutions ranged from 0.8 to 1.25 mM as determined by direct spectrophotometry with a molar ab-

sorption coefficient for ozone of g260 = 3200 M1cm™. 87

3.2.6 O3 exposure measurements

Ozone exposures in SWB and WW were determined as a function of the specific ozone dose. Specifically,
ozone depletion profiles were measured in SWB and WW for a range of specific ozone doses (0.01-0.9 and
0.04-1.5 mg03/mgDOC, respectively). The integration of the ozone depletion profile over time yielded the
ozone exposure.®! Depletion profiles for low specific ozone doses were measured by quench-flow as de-
scribed below. For higher specific ozone doses, the initial part of the depletion profile (up to 0.5
mg03/mgDOC) were measured by quench-flow and the later parts by the indigo blue method described be-
low. The measured O3 depletion profiles are shown in the SI. Because of the low DOC content of SWG, the
applied ozone doses to achieve the desired range of specific O; doses were very low, and Osdepletion profiles
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were difficult to measure accurately. Therefore, the dependence of the ozone exposure on the specific ozone
dose was not assessed for SWG.

Measurement of ozone depletion profiles by quench-flow. Os; was spiked into water matrices at different spe-
cific ozone doses ranging from 0.01 to 0.6 and from 0.04 to 0.6 mg03/mgDOC for SWB and WW, respectively.
Ozone was quenched after defined contact times by mixing the sample at a 10:1 ratio with 100 mM cinnamic
acid (CA) in Nanopure water at pH ~7. Quenched samples were collected in a sterile syringe, and were used
to determine benzaldehyde concentrations by HPLC (details in Sl), as described previously.®* Benzaldehyde
is produced from the reaction of CA with ozone in a 1:1 stoichiometry, and its concentration in the quenched
sample therefore corresponds to the residual ozone concentration. For each specific ozone dose, the residual
ozone concentration was measured at different time points to establish an ozone depletion curve versus
time. Ozone exposures were calculated using the auc() function (“catTools”)% in R®>. Decay in the ozone feed
solution over the course of the experiment was in the range of 1-5 %.

Measurement of ozone depletion profiles in a batch system. Os; was spiked into 500 ml Schott bottles with a
dispenser to achieve specific ozone doses from 0.25 to 0.86 for SWB and 0.75 to 1.5 mgO3;/mgDOC for WW.
Samples were withdrawn periodically from 30 s to 60 min and were added to an indigo quenching solution
(0.1-1 mM).28 For shorter time ranges (5 to 15 s), smaller reactors (10 mL) were used and the Indigo solution
was added directly and under constant mixing (650rpm) into the vials to quench the residual ozone. The
difference in absorbance at 600 nm (AUVeo) was used to determine the residual Os concentration as de-
scribed previously.*®

3.2.7 Inactivation experiments

Batch experiments. The inactivations of MS2 and CVB5 in the three matrices tested were measured in 50 mL
or 100 mL glass batch reactors. MS2 or CVB5 were spiked to 400-500 mL of the water matrix under consid-
eration at room temperature (22 * 2°C) to yield initial concentrations of ~10%° PFU/mL for MS2 and ~10%®
MPNCU/mL for CVB5, respectively. Ozone was then added to reach specific ozone doses ranging from 0.01-
0.25 mg03/mgDOC for SWG, 0.01 to 0.58 mg0Os/mgDOC for SWB and 0.04 to 1 mg0Os/mgDOC for WW. Upon
addition of ozone, the reactors were mixed for 30 s, and were then kept at room temperature without further
stirring until complete depletion of Os (1 h). After one hour, aliquots were withdrawn and the concentrations
of residual infective viruses were determined.

3.2.8 Experiments with proxies

To test their potential as a proxies, the abatement of carbamazepine (CBZ) and the change in UV;s4 absorb-
ance in the high DOC matrices (SWB and WW) were measured in the same experimental reactors as the
inactivation of viruses. CBZ was spiked into a subset of batch reactors at concentration between 0.67-0.9 and
0.88-1.02 uM in SWB and WW, respectively. These CBZ concentrations did not affect the UV3ss absorbance
of the matrix and did not alter the ozone exposure for the applied specific ozone doses. The CBZ concentra-
tion and UVzs4 in each reactor before the addition of O3 and after complete Os; consumption were measured
by HPLC-UV and spectrophotometry, respectively, as detailed in the Supporting Information, S3.2-3.3.

To investigate the use of CBZ as proxy for virus inactivation in SWG, a lower concentration of CBZ (0.04 uM)
was used to prevent an increase in the ozone demand of the water. After the experiment, the remaining CBZ
was quantified by online solid phase extraction followed by ultra-performance liquid chromatography and
tandem mass spectrometry (UPLC-MS/MS; Xevo TQ MS, Waters). Samples were diluted 1:1 with acidified
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Evian water (pH ~2.5) and deuterated CBZ compounds were spiked in every sample as internal standards.
The analytical method was adapted from previous work,8°! and details are found in Supportive information
S3.2. CBZ concentrations were calculated based on calibration curves using all 8 calibration points for high
concentration and only the 5 lowest standard for low concentration. Correlation coefficients for the calibra-
tion curves were typically >0.990. The analytical limit of quantification (LOQ) was defined as the concentra-
tion of the lowest standard with a signal-to-noise ratio > 10 and equal to 1.2 ng/l. The result of the blank,
containing only internal standard in Evian water, was substracted from every standards and samples if its
signal-to-noise ratio was higher than 10, prior to standard curves and samples concentration determination.
The uncertainty associated with the sample concentrations, calculated as the relative standard deviation,
was <30% for the large majority of the compounds *°. AUV,s, was measured using a 10 cm quartz cuvette. A
summary of the type of experiment realized and virus specie used for each water matrix is presented in Table
S3.2, Sl

3.2.9 Pilot experiment

The potential of the CBZ abatement AUV,s4as proxies was validated in a pilot-scale ozonation reactor oper-
ated at the Lengg water treatment plant (Zlrich, Switzerland). The detailed setup of the pilot plant is de-
scribed elsewhere.? Briefly, Lake Ziirich water (DOC=1.4 and 1.6 mg/L) was treated in an ozone reactor with
a 2 m3 volume on two consecutive days. The reactor was operated at a flow rate of 10 m3/h, and two ozone
concentrations (0.3 mgOs/L or 0.8 mg0s/L), resulting in specific ozone doses of 0.2 or 0.5 mg03/mgDOC (Ta-
ble $3.10). Water samples (100 mL) were taken prior to ozone addition, immediately after ozone addition, at
four points along the ozone reactor, as well as at the reactor effluent. Residual ozone was quenched using 1
mL of 1.5 M sodium thiosulfate (Sigma) (for proxy and MS2 analysis) or by an indigo solution (to quantify
ozone).”® An unquenched effluent sample was used to measure UV, absorbance after complete ozone
depletion.

The O3 exposure in the plug-flow system (previously characterized)®® was determined based on the retention
time®? and the measured Os concentration at each sampling point. CBZ abatement was quantified using solid
phase extraction, followed by UPLC-MS as described elsewhere.®® AUV,s4 was measure as previously de-
scribed. Prior to MS2 enumeration, the samples were preconcentrated 50-fold using a 100 kD Amicon filter
(Millipore).

3.2.10 Data analysis

Data analysis was performed in R®. A R function was construct to compute automatically the ozone exposure
from ozone concentration measured in function of the time for each specific ozone dose, this function re-

quires the packages “caTools”®, “flux”®’. The “ggplot2”% and “ggmcmc”®®

packages were used to construct
graphics. A frequentist linear regression in R was used to fit ozone exposure-specific ozone dose relationship

(Equation 3.2). Bayesian model selection (BMA)® was performed using the BAS package.®’

"% package which interfaces with the Jags® software,

Bayesian analysis were performed using the “runjags
using Markov chain Monte Carlo (MCMC) sampling. Censored inactivation data and detection limits were
incorporated in the analysis formulated with Jags as described elsewhere.’® Detection limits were set ac-
cording to the maximum logio inactivation measurable for each experiment independently. Parameter esti-
mates were assumed to be normally distributed, and prior knowledge of the mean value and standard devi-

ation of these distributions were included. These priors originate from previously published literature.*#2*
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When no prior knowledge was available, a non-informative normal prior or flat prior were used for the mean,
and a uniform flat prior for the standard deviation. The model structure is presented in a detailed script in
Text S3.5, SI. The number of simulations was set to 10°, of which the first 10* were considered as the burn-
in. Visual inspection of traceplots, plots and Geweke’s diagnostics confirmed convergence of chains. Diag-

7101

nostics plots were constructed using the “ggmcemc”® and “coda”**! packages (data not shown).

3.3 Results and Discussion

3.3.1 O0sdepletion profiles and exposures

The ozone exposure as a function of the specific ozone dose is shown in Figure 3.1 for SWB and WW. The
ozone depletion curves for the different specific ozone doses are shown in the S| (Figure S3.1 and Figure
S$3.2). The resulting ozone exposure ranged from 107 to 102 Ms. The ozone demand in WW was higher than
in SWB water for same ozone dose. Consequently, the ozone exposure was higher in SWB than in WW for
similar specific ozone doses in the range tested.

The relationship between specific ozone dose and resulting ozone exposure, has been log-linearised and was
fitted using the following function:

Equation 3.2 Model used to fit the O3 exposure and specific O3 dose

In (05 exposure) = a * In(specific O; dose) + b

The modeled parameters a and b (Equation 3.2) are -3.4+0.4and 2.9+ 0.2inSWB and -4.7+0.4and 3.7 +
0.2 in WW, respectively (for model fits, see SI, Figure S3.4 and Table S3.3). Using these models, the ozone
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Figure 3.1 Natural logarithm of the measured O3 exposure in function of the specific ozone or SWB
(red circles) and WW (blue triangles). The inset shows the O3 exposure on a linear scale.
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exposure could be estimated for any specific ozone dose applied in subsequent inactivation experiments in
SWB or WW.

3.3.2 Virus inactivation as a function of ozone exposure

In Figure 3.2, the inactivation of MS2 and CVB5 in SWB and WW is shown as a function of the ozone exposure,
estimated based on Equation 3.2. The inactivation curve exhibited a rapid initial decrease in infective virus
concentrations at low exposures, followed by a pronounced tail. Viruses (MS2 and CVB5) were detectable up
to an exposure of 1.15 x 10 and 1.14 x 10 Ms in SWB, respectively, compared to 2.3 x 10 to 8.75 x 103 Ms
in WW. Beyond these exposures, the inactivation exceeded the measurable inactivation range of 9 logio for
MS2 and 5 logio for CVB5. Inactivation was generally lower in WW than in SWB for similar exposures, indicat-
ing that matrix constituents in wastewater have a protective effect on the virus.
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Figure 3.2 Inactivation of MS2 and CVB5 in SWB and WW as function of the ozone exposure computed based on
equation 3.2. Solid lines represent the expected inactivation computed based on equation 2.1, using kos.virus Values
of MS2 and CVB5 determined in buffer (Wolf et al., 2018).

The blue and red lines in Figure 3.2 show the extent of inactivation predicted according to Equation 2.2, using
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inactivation rate constants (kO3-MS2 = 8.2 x 105 -M1s-1; kO3-CVB5 = 2.2 x 105 M1s-1) measured in homo-
geneous buffer solutions.83 In these buffer solutions, the observed exposures ranged up to 1 x 10-5 Ms,
which corresponds to an inactivation up to 8.2 or 2.2 log10 for MS2 and CVBS5, respectively. For CVB5, this
prediction corresponds reasonably well to the observed inactivation in SWB and WW. In contrast, MS2 inac-
tivation is well estimated in fast initial phase in SWB, but rapidly overestimates the inactivation in WW. This
highlights that inactivation rate constants determined in model systems have limited value for estimating
virus inactivation during treatment of real matrices. They can predict the log-linear portion of the inactivation
in real water matrices, but fail to consider the strong tail observed at higher ozone exposures, in particular
in DOC-rich matrices (WW). The increased complexity of the matrices thus results in a curved inactivation
profile.

Instead of the log-linear model as described by Equation 2.2, virus inactivation in natural matrices could be
fitted using a power model (such as equation 3.3), as proposed by Peleg and Cole (1998).102

Equation 3.3 Model for inactivation in function of the O3 exposure in natural matrices

N

Log (—) = qp * 05 exposure *
Ny

The model fits are presented in Figure 3.3 below, and incorporate uncertainties associated with ozone expo-

sure calculations. This results in a high uncertainty on the predicted inactivation, especially for SWB. Model

coefficient are shown in Table S3.4.
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Figure 3.3 Inactivation in function of the ozone exposure with power model prediction (black line) and 95% credible
interval (dashed line) for SWB (pink) and WW (turquoise)
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3.3.3 Proxies for virus inactivation

Above, we established a relationship between inactivation and O; exposure that predicts virus inactivation
in natural matrices reasonably well (Equation 3.3). Nevertheless, estimating virus inactivation based on O3
exposure is impractical, because ozone exposure during wastewater treatment is typically not known. In ad-
dition, the uncertainties in the model presented above are not suitable for accurate predictions. Alterna-
tively, virus inactivation could be monitored using proxies that vary with the specific Oz dose in a similar way

as the O3z exposure.
AUV3s, and CBZ abatement as a function of the specific ozone dose

To evaluate the utility of AUV.s40r CBZ abatement as proxies for virus inactivation, we first tested their re-
sponse to different specific ozone doses. This step served to validate that these two proxies vary with the
specific ozone dose over a similar range as the ozone exposure. The relationship between AUV2s4 or CBZ
abatement and the specific ozone dose is presented in Figure 3.4.

As shown in previous studies,**%*84 the AUV,s, dependence on the specific ozone dose can be described by a
power function.****84 Here, we therefore also used a power function to fit the data (Equation S3.1), and
model coefficients corresponded well to those previously published (Table S3.5)
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Figure 3.4 AUV;s4 (top) and CBZ abatement (bottom) in function of the specific O3 dose applied in the surface water of Lake
Geneva and Lake Bret, and secondary effluent wastewater from Diibendorf.
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In contrast to AUV,s4, CBZ abatement exhibited a lag-phase at low specific ozone doses. This lag-phase may
be explained by competition with reactive moieties of the dissolved organic matter (DOM) with a higher
reactivity towards ozone than CBZ. Hence, at low specific doses, ozone is preferentially consumed by DOM,
resulting in a reduced CBZ abatement. Once the reactive moieties are oxidized (for ~0.07 and 0.15
mg0s/mgDOC for SWs or WW, respectively), residual ozone is available for the abatement of CBZ. The abate-
ment of CBZ in WW as a function of specific Oz dose corresponded well to that observed by Lester et al 1%
(Figure S3.5). The two surface waters used in this study exhibited similar trends, even though their [DOC]
differed and they are really different than the WW. Hence, the relationship between CBZ abatement and

specific O3 dose depends more on the type of water than on the DOC concentration.
Correlation between virus inactivation and specific ozone dose, AUV s, or CBZ

In a next step, virus inactivation was measured for a range of the specific O3 doses, and was evaluated as a
function of AUV2s4 or CBZ abatement measured in the same sample. Furthermore, because the ozone expo-
sure is driven by the specific ozone dose, the specific ozone dose itself was also assessed as a predictor for
virus inactivation. The inactivation of MS2 and CVB5 as a function of A) the specific ozone dose, B) AUV2s4
and C) CBZ abatement are shown in Figure 3.5.

For the specific Oz dose the relationship is approximately log-linear for all waters tested, though the data is
more scattered in wastewater. Higher inactivation was observed in the two SWs compared to WW for similar
specific O3 doses.
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Figure 3.5 Inactivation of MS2 (black triangles) and CVB5 (red circles) in SWG, SWB and WW in function of the three proxies

studied.
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For AUVss4, inactivation in SWG and SWB exhibited a roughly log-linear dependency. In WW, a lag-phase was
observed up to a AUV.s4 of 15%, where the inactivation stayed below 1 logio. Reaction of ozone with highly

t,% may explain the

reactive moieties present in wastewater, such as phenols, which also absorb UV ligh
initial reduction in UV absorbance prior to the onset of inactivation. The relationship between AUV2ss and
inactivation obtained in WW corresponded well to that observed by Gerrity et al. (2012).** While all of their
samples exhibited reductions in AUV.ss < 15%, the overall trend is comparable to the observations in this
study (Figure 3.6). Interestingly, the data by Gerrity et al. includes six different wastewaters from various
origins and with DOC concentrations ranging from 6.3 to 18 mg/l. Combined with the data obtained herein,

this indicates that a single relationship between AUVss and virus inactivation applies across vastly different

wastewaters.
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Figure 3.6 Comparison of the inactivation MS2 and CVB5 as function of the AUV254 in WW of this study (black circles)
with corresponding data for MS2 by Gerrity et al. (red circles). The data by Gerrity et al. is a compilation of five different
wastewaters.

Finally, inactivation as a function of the logio CBZ abatement exhibited a maximum of ~5 logio, ~4 logic and
~3 logio in SWG, SWB and WW, respectively, before the limit of detection for CBZ abatement was reached.
This relationship exhibited an initial log-linear part, followed by a plateau in all waters studied.
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Predictive relationships between proxies and virus inactivation

To establish predictive relationships between the different proxies and virus inactivation (logio N/No), we first
determined which system variables significantly contribute - to explaining the observed variation in inactiva-
tion. To this end, we used Bayesian model averaging (BMA)®’- considering four variables: virus species, water
type (i.e., surface or wastewater), DOC content, and the proxy under consideration. One result of BMA is the
probability (p) that a given variable may be included in a model to explain the variation in the response vari-
able. Secondly, it also gives an estimate of the effect size of each variable (Figure S3.6- S3.8).

BMA results for the specific Oz dose and for AUVas4 as a proxy show that, as expected, the proxy was the
variable with the greatest effect (10 and 12.5 per unit of proxy for the specific O3 dose and AUV2s4, respec-
tively). Interestingly, the water type (p = 0.98) was also relevant, whereas the DOC content was not (p <<
0.95). This was expected, because the [DOC] is considered in the specific ozone dose. Therefore, the type of
organis matter is decisive, and mainly its phenols content. Finally, the BMA identified the virus species as a
relevant model variable (p > 0.97). However, its effect is small, this may be expected given their similar inac-
tivation rate constant and stay close to the experimental uncertainty of the infectivity assay (~0.5 logio).
Moreover, it is preferable to not discriminate viral species, because the model needs to capture variabilities
in their response to disinfection. Therefore, this variable will not be included in the predictive model below.
For CBZ abatement as a proxy, the BMA revealed no dependence of inactivation neither on virus species, nor
water type, nor DOC content. CBZ abatement is the only relevant variable needed to explain variation in
inactivation. This was expected, because the extend of CBZ abatement integrates already the other factors.

To build predictive relationships between virus inactivation and proxies, we used a Bayesian model structure
that considers censored inactivation data. A power function model was used to describe the relationship for
each water type, to capture the observed deviations from log-linearity (Figure S3.6):

Equation 3.4 Model used to fit virus inactivation as function of the different proxies

L (N) (S ific O;d OR 1 (CBZ) OR AUV. )Y1

og |—) = * ecific ose 0

9 Ny Yo p 3 g CBZ, 254

Because the water type was identified by the BMA as a relevant model variable when using the specific O3
dose or AUV,s4 as a proxy, separate sets of model parameters were obtained for each water type. For car-
bamazepine, SW and WW were fit with the same model. Model parameters for all proxies are summarized

in Table 3.2.

In Figure 3.7, Bayesian power model predictions (black line), together with its 95% credible intervals (dashed
lines) are shown for the two types of water and all proxies studied. For SW, the predicted inactivation for
specific O3 dose of 0.4 mg03/mgDOC, is 9.4 + 1.2 log (95%Cl: 7 to 11.5). In WW the data is more scattered,
therefore the uncertainties are relatively high. For an operational dose of 0.4 mg0s/mgDOC, the expected
inactivation is 3.8 £ 1.3 logio (95%Cl: 1.2 to 6.4). Thus, virus inactivation resulting from application of the
operational specific ozone dose will be sufficient to inactivate virus load by at least 1.2 logioand a maximum
of 6.4 logio, and will more likely yield around 4 logo. Inactivation was also well predicted in both water types
using AUV2s4 as a proxy.

Importantly, both the specific ozone dose and AUV2s4 could predict inactivation of up to ~8 logi in SW and
~5 logio in WW for ~50% UV reduction. Furthermore, both proxies could estimate virus inactivation in both
SW matrices tested (Figure $3.9 and S3.10).
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Finally, CBZ abatement could predict inactivation in both SW and WW well by a single model (note that SW
and WW are presented separately in Figure 3.7 for better readability only). This confirmes that changes in
water matrix equally impacts virus inactivation and CBZ abatement. Therefore, CBZ abatement is a good
proxy for virus inactivation in all water matrices tested, independently of the type and content of the dis-
solved organic matter (Figure S3.11). However, CBZ is strongly abated during ozonation.*>** As such, the
range over which virus inactivation may be estimated is limited by the concentration of CBZ before ozonation
and its limit of quantification. In this study, inactivation could be predicted up to 4 logio with good confidence
both in SW and in WW.
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Figure 3.7 Power model (equation 5) with expected mean value (black line) and 95% credible interval (dashed lines)
separate by water type (SW: circle and WW: triangle) for the three proxies studied.
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Table 3.2 Summary of linear and power model parameters with the mean values, standard deviation and the 95% credible intervals
in parentheses.

Specific O3 dose
Water
type Yo v
17 +1.116 0.7+0.03
SW
(14.9, 19.3) (0.64, 0.775)
7.89+£0.52 0.79 £ 0.06
WW
(6.9,9) (0.67,0.91)
AUV32s4
Water
type Yo v
15.3+14 0.86 £ 0.07
SW
(12.6, 18.2) (0.73,1)
17+2.3 1.3+0.1
wWw
(12.7, 21) (1,1.6)
CBZ abatement
Water
type Yo v
2.3+0.1 0.46 £ 0.04
both
(2.1, 2.5) (0.38, 0.55)

As a first validation for AUV2s4 as proxy, a prediction of the MS2 inactivation in WW measured by Gerrity et
al.(2012)* was performed using their reported AUV2s4 (extracted using Webplotdigitilizer'®, raw data is pre-
sented in Table S 3.9). Figure 3.8 A) presents the inactivation predicted by equation 3.4 (red line) together
with credible intervals and the measured inactivation as a function of AUV254 reported by Gerrity et al.
(2012).% The measured inactivation follows our model reasonably well. Figure 3.8 B) shows a direct compar-
ison between the calculated inactivation (eq. 5) and the measured inactivation by Gerrity et al. (2012).** The
prediction slightly underestimates observed inactivation greater than 2 log10, though the discrepancy is mi-
nor (about 20%). Since the data of Gerrity et al. (2012)** comprises five different wastewaters, the good
match with the model predictions established herein confirms that the inactivation - AUV;s4 relationship in
wastewater is independent of the concentration of DOC, and only dependent on the origin of organic matter.
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Figure 3.8 (A): Prediction of the mean MS2 inactivation (red line) and 95% CI (black dashed line) in wastewater based on
equation 5, superimposed by inactivation data measured by Gerrity et al. (2012). (B): Comparison of the predicted vs meas-

ured inactivation for the data gnerated by Gerrity et al. (2012)*° The black line indicates a 1:1 relationship.
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Proxy validation in a pilot-scale ozonation reactor

The applicability of the developed proxy-inactivation relationships for MS2 was validated in a pilot-scale ozo-
nation reactor described elsewhere®°3, This pilot reactor treats water from lake Zurich and was operated at
two specific ozone doses (further details in Table S3.10-Table S3.11).

Figure 3.9 A) shows the MS2 inactivation throughout the ozonation reactor as a function of ozone exposure,

in addition pilot data has been compared with batch experiment in SWB and WW (Figure S3.12). Residual
infective MS2 concentrations could be measured throughout the reactor and in the reactor effluent for the
lower specific ozone dose of 0.2 mg03/mgDOC. In contrast, the MS2 concentration fell below the detection
during the early stages of treatment for the higher specific ozone dose (0.5 mg0s/mgDOC). The inactivation
data from both specific ozone doses adhered to the model described by Equation 3.4 for surface water (black
line), which slightly overestimates the plateau at higher ozone exposures. As only one water matrix (SWB)
was used to validate this model, further experimental data may improve the estimates. All inactivation-ozone
exposure data are presented in the SI.

Figure 3.9 B)-D) show the measured inactivation of MS2, as well as the inactivation predicted by the proxy-
inactivation relationships for SW developed herein. Predictions could only be experimentally validated for
treatment using a specific ozone dose of 0.2 mg0s/mgDOC. For the higher specific ozone dose (0.5
mg03/mgDOC), CBZ concentrations were below the detection limit in all treated samples, and MS2 was not
detectable in the effluent sample in which AUV2s: was determined. As such, no samples were available for
this specific ozone dose in which both proxy and MS2 were measurable.

As is evident from Figure 3.9, the proxies predicted the inactivation well, confirming the applicability of the
proxy-inactivation relationships developed in batch systems herein for a flow-through pilot plant. For higher
specific ozone doses, inactivation can be predicted based on the specific ozone dose or AUV,s4. However,
because the limit of quantification (LOQ) of CBZ was exceeded, CBZ measurements can only inform on the
minimal inactivation level that can be expected (red line in Figure 3.9), and this estimate will depend on the
analytical methods and LOQ.
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Figure 3.9 Inactivation measured in the pilot reactor as a function of ozone exposure or proxies. Red circles and black triangles represent

the experimental data obtained using a specific Os; dose of 0.2 and 0.6 mg0s/mg DOC, respectively. Model predictions (expected mean:

black line, 95% Cl: dashed line) using the proxy-inactivation relationships developed herein are also shown. Red lines indicate the detec-
tion limit for MS2 inactivation.
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To conclude, we tested the specific ozone dose and two additional proxies that allow to estimate virus inac-
tivation over several orders of magnitude. For the specific O; dose or AUVss4, the proxy-inactivation relation-
ships were influenced by the water type. Therefore, the model predictions are specific to SW or WW. In
contrast, CBZ abatement and virus inactivation were affected by different water types in the same way, such
that a single the proxy-inactivation relationship for CBZ abatement applied across all waters tested.

A limitation of using the specific Oz dose as a proxy is that it does not allow an online/real-time monitoring
during ozonation treatment. Therefore, it cannot inform on unexpected anomalies during treatment. The
main advantages of this proxy are that it does not require any specialized monitoring equipment, and is able
to predict a wide range of virus inactivation. In contrast, AUV.s4 is already used to monitor the efficiency in
treatment plant with respect to micropollutant abatement,'° and therefore its utility could easily be ex-
panded to online/on-time monitoring of viruses. However, a limitation of AUV,s4, is that this proxy is not
really suitable for low DOC waters as the absorbance is low and yields inaccurate AUV,s4 measurements.
Secondly, the inactivation-proxy relationship depends on water type. Finally, the use of CBZ as proxy may
require specialized equipment, and its range of prediction is slightly smaller than for the other two proxies.
However, it is independent of the water type and allows to monitor inactivation during the treatment.
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Chapter 4 Inactivation mechanisms

The author of this thesis, Camille Wolf, designed the experimental plan, performed the experiments, ana-
lyzed the data and wrote the chapter.

4.1 Introduction

A mechanistic understanding of virus inactivation is important to design effective control strategies. Con-
sider, for example, the case of human adenovirus. This virus is resistant to monochromatic low-pressure UV
irradiation, %7 however not to free chlorine.l® Inactivation of these disinfectants is mostly attributed to ge-
nome damage, and coat protein damage, respectively. 1% In the first case (UV inactivation), adenovirus can
still be internalized by host cells. Then, using cell’s repair machinery, it can recover from genome damage
and stays infectious. In the second case (free chlorine), however, the protein damage induced is irreversible,
and the virus is permanently inactivated. As highlighted by this specific case, mechanistic insight into virus
inactivation caused by a disinfectant to viruses is crucial to understand. This may help to design synergistic
disinfection strategies that combine several disinfectants causing different types of damage. Synergies may
lower risks of resistant virus escaping the treatment.

While the inactivation mechanisms of UV and free chlorine are reasonably well understood, the viral targets
of ozone have not been clearly identified. Ozone may damage both the genome and viral proteins. How this
damage impacts the critical steps in a virus’ life cycle, however, remains unknown. Interestingly, as shown in
chapter 2, the inactivation rate constants of different viruses by ozone are remarkably similar, despite the
great differences in the virus’ structure and composition.® This indicates that ozone may react by a mecha-
nism that is common to all viruses studied. What this mechanism is and which steps in the viral life cycle it
targets is not fully understood.

In this chapter, we investigate how ozone inactivates echovirus 11 (E11). The virus belongs to the genus
Enterovirus of the Picoronaviridaea family. The life cycle of this virus family is complex and can be divided
into different phases, all of which have to be intact for the virus to be infective.'® Infection starts by binding
of the virus to the cellular membrane receptor (Figure 4.1). Binding to these receptors, most of which are
member of the immune-globulin-like or integrin receptor family, triggers virus entry into the host cell by
endocytosis. After endocytosis, the viral particle has to uncoat to deliver its genome into the cytoplasm. Un-
coating mechanisms are relatively conserved throughout the enterovirus genus. The viral capsid is gradually
destabilized and this destabilization is initiated either by receptor binding, by a pH decrease, or by both. The
destabilized capsid releases viral protein (VP) 4, which forms an ion-permeable channel through the plasma
membrane with a size that corresponds to that of the RNA. After VP4 expulsion the remaining capsid is called
A particle; its larger size allows for the release of RNA. Once in the cytosol, cellular ribosomes translate the
viral genome to synthetize viral coat proteins and viral proteins involved in viral genome replication. Genome
replication occurs in cytoplasmic membrane vesicles, and proceeds via the production of a double-stranded
(ds) RNA intermediate. Ultimately, new progeny virus is formed and released in a stepwise process that is
poorly understood.!°
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Figure 4.1 Schematic overview of the enterovirus life cycle, scheme from Baggen et al (2018)106

When enteroviruses are exposed to ozone, reaction with amino acids is likely to cause chemical damage and
conformal changes of the viral proteins.?® Among the steps in the viral life cycle described above, such
changes may affect virus attachment and entry. The effect of ozone on genome replication was recently
investigated by Torrey et al., who quantified genome functionality using a transfection assay. Their results
revealed a proportional reduction in genome functionality and infectivity after ozone treatment, indicating
that ozone inhibits the virus’ ability to replicate its genome.'! The aim of this study was to expand on the
work by Torrey et al. to investigate the effect of ozone not only on genome replication, but on additional
steps in the viral life cycle. The main goal was to develop an experimental strategy to elucidate if ozonation
impair virus attachment and internalization, as well as replication.

To this end, we used an approach based on fluorescence confocal microscopy. Similar methodologies have
previously been used to investigate steps in viral life cycles, though not in the context of disinfection. For
example, using fluorescently tagged viral particles in live cells, it was determined that the internalization of
a single influenza virus particle may take about ~200 seconds once the virus reach the cell membrane.°
Unfortunately, modifying virus particle with fluorescent proteins or chemical dyes may change their reactivity
towards ozone, such that tagging viruses was not possible for our purposes. Instead, we use an immunostain-
ing approach based on work by Le Cabec et al.}*? In this approach, viruses are first inactivated and exposed
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to cells, and only then are the different components (e.g., viral capsid, RNA) fluorescently labelled and local-
ized using a procedure detailed in section 4.2 below.

4.2 Material and Methods

4.2.1 Virus and cells

Echovirus type 11 Gregory strain (ATCC VR-41) was purchased from LGC Standards (Molsheim, France). E11
was propagated on buffalo green monkey kidney (BGMK) cells. BGMK cells were cultivated in minimum es-
sential medium (MEM; Invitrogen) supplemented with penicillin (20 U mL?; Invitrogen), streptomycin (20 pg
mL?; Invitrogen), and 2 or 10% fetal bovine serum (FBS; Invitrogen), and cells were incubated at 37°C in 5%
CO; and 95% humidity.

4.2.2 Buffers and media

Infection media (iIMEM) was 2% MEM was supplemented with 20 mM HEPES (Roth), 0.3% bovine serum
albumin to minimize unspecific binding of the virus. Permeabilization buffer (PB) was composed of phosphate
buffered saline (PBS; Invitrogen) supplemented with 0.1% Tween20 (AppliChem) and 1% BSA (w/v) (Sigma).
PBS supplemented with Mg?" and Ca** (Invitrogen), 0.1% BSA (w/v, Sigma) and 1% penicillin/streptomicin.
Development of our staining procedure was based on protocol kindly shared by Silke Stertz (University of
Zirich).

4.2.3 Antibodies

Primary antibodies used were monoclonal Mouse anti-echovirus (Biozol Diagnostica). As secondary antibod-
ies, polyclonal Goat anti-mouse |GG Alexa 555 (Life technology) or Alexa 488 (Life technology) were used.

4.2.4 Time lapes and inactivation experiments

Two types of experiments were conducted: a time lapes experiment, where an untreated population of E11
was infected onto cells, and internalization and replication were analyzed at different points in time up to 8
hours post infection. This experiment served to identify the best time points to use in the internalization and
replication assays (see below).

Inactivation experiments were conducted to measure the change in internalization and replication prior to
and after ozone treatment. An ozone stock solution was prepared as described in chapter 2, and was added
to E11 dilluted in phosphate buffer at pH 7.5, up to a final concentration of 20 mg/I. The extent of inactivation
was measured as described in chapter 2, and infective viruses were measured in most probably number
(MPN) per mL.

4.2.5 Sample preparation and fixation

BGMK cells were seeded in a 96-well plates (6005550, Prekin Elmer) at 10’000 cells /well in 2% MEM (Invintro-
gen) at least twelves hour before experiments. Virus were incubated on cells for different durations ranging
from 0to 8h at 37°Cor 1h at 4°Cin iMEM at a MOI ~10%*4. After removing the inoculum, the cells were washed
three times with 100ul of PBS to remove any unbound virus. Cells were fixed with paraformaldehyde fixative
solution (ABCR) 10 min on ice. Cells were washed three times with 100 pl PBS, and 100ul of PBS was left
overnight on the samples.
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4.2.6 Internalization assay

In order to accurately detect an object in microscopy it is recommended to have at least 5 to 10 pixels to
cover the object. The smallest object that common microscopes (widefield or confocal, with an objective of
100x) can detect is ~ 250nm with a pixels size of ~50nm.!3 Given this limitation, and considering that a lipid
bilayer is ~ 5 nm thick,*%!% it is impossible to spatially resolve if labelled viruses are localized inside or outside
the membrane, or if they are attached to the plasma membrane. Instead, to confirm that a virus has entered
a cell, colocalization of the viruses with different labelled cell compartments has been used. For example,
influenza virus migrates to the cell nucleus, and colocalization of the virus and the nucleus then indicates
successful cell entry.® Similarly, the internalization process of echovirus 1 has been studied by immunostain-
ing and colocalization with Caveolin-1, a membrane protein involved in the entry process.'” However, the
viruses used herein do not migrate to the nucleus, but instead replicate in the perinuclear area in a virus-
induced, tubulovesicular replication organelle.!® Furthermore, E11 may use caveolin-independent entry

mechanisms. %7

To confirm a successful virus entry into cells, we therefore used an approach inspired by Le Cabec et al.**?
These authors used a double labelling method applied prior to and after cell permeabilization, to differentiate
between total and internalize bacteria in macrophages.'!? Here, we performed two anti-E11 labelling steps
with two different secondary dyes to localize E11 inside of BGMK cells. The first dye (Alexa 555, Figure 4.2)
was applied before cell permeabilization of the BGMK cells, thus labeling only external viruses. Permeabili-
zation was done by adding 100ul of PE on cells for 1h at rt. The second dye (Alexa 488, Figure 4.3) was applied
after permeabilization, such that both internalized and external viruses were labelled. Comparison of the two
images then revealed the presence of internalized viruses. In addition, nucleus and cytoplasm were also la-
belled (as described below), to localize the cell boundaries.

Specifically, 100 pl of monoclonal Mouse anti-virus (1/500) diluted in PBS were incubated at 4°C for 1h. The
cells were labelled with 100 pl Goat anti-mouse IGG Alexa 555 (1/500) diluted in PBS for 1h at room temper-
ature. After washing, cells were permeabilized with 100 pl of PB for 1h at room temperature. Then, they
were incubated with 100 pl of Mouse anti-virus (1/500) diluted in PB at 4°C for 1h, followed by incubation
with a secondary antibody (Alexa 488). Finally, samples were incubated with 100 pl of HCS Cellmask (1 pg/ml,
Life technology) at room temperature for 30 min, and DAPY mounting media (Vectashield, Vectorlabs) was
added. Between each step, the cells were washed three times with 100 ul of PB.
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Figure 4.2 Immunostaining before permeabilization with Mouse anti-E11 (primary Ab) and Goat anti-Mouse IGG-
Alexa 555 (secondary Ab). Only viruses outside of the cell are labelled.
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Figure 4.3 Immunostaining after permeabilization with Mouse anti-E11 (primary Ab) and Goat anti-Mouse IGG-Alexa488 (sec-
ondary Ab). Viruses outside are labelled with both Abs (Alexa 555 and Alexa 488). Viruses within the cell are labelled only with
Alexa488.

4.2.7 Replication assay

To detect the presence of functional genomes, Mouse J2 antibody was used to bind dsRNA, which indicates
active genome replication (Alexa 488, Figure 4.4). Cells were permeabilized with 100ul of PB for 1h at room
temperature. Then, samples were incubated with 100 pl of J2 antibodies (1pg/ml, Scicons) diluted in PB at
4°C for 1h, followed by incubation with the secondary antibody (Alexa 488). Finally, samples were incubated
with 100 pl of HCS Cellmask (1 pg/ml, Life technology) at room temperature for 30 min, and DAPY mounting
media (Vectashield, Vectorlabs) was added. Between each step, the cells were washed three times with 100
ul of PB.
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Figure 4.4 Immunostaining after permeabilization with Mouse J2 antibody (primary Ab) and Goat anti-Mouse
IGG-Alexa 488 (secondary Ab). Only dsRNA is labelled.

4.3 Confocal microscopy

A LSM 700 inverted microscope (Carl Zeiss) was used to perform the imaging. The dilutions of secondary
antibodies gave negligible background signals. Controls did not show unspecific signals between secondary
antibodies. Multitracking was used for all laser lines (wavelength: 405, 488, 555, 639 nm) to avoid false col-
ocalization.

4.4  Image analysis

118 and colocalization was performed with Fiji''® based on

Cell identification was performed with Cell profiler
a pipeline provided by Romain Guiet from the EPFL bioimaging and optics platform. The procedure is sum-

marized in Figure 4.5.

To detect fluorescence associated with dsRNA (replication) in time laps experiments, the nuclei were first
identified and a mask was created using DAPI, expanded by 15 pixels (A.1) in order to define the perinuclear
area, this area is delimited as the region of interest (ROI). Each different ROl is identified separately (A.2).
Finally, the fluorescence intensity for dsSRNA was measured in this defined area (A.3). For colocalization ex-
periments, the nuclei were identified using the DAPI channel, and the cytoplasm was defined from the nu-
cleus using the Cellmask channel (B.1). Negative control did not reveal any false positive signal from other
channels. Each cell is defined separately and a mask is created. Finally, a mask was created with a gray scale
identifying each cell (B.2). Then, the original images were opened in ImageJ together with the mask that
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define the ROIs. The colocalization analysis was run at the cell level using JACoP plugin (B.3) applying thresh-
olding based on negative control images and enable to colocalized pixels that were positive in before and
after permeabilization channel.’?® Finally the colocalized area was substracted to the area after permeabili-
zation in order to obtain the signal area of virus inside.
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Figure 4.5 Image analysis piplines for replication assay A) and internalization assay B).
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4.5 Results

4.5.1 Time laps

To better understand the viral life cycle kinetics in BGMK cells, a time laps of infection was conducted for
E11. Specifically, internalization and replication were followed over a time course of up to 8h. In Figure 4.6,
images of the different channels recorded are shown for both the internalization and the replication assays
at different time points up to 8 hours post-infection.

DAPI + Cellmask DAPY+AntiETT ~  DAPY+ANEIl —  — phapy | antidsRNA
after permeabilization before permeabilization

Control without virus

5 min

Figure 4.6 Time laps images of the cells (first column), the virus signal after cell permeabilization (2nd column), the virus signal
before cell permeabilization (3rd column) and the replication signal (4th column) from 5 min up to 8h.
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Recall that in the internalization assay, the orange signals stem only from viruses outside the cell (before
permeabilization), whereas the green dye stained both virus inside and outside (after permeabilization). As
seen in Figure 4.6, after 5 min, virus signals were already observed in both virus channels, indicating that
viruses are rapidly internalized. Both signals seemed to increase over the course of 8h. The replication signal
stayed relatively low up to 6 h, and then started to increase.

These visual observations are confirmed by quantification of the area of virus signal within the cell. During
colocalization analysis, the area in pixels of the two signals (before (Ap) and after permeabilization (Ap)) are
recorded, together with the area where both signal colocalized (A.). Therefore, the area of virus signal that
is only inside Ai, can be calculated by substracting Ay to A.. In addition, the mean fluorescence intensity of
the dsRNA signal per ROI (defined previously, 1 ROI/cell). As shown in Figure 4.7, both the area of virus signal
inside the cells, as well as the mean intensity of the dsRNA signal increase over time, indicating virus inter-
nalization and replication.
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Figure 4.7 A) the area of virus signal inside the cell and B) the mean intensity of replication signal in function of the
time post-infection. Each dot represents an individual cell analyzed. The estimated background signals arising from
virus-or replication-negative cells are indicated with red lines.

In order to quantify the extent of virus internalization, the degree of colocalization of the two probes applied
prior to and after cell permeabilization can be determined. To do so, the Mander’s coefficients (M;) can be
used which is determined by the following formula:1*

M, =

_ X Probel g,
3 Probel

M = Y. Probe2 o10c
27 Y Probe2
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Figure 4.8 Top: example plot of M1 vs M2. Two extreme cases are presented. The two signals colocalize well (black) or do

not colocalize at all (red). The orange dots imply that most of the first signal colocalized with the second (M1 is high), but

most of the second signal does not colocalize with the first; the green dots indicate the inverse case. The area where cells

were considered positive to internalisation is defined by the red lines. Bottom: M1-M2 plots for the time laps experiment.
The individual dots represent individual cells analyzed.

Here, M, represents the fraction of fluorescence signal of probe 1 that colocalizes with probe 2, and inversely
for Ma. If My is equal to zero, there is no colocalization of the two probes. If all signals of both probes colo-
calize, then My is equal to 1. In Figure 4.8, an example is given that highlights different scenarios of probe
colocalization. There are two extreme cases, where the two signal colocalize well (black) or do not colocalize
at all (red). The more realistic cases are indicated in orange and green. The orange dots imply that most of
the first signal colocalized with the other (M1 is high), but most of the second signal does not colocalize with
the first one (M2 is low). Finally, the inverse is in green.
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In this study, the cells with internalized viruses will exhibit a low M1, if most of the virus signal after perme-
abilization stems from viruses on the inside of the cell (i.e., the green dye would not collocalize well with the
orange dye, because it captures both the large, internalized fraction of the virus as well as the smaller exter-
nal fraction, whereas the orange dye only captures the external faction). The area in which the cells are con-
sidered as positive for internalized viruses are delimited by the red lines in Figure 4.8. The corresponding M1-
M2 plots for the times laps experiment are shown in Figure 4.8 (2" and 3™ rows). Except for 2h, several cells
are present in the parts of the graphs indicating cells with internalized viruses.

Determining the area of virus signal within the cell, or the Mander’s coefficient method, the number of cells
with internalized viruses can be determined and their percentage with respect to the total number of cells
observed are shown in Figure 4.9 below. With the Mander’s coefficient methods we obtained a lower pro-
portion of virus-positive cells. This may be explained by the a quite conservative choice of the area of positive
cells. However, even though absolute percentage differ with the method, the proportion of positive cells
increased with time.
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Figure 4.9 Virus-positive cells as a percentage of the total cell number, calculated using the area of virus sig-
nal inside the cells (blue) and the Mander's coefficients (orange)

4.5.2 Disinfection

In order to measure the loss of virus internalization or replication after ozone treatment, we did not conduct
a full time-laps analysis, but instead analyzed two relevant time points. In order to observe internalization of
treated virus, confounding effects of replication has to be avoided. In contrast, replication does have to be
117 we analyzed the extent
of virus internalization at 1h post-infection, and the replication at 7h post-infection.

occurring in order to detect it. Based on our time laps test and on literature data
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E11 was inactivated by ozone by 5 logipand the measured infective concentration in the treated sample was
3.2 x 103 MPN/ml (compared to 9.5x 108 MPN/ml for the control). The corresponding microscopy images for
the control and inactivated samples are shown in Figure 4.10. This figure shows cells with virus signals before
and after cell permeabilization together with staining of dsRNA to indicate replication. After 7h, cells had a
round shape and exhibited cytopathic effect (CPE). DAPI indicates nuclear fragmentation due to cell apopto-
sis, especially 7h post-infection, as previously described for other viruses,'?? unfortunately the shapes of the
signal prevent the Cell Prolifer to correctly recognize the nucleus. The DAPI channel was, therefore, not used
in the image analysis. Instead, only cellmask was used to define and count the number of cells.

DAPI Cellmask CellMaster Ant.' .E”. CellMask&:Anti EH I Cellmask + Anti dsRNA
after permeabilization before permeabilization

1h

7h

1

o

7h

Figure 4.10 Selection of images analysed to observe loss of internalization or replication with and without ozone treatment.
Nucleic acid (DAPI), cells (CellMask), the virus (before and after cell permeabilisation) and dsRNA were stained 1h or 7h post-
infection.

A quantitative analysis of the effect of ozone on E11 internalization and replication are summarized in Figure
4.11. Virus internalization after ozone treatment is significantly lower than the control (p-value < 2 x 10?)
for both 1- and 7-hours post-infection. The mean signal intensity per cell after 1h for the ozone treated sam-
ple is lower than the positive threshold, though several positives cells were observed. Whereas 70% of the
cells in the untreated sample showed a virus signal intensity higher than the threshold limit, this proportion
drop to 25% in the treated sample. This difference diminished at 7h post-infection, with respectively 97 and
92% of positive cells. However, this could be expected as most of the cells exhibited cytopathic effect after
7h in this experiment. The Mander’s coefficient plots are presented in the Figure S4.1. Due to the relatively

conservative threshold chosen previously, no cells were considered positive 1h post-infection. Nevertheless,
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7h post-infection showed a clear shift with 52% of positive cells in the control sample. For the ozone treated
sample, the shift is less important, with only 15% of virus-positive cells.

For virus internalization, the ozone treated sample showed significant loss of internalized virus (25% +cells)
after 1h compared to the control sample (70% +cells). After 7h, the difference of internalization increased in
both sample to 92% and 97% +cells. However, the mean area is significantly lower for the O3 treated sample
(p<le-16).

For replication, the ozone treated sample exhibited a significantly lower signal intensity per cell than the
control at 7h post-infection (p-value = 0.0003, respectively). In addition, at 7h post infection, 92% of the cells
were replication positive in the control, whereas only 66% of the cells were positive for the ozone treated
sample. In contrast, the mean signal intensity per cell measured 1h post-infection stayed below the positive
thresholds for both samples.
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Figure 4.11 Comparison of the area of virus signal within the cells and replication signal
mean intensity between control and treated sample.
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In conclusion, in this chapter we demonstrate how internalization and replication evolve in time during E11
infection. Preliminary results with ozone treated samples indicate that ozone reduces internalization of the
virus. In addition, a loss of replication is also observed. However, it is not known if this loss a consequence of
lower internalization of treated samples compared to the control, or a consequence of genome damage in-
duced by ozone, as suggested by Torrey et al.*! Future work should focus on validating the experimental
procedure and the image analysis process, and on including additional inactivating treatments with known
mechanisms to validate the assays.
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Chapter 5 Conclusion

Increased water demands, due to population growth and climate change, challenges safe drinking water pro-
duction. This may encourage new drinking water production scheme, such as potable water reuse. As high-
lighted in the introduction, two main actions can be undertaken to ensure water safety. First, protect water
reservoir by enhancing wastewater treatment prior to the discharge and second, add more barriers during
drinking water production. Advanced oxidative treatment, such as ozonation, may be involved in either
wastewater and drinking water treatment.

This thesis focused on understanding inactivation of waterborne viruses by ozone. These viruses are highly
relevant because they represent a threat to human health and a barrier to safe drinking water and potable
water reuse, with severe consequences, such as large viral diarrhea outbreaks, if not correctly inactivated
during treatment.!? Several other disinfectants have been studied, but ozone presents several advantages
over others. Lower exposure is expected due to its high reactivity, and overall a better efficiency. Neverthe-
less, information on ozone inactivation kinetics of virus remained scarce and poorly understood.

In Chapter 2, the inactivation rate constants of 9 different viruses and bacteriophages were resolved, includ-
ing two environmental strains. A simplified buffered water matrix was chosen to well characterize koz.virus in
a controlled system. Physical parameters, such as pH and temperature and their effect on kos.virus Were also
investigated. These estimates provide a basis for quantitative microbial risk assessment (QMRA) of potable
water reuse scheme that include ozonation. The benefits of applying ozonation may be better assessed and
compared to other alternatives. In addition, the experimental method developed to quantify low ozone ex-
posure inactivation may be applied to other pathogens.

In Chapter 3, these constants were challenged in both surface waters and wastewater secondary effluents.
As expected, a deviation from simple linear model was observed due to interaction with matrix constituents.
Since ozone exposure is not practical to be measured during treatment, especially for low specific ozone
doses, tools were needed to measure treatment efficiency. Therefore, several proxies were tested in lab and
pilot experiments for virus inactivation prediction during ozonation. These proxies may inform treatment
plant operator on the expected virus inactivation during ozonation.

Additionally, an immunostaining procedure was developed to study virus internalization and replication. Pre-
liminary results are presented in Chapter 4 and seem to indicate that ozone may induce a loss of internaliza-
tion, and replication loss was also observed. However, it was not possible to differentiate the loss induced by
the loss of internalization or by genome damage.
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5.1 Main conclusion and implications

5.1.1 Virus inactivation in buffered system

The efficiency of ozone against viruses has been confirmed and fast inactivation kinetics were measured.
Although inactivation kinetics depend on the virus species, kos.virus Was typically in the range of 10°-10% M1s-
!, Therefore, even the two genotypes of CVB5 that were the most resistant to ozone were still well inacti-
vated. An increased temperature or pH increase kos.irus, however, the magnitude of these effects remains
relatively small. These experiments showed that inactivation has a log-linear relationship with ozone expo-
sure.

Table 5.3 Parameters influencing kos.virus in buffered water matrix by decreasing importance.

Viruses
Oz exposure > . > Temperature > pH
species

Given the variety of virus capsid structures and genomes studied, the kos.iris remained relatively high. There-
fore, we can expect similar kinetics for other virus species. The implication of fast inactivation kinetics is that
a low ozone exposure is sufficient to achieve treatment goals. As a result, the risk of disinfection byproducts
(DBPs) produced during ozonation is also low. However, viruses are not the most resistant waterborne path-
ogens to ozone, and generally C. parvum oocyst is the main treatment target to determine the disinfectant
exposure. In this case, DPBs formation may become a limiting factor.

Finally, knowledge of kos-irus Will benefit quantitative microbial risk assessments. Specifically, they will reduce
the uncertainties with respect to the extent of inactivation achieved when evaluating risks of water matrices
treated by different treatment trains.

5.1.2 Virus inactivation in natural matrices

Due to interaction with dissolved organic matter (DOM), inactivation curves in natural matrices deviated
from the log-linear dependence on ozone exposure, and instead exhibited a strong tail. Despite these com-
plex kinetics, this study confirmed the potential of AUV2ss and carbamazapine (CBZ) abatement as proxies for
virus inactivation by ozone. The specific ozone dose also provided a good prediction of virus inactivation,
even though it does not serve as a real-time monitoring tool during treatment.

The inactivation of MS2 and CVB5 were similar, despite the fact that their inactivation rate constnats in ho-
mogenous buffer solutions vary by a factor ten. As such, a single proxy-inactivation relationship can be ap-
plied to several viruses. In contrast, the origin of DOM (lakewater or wastewater), influenced the proxy-inac-
tivation relationship, though the DOM content did not. The exception is CBZ abatement, which was inde-
pendent on the water type. In fact, due to their similar kinetics, both virus inactivation and CBZ abatement
depend on the intrinsic ozone exposure, and these two parameters thus vary in concert, independent of the
matrix. In contrast, the AUVs, is different in SW and WW, because the UV absorbing moieties present are
different.

84



Conclusion

Finally, we were able to test and validated the proxy-inactivation relationships during a pilot plan experiment
in lake water. The model predictions of virus inactivation were reasonably good for all proxies investigated.
The ability to predict new data confirms the potential of such relationships to estimate virus inactivation
during ozonation. An overview over the benefits and limitations of the different proxies tested is given in
Table 5.5.

Table 5.5 Review of proxies studied, their advantages and limitations

Proxy Advantages Limitations
et o e
el ey
CBZ abatement Agpleablaran: More expensive

high [DOC] water

Implications of this research in practice is a tool for treatment operators to monitor in real-time the efficiency
of ozonation for inactivate viruses. In addtion, proxies may be proposed as validation tools for ozone treat-
ment, especially in the case of potable water reuse. 4 Logio removal credit are currently attributed to ozona-
tion followed by biological filtration. However, this removal credit can increase if higher inactivation can be
proven and verified. More than 7 logioinactivation were observed in wastewater during pilot testing and up
to 5 logio in lab experiments for specific ozone doses typically applied for micropollutant abatement (0.5-0.6
mg03/mgDOC). Therefore, waterborne viruses may be inactivated with relatively low specific ozone dose,
and their disinfection may not induce the formation of problematic DBPs such as bromate.

Bayesian modeling is a useful tool in the context of inactivation by ozonation. Model parameter estimates
in this work can be used as prior knowledge when constructing a model to predict inactivation in a specific
treatment plant. These parameters can be “upgraded” with measures on-site to obtain a model that better
represents the situation of a specific plant. Additionally, Bayesian models can handle censored data and con-
struct a probability distribution of the expected inactivation. This may be more relevant in the frame of risk
assessement and control of water safety.

5.1.3 Virus inactivation mechanism

Preliminarry results shows a reduced internalization and replication after ozone disinfection. However, it is
not clear yet if the decrease of replication is due to the reduction of virus internalization.

Virus internalisation seems to be impaired by ozone treatment
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5.2 Limitations and further work

While virus kinetics were broadly studied in this thesis, two important viral pathogens that cause the majority
of the viral gastroenteritis worldwide, rotavirus and norovirus, were not experimentally investigated. Given
the high reactivity of ozone, we expect these viruses to present similar inactivation kinetics as the rest of
virus species studied. However, experimental validation may be important to confirm their susceptibility to
ozone.

In order to apply proxies as predictive tools in water treatment, further testing may help to validate the
current model and to account for variability among matrices. In addition, model validation in a wastewater
pilot plant will be valuable in order to confirme that high inactivation can be achieved. More variability may
be expected in wastewater matrices compared to surface water. In the case of potable water reuse, we may
expect that the wastewater model for the specific ozone dose and the UV absorbance reduction may corre-
spond better than the surface water model. However, this will depend where ozonation is applied in the
treatment train and the different treatments applied upstream.

Experiments presented in Chapter 4 need further replication in order to support the preliminary findings. In
addition, exchanging the dye used for the internalization assay is necessary to verify that similar results are
obtained. The experimental procedure for coxsackievirus B5 should be optimized and the results post-disin-
fection should be compared to echovirus 11 to determine is there is a difference in internalization ability.
Internalization of viruses treated with other disinfectants could also be studied. Finally, fluorescence flow
cytometry can be used to study the host binding.

In conclusion, this thesis provides new information on the efficacy of ozone disinfection of waterborne vi-
ruses with implications in research and for water treatment. Furthermore, as practical outcomes, it delivers
tools to monitor virus inactivation during water and wastewater treatment in real-time.
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Supporting information for Chapter 2

Chemicals and solutions

Sodium chloride (NaCl), sodium monophosphate (NaH,PQ.) and sodium di-phosphate (Na;HPO,) were pur-
chased from Acros. EDTA (C10H120sCaN;Na,'2H,0) was purchased from Carl Roth GmbH. Trans-cinnamic acid
(CeHsCHCHCOOH; recrystallized for quenched-flow experiments), tert-butanol (2-methyl-2-propanol), car-
bamazepine (C1sH12N20), benzaldehyde (C;Hs0) and 1 M HCl were purchased from Sigma-Aldrich. HPLC grade
solvents were purchased from Biosolve chimie SARL.

Phages and bacteria

Coliphages MS2 (DSMZ 13767), ®X174 (DSMZ 4497) and their host Escherichia coli (DSMZ 5695 and DSMZ
13127) were purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braun-
schweig, Germany). Coliphage Q3 was provided by Joan Jofre (University of Barcelona), and coliphage T4 and
its E. coli B1 host were supplied by Petr Leiman (Ecole Polytechnique Fédérale de Lausanne, Switzerland). All
phages were propagated and enumerated as described previously,>® except that E. coli B1 was grown in the
absence of antibiotics.

Viruses and cells

Human adenovirus (HAdV) type 2 was kindly provided by Rosina Girones (University of Barcelona). Echovirus
(EV) type 11 Gregory strain (ATCC VR-41) and coxsackievirus (CVF) B5 Faulkner strain (ATCC VR-185), were
purchased from LGC Standards (Molsheim, France). Two environmental strains of coxsackievirus B5 (CVLEnv1
and CVEnv2) were isolated from the Vidy wastewater treatment plant (Lausanne, Switzerland) on
03/03/2015 and 06/08/2015, respectively, as described elsewhere.'?* HAdV was propagated on A549 human
lung carcinoma epithelial cells and EV, CVF, CVEnvl and CVEnv2 on buffalo green monkey kidney (BGMK)
cells. Viruses were propagated and purified using the PEG- chloroform procedure as reported previously.>®
A549 cells were kindly provided by the Lausanne University Hospital (Switzerland) and BGMK cells by the
Spiez Laboratory (Switzerland). A549 cells were cultivated in high-glucose pyruvate Dulbecco’s modified Ea-
gle’s medium (DMEM,; Invitrogen), and BGMK cells were cultivated in minimum essential medium (MEM;
Invitrogen). Both media were supplemented with penicillin (20 U mL?; Invitrogen), streptomycin (20 pg mL
L Invitrogen), and 2 or 10% fetal bovine serum (FBS; Invitrogen), and cells were incubated at 37°C in 5% CO,
and 95% humidity.
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Procedure for the purification of MS2 by QA monolith liquid chromatography

A MS2 culture in broth was supplemented with 5 mL of chloroform and stored overnight, then centrifuged
and filtered through a 0.45 um membrane (Millipore). Samples were then purified with a CIM monolith col-
umn (QA 1 mL, BIA Separation) mounted onto an AKTA pure 150 LC system (GE healthcare). The column was
equilibrated according to manufacturer instructions. A 5 mL/min flow rate was used to load the MS2 broth
in VDB pH 7.5 (1:1) onto the column. MS2 was eluted by a step-gradient using milliQ water and 2M NaCl as
detailed in Table S2.1. The MS2 peak was identified by UV absorbance at 280 nm and by testing for the
presence of infective virus by a plaque assay, and the corresponding fraction was collected and concentrated
using a 100K Amicon ultrafiltration column (Millipore).

Table S2.1 : Step-gradient sequence applied for MS2 purification by monolith QA.

Column volumes % NaCl eluent
5 2.5-6
12 6
5 6-16
12 16
5 16-33
10 33
5 33-100
5 100
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Activation energy for the reaction of trans-cinnamic acid with ozone

05 was reacted with an excess of CA (1:10 molar ratio) at various temperatures (5 to 35°C). The absorbance
at 266 nm was recorded after a dead time of 1.5 ms to follow the decrease of CA concentration over time.
Hereby the degradation of CA was maximally 10 %, such that pseudo-first-order conditions were maintained.
The software Kinetic Studio!® was used to fit the apparent pseudo first-order rate constant (kobs; Equation
$2.1).

Equation S2.1 Pseudo first-order rate CA reaction with ozone

d [CA]
dt

= kobs[03]

where kops = koz—calCA]

To obtain the second-order rate constant (kos.ca) at a given temperature, kops Was divided by the CA concen-
tration. Finally, the activation energy E, was obtained using the Arrhenius equation as shown in Figure S2.1

Equation S2.2 Arrhenius equation

In (k) = RT“ +In(A)
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Table S2.2 presents the pseudo first-order reaction rate constants (kops) and related second order reaction
rate constants (kos-ca) for the reaction of O; with CA and the temperature at which they were measured. The
values of kos.ca are used in the Arrhenius plot (Figure S2.1) to determine the activation energy of the reaction.
Values of kos.ca calculated based on the Arrhenius equation for the three temperatures investigated in this
work are shown in Table S2.3.

Table S2.2 Reaction rate constants at different temperatures, measured by stopped-flow for the reaction of trans-cinnamic acid and
ozone. kobs is the pseudo first-order rate constant of O3 consumption in excess of CA, and kos.ca is the second-order rate constant of
the reaction of O3 with CA.

Temp 1/T (K1) Kobs Kkos-ca In(kos.ca)
(°C) x103 (sY) (M1s?) 03-ca
10.5 3.525 33.00 5.34 x 10° 13.189

9 3.544 30.67 4.97 x 10° 13.116
10.3 3.528 30.73 4.98 x 10° 13.117
10 3.532 29.85 4.83 x 10° 13.088
9.7 3.535 31.11 5.04 x 10° 13.130
15.9 3.460 38.00 6.15x 10° 13.330
16.1 3.457 36.90 5.97 x 10° 13.301
16.2 3.456 35.70 5.78 x 10° 13.267
16.1 3.457 37.26 6.03 x 10° 13.310
16.1 3.457 35.97 5.82 x 10° 13.275
21.1 3.398 48.46 7.85x 10° 13.573
20.9 3.401 45.50 7.37 x10° 13.510
20.9 3.401 43.60 7.06 x 10° 13.467
21 3.400 43.13 6.98 x 10° 13.456
21.1 3.398 43.12 6.98 x 10° 13.456
295 3.304 58.23 9.43 x 10° 13.757
295 3.304 57.03 9.23 x 10° 13.736
29.6 3.303 57.15 9.25x 10° 13.738
29.5 3.304 57.99 9.39 x 10° 13.752
295 3.304 52.11 8.44 x 10° 13.646
349 3.246 66.63 1.08 x 10° 13.891
34.9 3.246 62.46 1.01 x 10° 13.827
349 3.246 61.16 9.90 x 10° 13.806
349 3.246 61.58 9.97 x 10° 13.813

34.9 3.246 62.84 1.02 x 10° 13.833
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Figure S2.1 Arrhenius plot of kO3-CA versus temperature, where the slope

corresponds to Ea/R. Two replicate experiments are highlighted in blue and
red.

Table S2.3 : Second order rate constants kos-ca for the reactions of CA with ozone at 2, 12 and 22°C, calculated using the Arrhenius
equation and an activation energy of 21.2 kJ mol.

Activation Energy, [kJ mol™] 21.2+0.72
kos.ca at 2°C, [M1s1] 4.0x10°
kos.ca at 12°C, [M? 7] 5.6 x 10°
kos.ca at 22°C, [Mt 5] 7.6x10°
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HPLC analyses

In virus ozonation experiments, benzaldehyde was quantified using an EC 125/3 Nucleosil 100-5-C18 column
(Marcherey-Nagel) on an Agilent Infinity 11 1260 (Agilent Technologies) HPLC with a multiple wavelength di-
ode array detector recording the absorbance at 254 nm. 20 pL of the sample were injected and an isocratic
flow (85% milliQ water/ 15% Acetonitrile) with a flow rate of ImL/min. The benzaldehyde retention time was
6 min, the limit of detection (LOD) was 0.17 uM and the limit of quantification (LOQ) was 0.6 pM. The meas-
ured benzaldehyde concentrations ranged from 10-175 uM. Alternatively, after quench-flow experiments,
benzaldehyde was quantified using an Ultimate 3000 HPLC system (Thermoscientific, Sunnyvale, CA, USA)
with a multiple wavelength diode array detector (250 nm). The injection volume was 50 uL, and an isocratic
flow (60% 10mM HsP0O4/40% MeOH) was used on a Cosmosil-C18-MS-Il column (100 mmx 3.0mm ID, 5um;
Nacalai Tesque Inc., Kyoto, Japan) with a flow rate of 1 mL/min. The retention time was 7.8 min, the LOD was
0.04 uM and the LOQ was 0.13 uM. Benzaldehyde concentrations were measured over the range of 4-6 uM.

In carbamazepine (CBZ) ozonation experiments, benzaldehyde and CBZ were quantified simultaneously using
the Ultimate 3000 HPLC system described above. A gradient methods (details in Table S2.6) was used on a
Cosmosil-C18-MS-Il column (100 mmx 3.0mm ID, 5um; Nacalai Tesque Inc., Kyoto, Japan) with a flow rate of
1 mL/min. UV absorbances at 250nm (benzaldehyde) and 285nm (CBZ) were recorded. 50 pL of the sample
were injected, and the retention times were 7.8 min and 9.5 min for benzaldehyde and CBZ, respectively.
CBZ had an LOD of 0.003 uM and an LOQ of 0.009 uM. The CBZ concentration range measured was 0.7-2 uM,
and the benzaldehyde concentration range was 25-35 uM.
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Experimental details for quench-flow experiments to measure the kinetics of MS2 inac-

tivation

Table S2.4 : Ozone concentration [O3], flow rate, aging time, ozone exposure and corresponding MS2 inactivation (In(N/No)) for
quench-flow experiments using a 500 uL loop. Asterisks (*) indicate blank samples used to determine the initial O3 concentration.
In the blank samples, the ozone exposure was not determine (ND).

[0s], [WM] Flow rate, [puL/ms] Aging time, [ms] Ozone exposure, [M s] In(N/No)
6.66 2.50 53 ND &
6.02 2.50 53 3.32E-07 -5.26
5.98 1.67 79 4.96E-07 -5.50
6.02 1.25 105 6.58E-07 -9.65
5.97 0.83 158 9.77E-07 -12.63
5.82 0.63 211 1.29E-06 -13.76
5.75 0.56 237 1.44E-06 -13.50
5.70 0.42 316 1.90E-06 -14.05
5.70 0.36 369 2.19E-06 -14.46
5.28 0.31 422 2.48E-06 -14.28
6.37 2.50 53 3.32E-07 -5.84
5.44 2.50 53 ND *
5.57 2.50 53 ND o
4.92 2.50 53 3.33E-07 -5.02
4.77 1.67 79 4.98E-07 -6.26
4.90 1.11 118 7.43E-07 -6.97
4.86 1.00 132 8.24E-07 -8.41
4.81 0.83 158 9.86E-07 -10.43
4.80 0.71 184 1.15E-06 -11.11
4.80 0.63 211 1.31E-06 -9.65
4.68 0.42 316 1.93E-06 -13.16
4.53 0.28 475 2.84E-06 -13.48
4.40 0.25 528 3.13E-06 -14.27
5.10 2.50 53 3.33E-07 -4.68
5.40 2.50 53 ND <
5.32 2.50 53 3.32E-07 -3.87
5.31 1.67 79 4.95E-07 -5.92
5.26 1.11 118 7.37E-07 -7.41
5.13 1.00 132 8.17E-07 -8.32
5.19 0.83 158 9.76E-07 -9.93
5.02 0.71 184 1.13E-06 -11.43
491 0.63 211 1.29E-06 -11.64
4.73 0.42 316 1.89E-06 -10.87
4.30 0.28 475 2.75E-06 -13.09

4.10 0.25 528 3.02E-06 -13.03
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Experimental details for quench-flow experiments to measure the kinetics of carbamaz-

epine (CBZ) abatement

Table S2.5: Loop volume, ozone concentration [Os], aging time, flow rate, ozone exposures and corresponding CBZ abatement (In
(CBZ/CBZy) for quench-flow experiments. Asterisks (*) indicate blank sample used to the initial O3 concentration. In the blank sam-
ples, the ozone exposure was not determine (ND).

Loop vol- Flow rate, Aging time, Ozone expo-
ume, [uL] [0s], [M] [uL/ms] [ms] sure, Ln (CBZ/CBZ,)
[Ms]
3.46E-05 0.20 6 ND *
3.46E-05 0.20 6 2.08E-07 -0.15
3.36E-05 0.09 14 4.50E-07 -0.27
40 3.25E-05 0.05 24 7.87E-07 -0.43
3.11E-05 0.04 30 9.40E-07 -0.50
3.17E-05 0.029 42 1.34E-06 -0.70
3.12E-05 0.025 48 1.51E-06 -0.77
3.14E-05 0.02 60 1.90E-06 -0.96
3.06E-05 2.5 53 ND *
3.01E-05 2.5 53 1.59E-06 -1.14
2.93E-05 1.1 118 3.48E-06 -2.15
500 2.98E-05 0.83 158 4.72E-06 -2.84
2.85E-05 0.62 211 6.02E-06 -3.70
2.87E-05 0.55 238 6.82E-06 -4.15
2.91E-05 2.5 53 1.54E-06 -0.97
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HPLC method to measure benzaldehyde and carbamazepine (CBZ)

Table S2.6 : Eluent gradient to analyze benzaldehyde and CBZ by HPLC

Time, [min] Flowrate, [mL/min] Acetonitrile, % 1((:)“::\/'6:;?:/24
0 1 10 90
4 1 10 90
10 1 50 50
12 1 50 50
14 1 10 90
19 1 10 90
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Comparison of MS2 inactivation measured in batch experiments and by quench-flow.

Inactivation, log (N/N,

Figure S2.2 MS2 inactivation measured in batch (black dots; 13 replicate experi-
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Effect of the purification method on ko3-ms2

The effect of virus purification on kos.ms2 was assessed by a multiple linear regression model for MS2 inacti-
vation, which includes a “Purification” categorical variable (factor):

Equation S2.3 Statistical model to test for purification effect

N
Ln (N_) = fo + By * Ozone exposure + B, * Purification
0

Hereby f; corresponds to the second-order inactivation rate constant determined as a function of the ozone
exposure (kos-ws2), and f: is the corresponding coefficient associated with different purification procedures.
As shown Table S2.7, PEG-chloroform and liquid chromatography purification yield to equivalent inactivation
(p-value > 0.05), while simply filtering the virus-containing broth significantly changed the inactivation kinet-
ics measured.

Table S2.7 MS2 inactivation rate constants and effect of purification procedures, and corresponding F-statistics. A p-value > 0.05
indicates that a sample is statistically equivalent to a representative reference experiment (*) obtained under “standard condi-

tions”
e p-value
Purification
Bl |32 for Bz
PEG - v
CIM/LC -2.1+0.1x10° 0.9+0.6 0.14
Filtered broth 1.93+0.5 5.3x10*
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Reproducibility of batch approach and effect of initial virus concentration

For the analysis of reproducibility and replicate variability, thirteen replicate experiments of MS2 inactivation
by ozone were performed and the following model was formulated:

Equation S2.4 Statistical model to test the different replicate

Ln (Nlo) = By + By * Ozone exposure + [, * Replicate

Hereby, “Replicate” was included as categorical variable (factor) to evaluate if different replicates yield dif-
ferent inactivation rate constants. The MS2 inactivation rate constant as a function of ozone exposure (kos-
ms2) corresponds to 8;, and the corresponding coefficient for different replicates is 8. In Table S2.8, a selec-
tion of four replicates is presented. Despite their different MS2 starting concentrations, the observed inacti-
vation is statistically equivalent. This indicates that kos.ms: is independent of the initial MS2 concentration.

Table S2.8 Second-order MS2 inactivation rate constants for experiments conducted at different MS2 starting concentrations, and
corresponding F-statistics. A p-value > 0.05 indicates that a sample is equivalent to a representative reference experiment (*) ob-

tained
MS2, [PFU/mL] Purification B1 B2 p-value
4 x 108 PEG 0.0+0.9 0.98
2x10° PEG -2.1+0.1x 10 - *
9x 10° PEG 0.4+0.7 0.61
8 x 10° LC -0.8+0.6 0.14

Overall, two replicates out of 13 were found to be different from the others (p-values = 0.0001 and 0.0002).
However, as shown in Figure S2.3, kos-ms2 changed by only about 4 % if this replicate effect was considered,
indicating that the influence of replicates, while statistically significant, was biologically negligible.
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Figure S2.3 Second order MS2 inactivation rate constants for the reaction with ozone obtained by including or excluding the “repli-
cate” variable in the linear model.
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Effect of temperature and pH

The effect of ozone exposure, temperature and pH on kos.ms2 were assessed using the following multiple

linear regression model:

Equation S2.5 Statistical model to infer pH and Temperature effect on inactivation

N
Ln (N_> = Bo + By * Ozone exposure + B, * Temp + B3 x pH
0

Where the parameters 8, represent the contribution per unit of each variable to the overall inactivation. 8,
standard errors, p-value and adjusted R? are presented in Table S2.9. The parameters 8 associated with all
three variables were significantly different from zero, indicating that pH, temperature and ozone exposure
all influence virus inactivation by ozone.

Table S2.9 Contributions of the variables ozone exposure, temperature and pH to inactivation, with corresponding F-test statistics.

B p-value Adjusted R?
Intercept 56+1.1 3.4x 107
Ozone exposure, [M s] -2.1+0.1x10°8 <2x 107
Temp, [°C] -1.2+0.1x 10 1.7 x 1015
pH -6.5+1.3x10? 1.9x10°
Overall model - - 0.68
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Activation energy of MS2 inactivation by ozone

The activation energy (E.) of MS2 inactivation by ozone was estimated based on experiments conducted at
different temperatures and analyzed by the Arrhenius equation Equation S2.2. Experiments were conducted
at two different pH levels. The data are presented in Table $2.10 and Figure S2.4.

15.5

15

Ln (Kos-ms2)

14.5

14

A
A
® pH6.5
° A pH8.5
°
3.3 34 3.5 3.6 3.7

1/T x 1000, [K-1]

Figure S2.4 pH-depedence of Arrhenius plot for kO3-MS2 for 2, 12 and 22 °C.

Table S2.10 Data used to estimate activation energy of MS2 inactivation by ozone (T=2, 12, 22°C)

Calculated E,,

pH In(kos-ms2) 1/T x 1000, [KY] Slope [kJ mol] from
Figure S4

14.118 3.636

6.5 14.292 3.509 -1.46 ~12.2
14.479 3.381
14.465 3.636

8.5 14.915 3.509 -2.81 ~23.4
15.157 3.389
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Supportive information for Chapter 3

S3.1 O3 depletion profiles in natural matrices

The following figures show the depletion of the ozone concentration over time for the different specific
ozone doses (grey title) in SWB and WW. The decay was measured repeatedly several weeks apart and
showed good reproducibility (data not shown).

R script of calc_ct function

calc_ct<- function(x) {
#Load the needed library
library(flux)
library(caTools)

#Here data is the ensemble of the data point for ozone decay of the different Ozone dose for 1 specific water
# Split the data frame into a list according to different doses

x <- split.data.frame(x, x[, "Dose"])
CT<- NULL

d<- NULL

date<- NULL

selected_data<- NULL

#Check if there is duplicate of time points

for (i in 1:length(x)) {
# Select the data corresponding to one dose and order it by Time
selected_data <- x[[i]]

selected_data<- selected_data[order(selected_data$Time),]

# Calculation of CT & Plot the decay curve
CTI[i]<- auc(selected_dataSTime, selected_data$ConcO3) #Store CT value
d[i]<- selected_data[1,"Dose"] #Store Dose value

date[i]<- selected_data[1,"Date"]

}
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# Store data in a new dataframe

exposure <- data.frame(cbind(d,CT, date),stringsAsFactors = FALSE) ~ #Add CT and dose value, return table
colnames(exposure) <- c("Dose", "Exposure", "Date")

exposure[, "Dose"] <- as.numeric(exposure[, "Dose"])

exposure[, "Exposure"] <- as.numeric(exposure|[, "Exposure"])

return (exposure)
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Figure S3.1 Depletition of the ozone concentration over time for the different specific ozone doses (grey title) in SWB.
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Ozone concentration, [M]
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Figure S3.2 Depletition of the ozone concentration over time for the different specific ozone doses (number in grey title, in

mgO0s3/mgDOC) in WW.
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S3.2 HPLC analyses

In quench-flow experiments, benzaldehyde was quantified using an Ultimate 3000 HPLC system (Thermosci-
entific, Sunnyvale, CA, USA) with a multiple wavelength diode array detector (250 nm). The injection volume
was 100 L, and an isocratic flow (60% 10mM HsP0O4/40% MeOH) was used on a Cosmosil-C18-MS-Il column
(100 mm x 3.0mm ID, 5um; Nacalai Tesque Inc., Kyoto, Japan) with a flow rate of 1 mL/min. The retention
time was 7.8 min, the LOD was 0.002 uM and the LOQ was 0.008 uM. Benzaldehyde concentrations were
measured over the range of 0.15-70 uM.

Carbamazepine (CBZ) was analyzed using an Ultimate 3000 HPLC system (Thermoscientific, Sunnyvale, CA,
USA) with a multiple wavelength diode array detector (250 nm). CBZ was quantified by a gradient methods,
on an EC 125/3 Nucleosil 100-5-C18 column (Marcherey-Nagel). 100 pL of the sample were injected, a
flowrate of 1mL/min was applied and the retention times were 10.3 min CBZ, respectively. CBZ had an LOD
of 0.003 uM and an LOQ of 0.009 uM. The CBZ concentration was measured in the range 0.01-1 uM.
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S3.3 Conditions for the SPE online and UPLC MS/MS analysis (adapted from 91)

Five ml of sample were loaded via a 5 ml loop at a flow rate of 2 ml min into the SPE cartridge (2.1 x 20 mm,
with Oasis HLB 25 um phase, Waters), which was previously conditioned around 20 min. at 1 ml min® with
H20 with 1% (v/v) formic acid. The cartridge was then progressively eluted in back-flush mode with the gra-
dient of solvents used for the UPLC at 0.4 ml min™ during 11 min. The SPE effluent was directly injected into
the UPLC column and served as UPLC mobile phase. Compounds were separated on the UPLC column (Ac-
quity UPLC system, with HSS T3, 2.1 x 100 mm, 1.8 um, Waters) at 30°C, eluted with an aqueous-organic
mobile phase (SPE effluent) composed of (v/v) 94.9% H20, 5% acetonitrile and 0.1% formic acid (solvent A2)
and 5% H20, 94.9% acetonitrile and 0.1% formic acid (solvent B2) in gradient mode, from 5 to 95% solvent
B2 (v/v) in 11 min at 0.4 ml min. The column was previously equilibrated during 4.5 min at 0.4 ml min?* with
95% solvent A2 and 5% solvent B2. More details of the loading and elution phase are given in Figure S3.3.

Steps Pump Loading SPE Pump Elution MS
min ml min™ Al B1 min ml min™ A2 B2
1 |Load sample inloop (2 min) 100 O 0.4 95 5
2 |Load sample on SPE (2.5 min)
. initial 2 100 O initial 0.4 95 5
Load sample on SPE (2 min) 200 5 %5 5
3 2.50 0.4 9% 5| o
2.80 0.1 50 50 =
o . . 10.00 0.4 5 95|18
vAvr;asll‘)],iils (~10 min) & syringe 11.00 01 50 50 \w/
9 11.00 0.4 5 95| =
12.00 2 0 100 12.00 0.4 95 5 S
13.00 2 0 100 o
13.50 2 100 O
15.00 2 100 O 15.00 0.4 95 5
Pump Loading Pump Elution
Eluent: Al 99% H20, 1% AF A2 95% H20, 5% ACN, 0.1% AF
B1 100% MeOH B2 95% ACN, 5% H20, 0.1% AF

Figure S3.3 Details loading and elution phase of the SPE online procedure.

CBZ was identified and quantified using tandem mass spectrometry (MS/MS) (Xevo TQ MS, Waters) as de-
scribed here:

Table S3.1 Detailed ions used for CBZ quantification

Compound Deuterated compound  Parents ion Daughter ion used for
[m/z] guantificytion [m/z]
Carbamazepine Carbamazepin-d10 237.3 165.15
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S3.4 Experimental plan

Table S3.2 summarizes the different types of experiments that were performed for each water and each
proxy.

Table S3.2 Summary of the experiments that conducted for each water.

Secondary
Water Surface Surface effluent
water water
wastewater
Water SWG SWB WwW
matrix
[DOC],
1.2 5.3 6.3
[mg/I]
. MS2 +
Virus MS2 CVEBS MS2 + CVB5
KO3—virus - X X
Specific O; X X X
dose
AUVs4 X X X
Carbe‘1maz— X X X
epine
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S3.5 R Script of the power model

This model structure has been used for
# Model formulation:

Model_string <-"

model {
# Likelyhood
for (iin 1:N) {
isCensored[i] ~ dinterval(y[i], censorlimitVec[i])
yli] ~ dnorm(muli], tau)
muli] <- alpha * xun[i]*beta
}
# Priors

alpha ~ dnorm (0, 0.001)
beta ~ dnorm (mu.b1, tau.b1) T(0,)

tau ~ dgamma (0.001, 0.001)

mu.b1 ~ dnorm( 0, 0.001)

tau.b1l ~ dgamma(0.001, 0.001)
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S3.6 Ozone exposure model : Model parameters and details

Model parameters for equation 2 are shown in Table S3.3. Model fits are presented (red and blue lines); gray

line represents 95% confidence interval of prediction, and black dashed line 95% intervals of the confidence.

42

Table $3.3 Model parameters and relevant statistics for O3 exposure model in function of specific 03 dose [mg03/mgDOC] for the

two waters studied.

Water Model parameter Estimate p value adjusted R?
a 2.9+0.16 2.34E-05
SwWB b -3.4+0.16 2.66E-08 0.969
model 2.65E-08
a 3.74+£0.23 4.64E-07
ww b -4.73+0.41 1.90E-08 0.9586
model 1.90E-08

In (O3 exposure [Ms])

4 3 -2 -1 0 1-4
In (Dose), [gO3/gDOC]

-3

Figure S3.4 Model with expected mean (red and blue for SW and WW, respectively), 95% confidence interval (dashed line)
and data of In(O3 exposure) in function of the specific O; dose applied for the SWB and WW.
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S3.7 Inactivation as a function of the ozone exposure

Table S3.4 presents a summary of the statistical model (equation 3.3).

Table $3.4 Summary of the O3 exposure model statistics (estimate, standard deviation, p-value and adjusted R2)

Model

Water Estimate Credible interval
parameter

o 15.7+1.1 (13.52,17.9)
SWB

o 0.12 £ 0.01 (0.11, 0.13)

Olo 21.6+2.86 (16.2,27.3)
WWD

o 0.21 £0.02 (0.18, 0.24)

111



Supporting information

S3.8 Proxies as a function of the specific ozone dose: comparison with published data

Proxies are shown as a function of the specific ozone dose in the main text (Figure S3.3). The model param-
eters obtained from the power regression (Equation S3.1) are compared with published data.**84

Equation S3.1 Model for Uv in function of the specific ozone dose

— d
2 .
AUV,54 = ¢ * Dose (53.2)

Table S3.5 summarizes the estimates of model coefficients. For UV, estimates obtained are close to previ-
ously published data.

Table S3.5 Power function and quadratic function parameters (slope, standard deviation, 95% credible intervals) for the three stud-
ied waters and comparison with previously published data.

from Gamage et from Carjaval et.

AUV3sq This study al. (2013) al (2017)
Water SWG SWB WW WW WW
Crediblecinterval 0.74+£0.14 0.94 +0.07 0.54 £ 0.02 0.48 0.71
(0.48, 1.0) (0.8, 1.08) (0.51, 0.57) (0.46,0.51) (0.63,0.8)
(95%)
Credibledinterval 0.67 £ 0.05 0.69 £ 0.05 0.55 +0.03 0.53 0.75
(95%) (0.39, 0.96) (0.6, 0.78) (0.49, 0.61) (0.44, 0.63) (0.63, 0.88)
(]
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CBZ abatement as a function of the specific ozone dose was compared to data published by Lester et al.
(2013)'% (data extracted using WebPlotdigitiliser'®®). WW data obtained herein is similar to the observa-
tions by Lester et al (2013)'° when looking at all datasets (Figure S3.5). The WW datasets presents several
replicated experiments. For the literature data it has been extracted from a plot presenting a single repli-

cate. That may explain the variability in our datasets. Our two SW data sets seem closer together than to
WW one.

4.
—_— 3 T
(=]
V]
~
=
8\ Water
=15 SWS
c ]
5 A ) 4 SWB
s = + = WW
5 A ; + + Lesteretal.
[} A
1 N " +F
8 AL AA‘ "4+ * :
Ad ‘A .- .+ + |
e ii E .
y =
afs " -l‘+ = "
o wat®
0.0 0.1 0.2 0.3 0.4 0.5

Ozone specific dose, [mg03/mgDOC(]

Figure S3.5 CBZ abatement as a function of the specific ozone dose for the three selected waters and data extracted from
Lester et al. (2012)
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S3.9 Bayesian model averaging (BMA)

The “BAS” package provides functions to perform Bayesian model averaging in linear and generalized linear
models. In this study the model used is presented in equation S4. Prior distributions of coefficients were
based on the Jeffreys-Zellner-Siow Cauchy prior,*?® and an adaptive algorithm to sample without replacement
from Markov chain Monte Carlo (MCMC) sampling was used. The variables with high inclusion probabilities
(the probability that a variable has a coefficient (B;) different from zero) are likely to be important to explain
predictions or data. The Highest Probability Model (HPM) was used to construct a posterior probability dis-
tribution of variable estimates (Figure S3.6 to S3.7). This analysis was performed with batch experiment da-
tasets of the three water matrices, without censored data as “BAS” package does not treat censored data.

N
Log (N_) = By + By * Water type + B, * Virus species + B3 * [DOC] + B,
0

. CBZ
* Specific 0; dose OR log(

OR AUV, 54
o57.) 54 (54)

The goal was to determine the probability of the coefficients 8; in equation S4 to be different from 0, using
inclusion probabilities. If this later was > 95%, the variable was considered unimportant in explaining varia-
tion in inactivation. Finally, a most probable model (modell) was used to compute parameter posterior dis-
tributions.

BMA summary tables below (Table S3.6 to Table S3.8) group the five models with the highest posterior prob-
abilities. In addition, the inclusion probabilities (1°t column) are also computed. Bayes factors of each model
to the highest probability model are also presented. Here, a value < 1 indicated evidence in favor of modell.
Posterio probabilities (Poast probability) for each model are also computed, the higher the probability the
more likely the model is. Logmarg indicates the log marginal likelihood of the model compared to a base
model with intercept only.

In Figure S3.6 to S3.8, the posterior probability distributions obtained from BMA using the highest probability
model (modell in Table S3.6 to Table $3.8) are shown, without prior knowledge or censored data incorpora-
tion.
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Specific Os; Dose

Table S3.6 Summary statistics of Bayesian model averaging for variable selection for the specific Oz dose as a proxy. Five probable
models are presented with their statistics.

Specific Oz Dose

P(B!=0]|Y) modell model2 model3 model4 model5

Intercept 1 1 1 1 1 1
Dose 0.996 1 1 0 1 1
Virus (MS2) 0.97 1 1 0 0 0
[DOC] 0.13 0 1 0 0 1
Water type (WW) 0.99 1 1 1 0 1
Bayes Factor NA 1.00 0.11 3E-39 3E-18 1.5E-03
Post Probability NA 0.84 0.12 6.2E-03 6.2E-03 6.2E-03
R? NA 0.55 0.55 0.52 0.00 0.54
Model dimension NA 4 5 3 1 4
logmarg NA 88.65 86.48 0 48 82.19
Intercept Specific Oz dose
1.0 1.0
0.8 0.8
0.6 0.6 -
0.4 04
0.2 0.2 -
:';‘\ 0.0 - T T T T T T 0.0 - T T T T T T T
e 0 0.5 1.0 1.5 2.0 25 0 2 4 6 8 10 12
[}
@] Virus (MS2) [DOC]
>
= 1.0 4 08
‘5 0.8 7
8 06- 06 4
O 04 04 4
o 024 0.2 1
g 0.0 - T T T T T T T T 0.0 - T T T T
o 0 02 04 06 08 1.0 12 14 -1.0 -0.5 0 0.5 1.0
vy
L Water type (WW)
1.0
0.8 - 10 [}
0.6 @ 5
0.4 -
0.2 0 3 .. L
0.0 4 T T T T T
-25 -20 -15 -10 -05 0 Intercept Dose Virus [DOC] Water Type
(MS2) (Ww)

Model coefficient

Figure S3.6 Posterior probability distribution for the Bi coefficients of each variable (five first graphs) and summary of beta
value and 95% credible intervals (third row on the right) for the model using AUV254 as a proxy. | don’t understand: | was
under the impression that we are discussing the specific ozone dose here
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AUV3s4

Table S3.7 Summary statistics of Bayesian model averaging for variable selection for AUV2s4 as a proxy. Five probable models are

presented with their statistics.

AUV3s4 P(B!=01]Y) model 1
Intercept 1 1
Virus (MS2) 0.98 1
[DOC] 0.05 0
AUV;s,4 0.99 1
Water type (WW) 0.98 1
Bayes Factor NA 1
Post Probability NA 0.92
R? NA 0.73
dim NA 4
logmarg NA 88.05
Intercept
1.0 1
08
06
04
02
> 0.0 4 T T T T T T T
= 0 05 10 1.5 20 25 30
C
3 Virus (MS2)
> 1.0 4
=
= 084
el
© 0.6
0
O 04+
O 024
g 0.0 T T T
2 0 05 10 15
L o Water type (WW)
08 -
06 -
[0 R
04 -
0.2 -
0.0 - T T T T T
-2.0 -15 -1.0 -05 0

model 2 model 3 model 4 model 5
1 1 1 1
1 0 0 0
1 1 0 0
1 1 0 1
1 0 0 0
0.09 1.4E-07 5.74E-39 2.5E-12
0.05 9.3E-03 6.2E-03 6.2E-03
0.73 0.65 0.00 0.58
5 3 1 2
85.61 72 0.00 61.3
AUVasa
1.0
0.8
0.6 7
04
0.2 7
00 ™ T T T
0 5 10 15
. [DOC]
0.8
0.6
04+
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15
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5
ol T o= e
=5
Intercept  Virus [DOC] AUVsa Water Type
(MS2) (WW)

Model coefficient

Figure S3.7 Posterior probability distribution for Bi coefficient of each variable (five first graphs) and summary of beta values
and 95% credible intervals (third row on the right) for the model using AUV254 as a proxy.
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CBZ abatement

Table $3.8 Summary statistics of Bayesian model averaging for variable selection for AUV2s4 as a proxy. Five probable models are
presented with their statistics.

Posterior Probability Density

P(B!=0 model1l
1Y)
Intercept 1 1
Virus (MS2) 0.09 0
[DOC] 0.09 0
CBZ abatement 0.99 1
Water type 0.03 0
(ww)
Bayes Factor NA 1.00
Post Probability NA 0.72
R? NA 0.60
dim NA 2
logmarg NA 37.29
Intercept
1.0 4
0.8 -
0.6 -
04 1
0.2 -
00 : : :
0 0.5 1.0 1.5
Virus (MS2)
0.8 -
0.6 -
04 -
0.2 -
00 - : . : ‘
-1.0 -0.5 0 05 1.0
Water type (WW)
0.8
06 -
04 -
0.2 -
0.0 : . : :
-1.0 -0.5 0 05 1.0

model 2 model 3 model 4 model 5
1 1 1 1
0 0 1 0
1 0 0 0
1 1 1 0
0 1 0 0
0.11 0.09 0.09 6E-17
0.07 0.07 0.03 9.3E-03
0.61 0.6 0.6 0
3 3 3 1
35.06 34.93 34.94 0
CBZ abatement
1.0
0.8
0.6
04
0.2 1
0.0 - T T T
0 0.5 1.0 1.5
[DOC]
0.8 4
0.6 -
0.4
0.2 7
00 ™ T T T T
-1.0 -0.5 0 0.5 1.0
2.0
1.5 I
@ 1.0 I
0.5
Intercept Virus [DOC] AUV2ss Water Type
(MS2) (WW)

Model coefficient

Figure $3.8 Posterior probability distribution for 8i coefficients of each variables (five first graphs) and summary of beta val-
ues and 95% credible intervals (third row on the right) for the model using CBZ abatement as a proxy.
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Specific Oz dose

No cluster of points is observed neither for the water type nor for the virus species. The repartitioning seems
also closer to the 1:1 slope, which indicated a better predictability.
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Figure S3.9 Power model: Predicted vs measured inactivation using specific O; dose as proxy; virus species, water types and the 1:1 slope
(black line) are highlighted.
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AUV3s4

Figure S3.10 shows the predicted mean using AUV3s4 as proxy in function of the measured inactivation. The
inactivation is slightly overestimated for lower inactivation value (up to 2.5), however, for higher inactivation
predicted value are closer to the measured one. No clear cluster is observed.

12.5 1

10.0 A

Water type

SW
o WW

Virus

e CVB5
A MS2

Predicted Inactivation mean, -log(N/No)

0.0 2.5 5.0 7.5

Measured Inactivation, -log(N/No)

Figure S3.10 Power model: predicted vs measured inactivation using UV reduction as proxy, virus species, water types and
the 1:1 slope (black line) are highlighted.
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Carbamazepine abatement

Compared to linear model, the power model is much more convincing. Except for a few outliers, the point
lies along the 1:1 line and no clear cluster is observed.

12.5 4

10.0 A

Water type

o SW
o WW

Virus

e CVB5
A MS2

Predicted Inactivation mean, -log(N/No)

0.0 2.5 50 7.5

Measured Inactivation, -log(N/No)

Figure S3.11 Power function model predicted vs measured inactivation using CBZ as a proxy, virus species, water types and the 1:1
slope (black line) are highlighted.
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S3.11 Gerrity et al. extracted data

Table S 3.9 Extracted data from Gerrity et al. (2012)

UV reduction

0.18
0.21
0.20
0.47
0.44
0.38
0.55
0.63
0.36
0.34
0.48
0.49
0.19
0.24
0.22
0.23
0.28
0.32
0.39
0.39
0.42
0.37
0.37
041
0.42
0.47
0.49
0.45
0.42
0.43
0.59
0.48
0.54
0.55
0.24
0.22
0.22
0.21
0.19

Log

0.74
0.92
1.09
5.56
5.70
5.96
6.34
7.07
7.07
7.08
6.91
6.91
1.84
1.92
2.56
2.67
3.56
3.95
4.72
4.78
4.90
5.13
5.33
5.22
5.31
5.49
5.66
5.78
5.78
5.82
6.65
6.73
7.45
6.33
0.83
1.34
1.50
1.73
3.77
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Water.type

Www
WW
WwWw
WW
Www
ww
WW
ww
WW
ww
WW
WW
WwWw
WW
Www
WW
Www
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WwWw
WW
WwWw
WW
WwWw
ww
WW
ww
WW

DOC

7.3
7.3
7.3
7.3
7.3
7.3
7.3
7.3
7.3
7.3
7.3
7.3
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
6.9
6.9
6.9
6.9
6.9
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0.44
0.40
0.38
0.60
0.41
0.32
0.34
0.39
0.41
0.48
0.53
0.56
0.52
0.68
0.59
0.46
0.51
0.39
0.17
0.16
0.16
0.30
0.32
0.36
0.45
0.39
0.42
0.42
0.49
0.53
0.14
0.13
0.11
0.27
0.28
0.29
0.42
0.60
0.51
0.49
0.45
0.19
0.19
0.18

3.93
4.32
4.37
4.60
6.18
6.15
6.67
6.62
6.93
7.06
7.06
6.84
6.42
7.16
7.68
7.68
7.68
7.68
1.43
1.69
2.81
4.73
5.41
5.77
6.25
6.42
7.44
7.80
7.80
7.80
1.12
1.37
2.51
4.45
5.14
5.52
5.96
7.33
7.52
7.52
7.53
1.08
1.23
1.35
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WW
WwWw
WW
Www
ww
WW
ww
WW
ww
WW
WW
WwWw
WW
Www
WW
WwWw
ww
WW
ww
WW
ww
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
WW
ww
WW
ww
WW
ww
WW
WW
WwWw
WW
WwWw

6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
6.9
18
18
18
18
18
18
18
18
18
18
18
18
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
6.3
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0.32
0.53
0.60
0.47
0.32
0.47
0.53
0.56

S3.12 Pilot experiment

Table S3.10 Water parameters of the pilot experiments during the two runs performed

4.09
6.49
6.50
6.85
6.33
7.31
7.51
7.51

ww
WwWw
ww
Www
ww
Www
ww
ww

NN N NN NN

Water parameter

Specific O; dose:
0.2 mg0s3/mgDOC

Specific O; dose:
0.5 mg0s/mgDOC

Temperature, [°C]
Conductivity, [uS/cm] at 20°C
pH
Alkalinity, [mmol/L]
Hardness, [mmol/L]

Dissolved organic carbon (DOC),
[mg/L]

8.6

274
7.98
2.69
1.48

1.4

8.5
274
8.02
2.69
1.49

1.6

Table S3.11 Summary of the different sampling points in the pilot reactor together with which proxy measurement locations.

Sampling points

Proxy

Inlet (E1) before
O]
Inlet (after Os)
P1
P2
P3
P4
Outlet (M263)
Outlet without
quenching

O3 exposure

X

X X X X X

UV3s4

X

Dose

CBZ abatement

X

X X X X X X
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Surface water Lake Zurich

MS2 CVB5

7.51

504 =& ° NA

2.5

004 =

Surface water Lake Bret

MS2 CVB5

7.5
Methods
5.01 Batch
+  Pilot
2.5+

Inactivation, Log(N/No)

0.0

Wastewater

MS2 CVB5

7.51

5.0+

2.54
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0 25 5.0 7.5 10 0 2.5 5.0 7.5 10
Ozone exposure x 103, [Ms]

Figure S3.12 Complete inactivation profile of MS2 & CVBS5 in function the computed ozone exposure in SW
Lake Bret and WW. In addition, MS2 inactivation profile for Pilot experiments with surface water Lake Zur-
ich is presented for comparison.
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Supportive information for Chapter 4
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Figure S4.1 Mander's coefficients after and before permeabilization for 1h and 7h for the sample

with an without ozone treatment.
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