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Abstract

Ozone treatment is an effective barrier against viral pathogens, therefore it is an integral part of many
water and wastewater treatment trains. However, the efficacy of ozone treatment remains difficult to
monitor, due to the lack of methods to track virus inactivation in real-time. The goal of this work was to
identify easy-to-measure proxies to monitor virus inactivation during water and wastewater treatment
by ozone. Proxies considered were the abatement in UV absorbance at 254 nm (UV,s) and
carbamazepine (CBZ), a ubiquitous organic micropollutant with a similar abatement rate constant as
human viruses. The proxies, as well as the inactivation of two viruses (MS2 coliphage and coxsackievirus
B5) were measured in surface water and in a secondary wastewater effluent as a function of the specific
ozone dose (mg0s/mg dissolved organic carbon). Virus inactivation was rapid in both matrices, but was
more efficient in surface water. This trend was also evident when inactivation was assessed as a
function of the ozone exposure to account for the different ozone demand of the two water types. Both
proxies, as well as the specific ozone dose, were correlated with virus inactivation. The correlations
depended only weakly on the virus species, but — with the exception of CBZ abatement — differed
between the two water types. Finally, predictive relationships were established using Bayesian power
models, to estimate virus inactivation based on the measurement of a proxy. The models were then
applied to estimate the MS2 inactivation in a pilot-scale ozone reactor that treats surface water of Lake
Zurich. All proxies yielded good estimates of the actual MS2 inactivation in the pilot plant, indicating that
the proxy-inactivation relationships established in the laboratory can also be applied to flow-through
reactors. This study confirms that ozone is a highly effective disinfectant for viruses in both surface
water and wastewater, and that the abatement of UV,5, and CBZ can be used to track virus inactivation

during water and wastewater treatment.
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1. Introduction

Human viruses are present in treated sewage at concentrations of 10* to 10° virus particles/L (Farkas et
al., 2018; Lodder and de Roda Husman, 2005). If discharged into the environment in an infective state,
they can be 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 log,, (California) enteric virus

abatement as performance target for a complete treatment train (World Health Organization, 2017).

Ozonation is a promising approach to strongly reduce infective virus concentrations. Ozone is a powerful
oxidant that has a long tradition in treatment trains for drinking water (Bicknell and Jain, 2001), and is
increasingly implemented for wastewater (Eggen et al., 2014; Ternes et al., 2003; von Gunten, 2018; von
Sonntag and von Gunten, 2012) and potable water reuse throughout the world (Gerrity et al., 2013). In a
previous study, we determined the inactivation kinetics of a suite of human enteric viruses and
bacteriophages by ozone in well-controlled buffered solutions, and second order rate constants for the
inactivation of viruses (kos.virus) ON the order of 10° — 10° M's™ were determined (Wolf et al., 2018).
However, in natural water or wastewater, the extent of virus inactivation achieved by ozonation remains
difficult to predict. First, inactivation kinetics may be mitigated by different matrix constituents (Sigmon
et al., 2015), resulting in lower values of kos.ius OF in altered inactivation curves. Second, the extent of
virus inactivation is a function of the ozone exposure, but 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 (Buffle et al., 2006b). To overcome this problem, relationships between the
ozone exposure and the specific ozone dose (mg0Os;/mgDOC) have been established (Lee et al., 2014),

and can be invoked to estimate the ozone exposure in a given water matrix. However, these
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relationships differ between different water matrices and sometimes also on a temporal basis, and are

time-consuming and experimentally challenging to establish.

Alternatively, inactivation may be monitored based on an “easy-to-measure” proxy. Proxies are an
indirect measure of the ozone exposure, and may be used as surrogate parameters to predict virus
inactivation. It has been demonstrated that during ozonation of wastewater, the UV absorbance at 254
nm (UV,s,) of the matrix decreases as a function of the specific ozone dose, which in turn determines
the ozone exposure (Bahr et al., 2007; Buffle et al., 2006a). In one study, a correlations between the
reduction in UV,s, and the measured ozone exposure was established (Buffle et al., 2006a), which is the
controlling factor for micropollutant abatement as well as the inactivation of the indicator organisms.
Based on this approach the abatement of chemical and biological pollutants based can be estimated
solely on the measurement of the UV,s, abatement, without the need to determine the ozone exposure

(Buffle et al., 2006a).

In this study, we explored if the abatement of UV,s, can be used as a proxy for the inactivation of
different viruses. Additionally, we investigated if micropollutants with similar ozone reactivity as viruses
may serve as alternative proxies. We investigated micropollutants as an additional proxy, because in
Switzerland their abatement in wastewater is regularly monitored in the framework of the Swiss water
protection act, a new regulation aiming to reduce discharge of micropollutant in the environment
(Eggen et al., 2014; OFEV, 2015; Stamm et al., 2015) This is achieved by monitoring a suite of indicator
compounds, among them carbamazepine (CBZ), which has a similar ozone reactivity as viruses (kos,csz =
5.5 x 10° M™ s!) (Wolf et al., 2018). 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 inactivation

kinetics and kosz.virus, (2) to evaluate potential proxies (abatement of UV,s, or CBZ) for virus inactivation
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during ozonation of environmental matrices, and (3) to validate these proxies for virus inactivation in a
pilot-scale ozonation reactor. We used MS2 coliphage and an environmental strain of coxsackievirus B5
(CVB5) as model organisms. These viruses were selected because they exhibited different kosz.yirus in
buffered solutions, and thus spanned a range of possible second order inactivation rate constants (Wolf
et al., 2018). Furthermore, MS2 inactivation has previously been correlated to changes of UV,s, by

Gerrity et al. (Gerrity et al., 2012), which enabled a comparison with previous results.

2. Materials and Methods

2.1. Chemicals and solutions

Sodium chloride (NaCl), monosodium phosphate (NaH,PO,) and disodium phosphate (Na,HPO,) were
purchased from Acros. Ortho-phosphoric acid 85% (H3PO,) was purchased from Fluka. Carbamazepine
(C45H1;2N,0), trans-cinnamic acid (C¢gHsCHCHCOOH), benzaldehyde (C;HsO) and 1 M HCl were purchased
from Sigma-Aldrich. HPLC grade solvents were purchased from Biosolve chimie SARL. Indigo trisulfonate

was purchased from Sigma.

2.2. Virus propagation, purification and enumeration

Coliphage 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 propagated and purified using a polyethylene glycol (PEG)-chloroform method, as described
previously (Pecson et al., 2009), except for the pilot experiment, where MS2 stocks were used without

purification.
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An environmental strain of the human enteric coxsackievirus B5 (CVB5) was isolated from the Vidy
wastewater treatment plant (Lausanne, Switzerland), which is described elsewhere (Meister et al.,
2018). CVB5 was propagated on buffalo green monkey kidney (BGMK) cells. BGMK cells were cultivated
in minimum essential medium (MEM; Invitrogen), which was supplemented with penicillin (20 U mL™;
Invitrogen), streptomycin (20 pug mL™; Invitrogen), and 2 or 10% fetal bovine serum (FBS; Invitrogen),
and the cells were incubated at 37°C in 5% CO, and 95% humidity. Viruses were purified with the PEG-

chloroform method.

All virus stock solutions were stored in phosphate buffered saline (PBS; 5 mM NaH,PO,, 10 mM Nadl,
pH=7.5) at 4°C. Phages were enumerated by the double-agar-layer method as described previously
(Pecson et al., 2009) 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
(Carratala Ripolles et al., 2015) and concentrations are expressed as most probable number of

cytopathic units (MPNCU)/mL.

2.3. Water matrices

Virus ozonation was studied in two surface waters (SW) that serve as drinking water sources, and in a
secondary wastewater (WW) effluent (Table 1). Surface waters were obtained from Lake Geneva (SWG;
St-Sulpice, Switzerland) and Lac de Bret (SWB; Puidoux, Switzerland) and were collected at the intake of
the local drinking water treatment plants. Secondary wastewater effluent (WW) was obtained from the
wastewater treatment plant in Dilbendorf, Switzerland. The water samples (30 L) were filtered through
a 0.45 um filter (PES, Merck Millipore Ltd.) and stored at 4°C in the dark until used. Details pertaining to
the composition of the three water matrices are provided in Table 1. The dissolved organic carbon (DOC)
was measured by catalytic combustion at 720 °C, followed by IR detection of CO, (Shimadzu TOC-L CSH).

This method had a limit of quantification (LOQ) of 0.5 mgC/L, a range of 0.5-10 mgC/L and a measuring
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error of 0.2 mgC/L. Alkalinity was determined by titration with HCl (0.1 mol/L; Metrohm 809 Titrando),
with a LOQ and measuring error of 0.2 mM and 0.1 mM, respectively. For NO,, a spectrophotometric
determination of nitrite-nitrogen after the reaction to a reddish azo-dye (Griess reaction) was used
(Griess, 1879). The corresponding LOQ was 1 pg/L, the measurement range was 1-20 pg/L, and the

measuring error was 0.5 pg/L.

2.4. 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 sparged
through Nanopure (Barnstead Nanopure, Thermofisher) or MilliQ (Millipore) ice cooled water (von
Gunten and Hoigné, 1994). Concentrations of the ozone stock solutions ranged from 0.8 to 1.25 mM as
determined by direct spectrophotometry with a molar absorption coefficient for ozone of €5, = 3200 M

'em™ (von Sonntag and von Gunten, 2012).

2.5. 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 (von Gunten and Hoigné, 1994). Depletion profiles for low specific ozone
doses were measured by quench-flow as described below. For higher specific ozone doses, the initial
part of the depletion profile (up to 0.5 mgO;/mgDOC) were measured by quench-flow and the later
parts by the indigo method described below. The measured O3 depletion profiles are shown in the
supplementary information (SI, Figures S1-2). 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 Os depletion profiles
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were difficult to measure due to experimental limitation in the quench flow system (ozone consumption
in tubing, LOQs for ozone determination by cinnamic acid). 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. An Os-containing feed solution (22- 968 uM)
was mixed into water matrices with a mixing ratio of 10% to yield different specific ozone doses ranging
from 0.01 to 0.6 or 0.04 to 0.6 mgO3/mgDOC for SWB or 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. The quenched samples were collected in a syringe, and were used to determine
benzaldehyde concentrations by HPLC as described previously (Wolf et al., 2018). Benzaldehyde is
produced from the reaction of CA with ozone in a 1:1 stoichiometry, wherefore, its concentration in the
quenched sample 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. Based on this data, ozone exposures were calculated using the auc() function
(“catTools”) (Tuszynski, 2014) in R (R Core Team (2016), 2016). The 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. Oz was spiked into 500 mL Schott bottles
with a dispenser (Hoigné and Bader, 1994) to achieve specific ozone doses in the range of 0.25 to 0.86
mg03;/mgDOC for SWB and 0.75 to 1.5 mg0;/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) (Hoigné and Bader,
1994). 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 was used to determine the residual O; concentration as described

previously (Bader and Hoigné, 1981).
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2.6. Inactivation experiments

The inactivation experiments of MS2 and CVB5 in the three matrices tested were performed in 50 mL or
100 mL glass batch reactors. MS2 or CVB5 were spiked to 400-500 mL of the water matrix under
consideration at room temperature (22 + 2°C) to yield initial concentrations of 10%-10° PFU/mL for MS2
and 10* -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 mg0O;/mgDOC for SWB and 0.04 to 1
mg0;/mgDOC for WW. During the addition of ozone, the reactors were mixed for 30 s, and were then
kept at room temperature without further stirring for 1 hour, until all O; had been consumed. Aliquots

were then withdrawn and the concentrations of residual infective viruses were determined.

2.7. Experiments with proxies

The abatement of proxies was quantified as [CBZ]/[CBZ], or UV;s54/UVys40, Whereby the subscript « 0 »
indicates the initial CBZ concentration or UV s,. In the high DOC matrices (SWB and WW), the abatement
of CBZ and UV,s, were measured in the same experimental reactors as the inactivation of viruses. CBZ
was spiked into a subset of batch reactors at concentrations between 0.67-0.9 uM in SWB and 0.88-1.02
UM in WW. These CBZ concentrations did not affect UV,s, of the matrix and did not alter the ozone
exposure for the applied specific ozone doses. The CBZ concentration and UV,s, in each reactor before
the addition of O; and after complete O; consumption were measured by HPLC-UV and

spectrophotometry, respectively, as described previously (Wolf et al., 2018).

To investigate the use of CBZ as proxy for virus inactivation in SWG, a lower concentration of CBZ (0.04
1M) was used to prevent an increase in the ozone demand of the water. SWG has the lowest DOC
concentration of the selected waters and higher concentrations may affect the ozone chemistry in this

water. After the experiment, the remaining CBZ was quantified by online solid phase extraction followed

10
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by ultra-performance liquid chromatography and tandem mass spectrometry (UPLC-MS/MS; Xevo TQ
MS, Waters). Samples were diluted 1:1 with acidified Evian water (pH 2.5) and deuterated CBZ
compounds were spiked to every sample as internal standards. The analytical method was adapted from
previous work (Margot, 2015; Morasch et al., 2010), and details are given in the SI. UV,s,in SWG

samples was measured using a 10 cm quartz cuvette.

A summary of all batch experiments conducted is given in the SI (Table S2).

2.8. Pilot experiment

The potential of UV,s, or CBZ abatement as proxies was validated in a pilot-scale ozonation reactor
operated at the Lengg drinking water treatment plant (Zlrich, Switzerland). The detailed setup of the
pilot plant is described elsewhere (Bourgin et al., 2017). Briefly, Lake Zirich water (DOC =1.4 - 1.6 mg/L)
was spiked with MS2 to a concentration of approximately 10° PFU/mL. The water was then treated in an
ozone reactor with a volume of 2 m® on two consecutive days. The reactor was operated at a flow rate
of 10 m%/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 (SI, Table S3). 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 (details in the SI, Table S4). 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) (Bader and
Hoigné, 1981). An unquenched effluent sample was used to measure UV, after complete ozone

depletion.

The O; exposure in the reactor, which operates as a plug flow reactor (Kaiser et al., 2013), was
determined based on the retention time (Bourgin et al., 2017) and the measured O; concentration at

each sampling point (details in SI, Figure S3). UV,s4 was determined in a 10 cm cuvette. CBZ abatement

11
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was quantified using solid phase extraction, followed by UPLC-MS as described elsewhere (Morasch et
al., 2010). For MS2 enumeration, the samples were concentrated 50-fold using a 100 kD Amicon filter

(Millipore).

2.9. Data analysis

Data analysis was performed in R (R Core Team (2016), 2016). An R function was programed to compute
the ozone exposure for each specific ozone dose by integration of the ozone decay curve versus time.
This function used the packages “caTools” (Tuszynski, 2014) and “flux” (Jurasinski et al., 2014). The
“ggplot2”(Wickham, 2009) and “ggmcmc”(Fernandez i Marin, 2016) packages were used to draw
graphics. Bayesian model selection (BMA) (Clyde et al., 2011) was performed using the BAS package

(Clyde, 2018).

Bayesian analyses were performed using the “runjags”(Derwood, 2016) package, which interfaces with
the Jags (Plummer, 2017) software, using Markov chain Monte Carlo sampling. Censored inactivation
data and detection limits were incorporated into the analyses formulated with Jags as described
elsewhere (Kruschke, 2010). Detection limits were determined according to the maximal measurable
inactivation in each individual experiment. Parameter estimates were assumed to be normally
distributed, and prior knowledge of mean values and standard deviations obtained from literature, were
included (Carvajal et al., 2017; Gamage et al., 2013). 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 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.
Diagnostics plots were constructed using the “ggmcmc” (Fernandez i Marin, 2016) and “coda”

(Plummer et al., 2006) packages (data not shown).
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3. Results and Discussion

3.1. Virus inactivation, UV,s5, and CBZ abatement as a function of the specific ozone dose

Figure 1 shows the negative of the natural log (In) of the relative abatement of viruses (MS2 and CVB5),
UV, or CBZ as a function of the specific ozone dose for SWS, SWB and WW (from left to right).
Generally, the effects of the specific ozone dose on virus infectivity, UV,s, and CBZ were quite similar in
the two SWs, and to lesser extent in WW. Given that the DOC content in SWB was close to that in WW
but higher than in SWG, this indicates that the effects of ozonation, when normalized as the specific
ozone dose, depends more on the type of water (and hence dissolved organic matter (DOM)) than on

the DOC concentration.

Infective viruses could be measured up to specific ozone doses of 0.5 mg0O;/mgDOC, beyond which
inactivation rapidly exceeded the limits of quantification. Inactivation exhibited an approximately log-
linear trend versus specific ozone dose for all waters tested, and was similar for both viruses considered.
Both SWs tested exhibited similar trends, whereas inactivation in WW proceeded more gradually. The
inactivation of MS2 in WW roughly corresponded to that reported by Gamage et al. (2013) in five
filtered WWs of different origin and different DOC content (SI, Figure S4) (Gamage et al.,, 2013).
However, in this study the minimal specific ozone dose was 0.25 mgQs;/mg total organic carbon (TOC),

and thus mainly very high levels of inactivation were observed.

UV,s4 abatement exhibited similar dependences on the specific ozone dose for the two SWs considered.
The trend in WW matched that reported for different WWs by Gamage et al. (2013) (SI, Figure S5)
(Gamage et al., 2013). In previous studies (Carvajal et al.,, 2017; Gamage et al., 2013; Gerrity et al.,
2012), the relationship between UV,s, abatement and the specific ozone dose was described by a power

function, and such a function also fits the data reported herein.
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CBZ abatement in all waters tested exhibited a lag phase at low specific ozone doses. This lag phase was
particularly pronounced in WW, and may be explained by competition with reactive moieties of the
dissolved organic matter (DOM) with a higher reactivity towards ozone than CBZ (ko3 csz = 5.5 x 10°M™ s’
') (Wolf et al., 2018). Hence, at very low specific doses, ozone is preferentially consumed by DOM,
resulting in a reduced CBZ abatement. Once the moieties with the highest reactivities (e.g., phenols,
Kapp03 > 10" M™s™) (Hoigné and Bader, 1983; Onnby et al., 2018) are oxidized (at specific ozone doses of
approximately 0.07 and 0.15 mgOs;/mgDOC for SWs or WW, respectively), residual ozone is available for
the abatement of CBZ. A lag-phase was also observed by Lester et al.(Lester et al., 2013), who reported
similar abatement of CBZ as a function of specific ozone dose in WW (SI, Figure S6). In contrast, no lag-
phase was observed by Chon et al. (Chon et al., 2015), because they applied higher specific ozone doses,

with the lowest dose above the range for which a lag phase could be observed.

3.2. Virus inactivation, UV,s, and CBZ abatement as a function of the ozone exposure

To determine if the different responses of virus inactivation, UV,s; and CBZ to ozonation in SW and WW
could be rationalized by the water matrix-dependent ozone exposures resulting from the different
specific ozone doses were determined for SWB and WW (Figure 2). The corresponding ozone depletion
curves for the different specific ozone doses applied are shown in the S| (Figures S1 and S2). The
measured ozone exposures ranged from 107 to 10 Ms, with very low exposures (< 10 Ms) resulting
from doses of up to 0.1 and 0.3 mg0O;/mgDOC in SWB and WW respectively, followed by a rapid increase
(Figure 2). The ozone exposure was higher in SWB than in WW for similar specific ozone doses in the

range tested. This demonstrates again the higher ozone demand of WW compared to SWB.

The upper range of ozone exposures in WW corresponded well to those measured by Gamage et al. (S,
Figure S7) (Gamage et al., 2013). These authors proposed a linear dependence of ozone exposure on the

specific ozone dose, though such a dependence does not apply to the lower doses considered herein. In
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another study, the ozone exposure was fitted as a logarithmic function of the specific ozone dose (Lee et
al., 2014). In the current study, this relationship was not satisfactory (Figure 2a), therefore, the
relationship between the specific ozone dose and resulting ozone exposure was fitted using the

following function:

In (03 exposure) = a = In(specific O3 dose) + b Equation 1

The modeled parameters a and b and associated statistics are given in Table 2.

Based on these models, the ozone exposure can be estimated for any specific ozone dose in these
waters (Figure 2b). The data for virus inactivation, UV,s, abatement and CBZ abatement shown in Figure

1 could thus be re-evaluated as a function of the ozone exposure (Figure 3).

Virus inactivation curves exhibited a rapid initial decrease in infective virus concentrations at low
exposures, followed by a pronounced tailing (Figures 3a and b). MS2 and CVB5 exhibited similar kinetics
versus exposure and 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 10 Ms in WW. Beyond these exposures, the inactivation
exceeded the measurable inactivation range of 9 logy (20.7 In) for MS2 and 5 logy, (11.5 In) for CVBS.
Inactivation was generally lower in WW than in SWB for similar exposures, indicating that matrix
constituents, such as small particles that passed through the 0.45 um filter, have a protective effect on

the virus (Templeton et al., 2008).

Matrix effects were also apparent when comparing the inactivation curves in SW and WW to those in
homogeneous buffer solutions. The solid lines in Figure 3 represent inactivation curves predicted based
on kinetic modeling with second order rate constants for the virus inactivation (kozus> = 1.9 x 10°M's™;
kos.cvss = 4.4 x 10° M's™) determined in buffered solutions (Wolf et al., 2018). In these pure water

systems, inactivation was measured up to ozone exposures of 1 x 10° Ms, which corresponds to an
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inactivation of up to 8.2 or 2.2 log,o for MS2 or CVBS5, respectively. For CVBS5, this prediction corresponds
reasonably well to the observed inactivation in SWB and WW in the comparable range. In contrast, MS2
inactivation is well estimated in the fast, initial phase in SWB, but rapidly overestimates the inactivation
in WW. This highlights that inactivation kinetics determined in model systems have some 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 tail at higher ozone exposures, which

likely results from protective effects of different matrix constituents.

The dependence of UV,s5, on ozone exposure (Figure 3c) exhibited a similar trend as virus inactivation,
with a rapid initial decrease in UV,s,, followed by a slower decrease at higher exposures. This trend
reflects the reaction of ozone with DOM: at low specific ozone doses, ozone is rapidly consumed by
reactive organic moieties of WW DOM (e.g., phenolic moieties), which also absorb UV light (Chon et al.,
2015; Onnby et al., 2018). This results in a very low ozone exposure (Figure 2), but significant decrease in
UVys4. At higher doses, when most fast-reacting moieties are oxidized, the consumption of ozone and
associated decrease in UV,s, slow down, while the ozone exposure still increases. In SW, the abatement
of UV,s, slows down at lower ozone exposures compared to WW, indicating the presence of fewer

ozone-reactive organic moieties.

CBZ abatement exhibited a roughly log-linear dependence on ozone exposure. In both water types, the
abatement kinetics were similar and corresponded reasonably well to those predicted based on the
second order rate constant for CBZ abatement determined in buffer solutions (Wolf et al., 2018). In
WW, however, some scatter in the data was observed, with two measurements yielding a lower

abatement than expected.
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3.3. Correlations between virus inactivation and the specific ozone dose, UV, or CBZ

abatement

Virus inactivation was cross-correlated with the abatement of UV,s, or CBZ, to evaluate their utility as
proxies (Figure 4). Virus inactivation in SWG and SWB exhibited a roughly linear correlation between
In(N/No) and In (UV;54/UV;s4), though in WW, a lag-phase was observed up to a In (UV3s54/UV;s40) of 0.2
(Figure 2a). Reaction of ozone with highly reactive moieties present in wastewater DOM, may explain
the initial abatement in UV,s, absorbance prior to the onset of inactivation. The relationship between
UV,s, and inactivation obtained in WW corresponded well to that observed by Gerrity et al. (2012)
(Figure S8). While none of their samples exhibited abatements in UV,s, < 15%, the trend at higher UV,s,
abatements is comparable to the observationsError! Reference source not found. in this study.
Interestingly, the data by Gerrity et al. (2012) includes five 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 UV,s, abatement and virus inactivation applies across vastly
different wastewaters. This is probably due to the fact that the DOM of wastewaters is quite similar
across different wastewater treatment plants. This is further supported by the fact, that the abatement
of micropollutants as a function of the specific ozone dose is similar for different wastewaters (Lee et al.,

2013).

Inactivation as a function of the CBZ abatement exhibited a maximum of 5, 4 and 3 orders of magnitude
in SWG, SWB and WW, respectively, before the limit of detection for CBZ abatement was reached
(Figure 4b). This relationship exhibited a concave shape, which results from the CBZ abatement
exhibiting a lag-phase at low ozone doses, whereas no lag phase was observed for virus inactivation

(Figure 1).
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3.4. Predictive relationships between proxies and virus inactivation

Given the reasonable correlations between measured virus inactivation and the two proxies (Figure 4),
the proxies were used to develop predictive relationships to estimate virus inactivation in the absence of
a measurement. A predictive relationship was also established based on the specific ozone dose, which
also exhibited a strong correlation with inactivation (Figure 1). The specific ozone dose is not a
traditional proxy, however, it may serve as an indicator of the inactivation achieved during treatment, in

particular if all ozone is consumed during treatment, which is typical for wastewater ozonation.

To establish predictive relationships between the different proxies and virus inactivation, we first
determined which system variables significantly contribute to explaining the observed variation in
inactivation. To this end, we used Bayesian model averaging (BMA; see Sl for details) (Clyde, 2018)
considering four variables: virus species, water type (i.e., surface water 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 variable. Furthermore, it gives an estimate

of the effect size of each variable (SI, Figures $9-S11 and Tables S5-57).

BMA results for the specific O; dose and for UV,s, abatement as a proxy show that the specific O; dose
and UV,s, abatement are the variables with the greatest effect (10 and 12.5 per unit of proxy,
respectively). Furthermore, the water type (p = 0.98) was also relevant, whereas the DOC concentration
was not (p << 0.95), since it is already considered in the specific ozone dose. Finally, BMA identified the
virus species as a relevant model variable (p = 0.97). However, given their similar inactivation rate
constants, the effect is small and close to the experimental uncertainty of the infectivity assay (~0.5
logyo). Therefore, this variable was not 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
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DOC concentration. Hence, CBZ abatement is the only relevant variable needed to explain variation in

inactivation.

To establish predictive relationships between virus inactivation and proxies, we used a Bayesian model
structure that considers censored inactivation data. Proxy-inactivation relationships were modeled as a
power function (equation 2), to capture the deviations from linearity in the proxy-inactivation

correlations:

Y1
In (ﬁ) = Yo * (Specific O3 dose OR In (ﬂ) OR In (b)) Equation 2

No [CBZ], UVzs4,0

Because the water type was identified by the BMA as a relevant model variable when using the specific
0Os dose or UVys4 as proxies, separate sets of model parameters were obtained for each water type. For
CBZ, SW and WW could be fit with the same model. Bayesian power model predictions, along with the
corresponding 95% credible intervals are shown in SI, Figure S12 for the two types of water and all

proxies studied. The model parameters for all proxies are summarized in Table 3.

Both the specific ozone dose and UV,s, abatement could predict inactivation of up to 8 or 5 orders of
magnitude in SW and WW, respectively, for an approximate 50% UV,s, reduction. In contrast, CBZ is
strongly abated during ozonation (Gerrity et al., 2012; Lee et al., 2014); as such, the range over which
virus inactivation may be estimated is limited by the initial concentration of CBZ and its limit of
quantification. In this study, virus inactivation could be predicted up to 4 orders of magnitude with CBZ

with good confidence both in SW and in WW.

For a specific O; dose of 0.5 mg0;/mgDOC, which is typical for micropollutant abatement in enhanced
WW treatment (Bourgin et al., 2018), the predicted inactivation in WW corresponds to 4.5 logig (95%Cl:

1.9 to 7.2 logye) or 10.5 In (95%Cl: 4.4 to 16.6 In). Thus, this operational specific ozone dose will
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inactivate the viral load by at least 2 orders of magnitude, and will more likely yield around 4.5 orders of

magnitude of inactivation.

As a validation for the specific ozone dose and UV,s4 as proxies, a prediction of the MS2 inactivation in
WW reported by Gerrity et al. (2012) and Gamage et al. (2013) was performed. Figure 5 shows the
inactivation predicted by Equation 2 (black line) together with credible intervals and the measured
inactivation as a function of (a) the specific ozone dose or (b) In(UV3s54/UV;s4,0). The model predictions
are in reasonable agreement with the measured inactivation data (symbols). Since the data of Gerrity et
al. (2012) and Gamage et al. (2013) comprise five different wastewaters, the good model predictions
established herein confirm that the proxy-inactivation relationships in wastewater are robust and can be

applied over a wide range of DOC concentrations.

3.5. Proxy validation in a pilot-scale ozonation reactor

The applicability of the developed proxy-inactivation relationships for MS2 was validated in a pilot-scale
ozonation reactor described elsewhere (Bourgin et al., 2017; Kaiser et al., 2013). This pilot reactor treats
water from Lake Zurich and was operated at two specific ozone doses of 0.2 and 0.6 mg0O3;/mgDOC (see

Sl, Tables S3 and S4 for details).

Figure 6a shows the MS2 inactivation throughout the ozonation reactor as a function of the ozone
exposure. Residual infective MS2 concentrations could be measured throughout the reactor and in the
reactor effluent for the lower specific ozone dose of 0.2 mgOs;/mgDOC (red circles, Fig. 6a). Because
most of the ozone was consumed between the influent and sampling point P1 (see S, Figure S3 for the
location of the points), both the ozone exposure and MS2 inactivation increased only slowly beyond this
point. For the higher specific ozone dose (0.6 mg0Os;/mgDOC), infective MS2 concentrations could be

measured up to sampling point P3.
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Figures 6b-d show the measured inactivation of MS2 as a function of the three proxies evaluated in this
study. The predicted inactivation by the different proxy-inactivation relationships for SW developed
herein is also shown (black lines). Predictions could only be experimentally validated for a specific ozone
dose of 0.2 mg0O3/mgDOC. For the higher specific ozone dose (0.6 mg0Os;/mgDOC), CBZ concentrations
were below the detection limit in all treated samples, and MS2 was not detectable in the effluent
sample in which UV,s, was determined. As is shown in Figures 6b-d, the observed inactivation fell well
within the predicted range for all proxies tested. This confirms that the predictive models developed in
batch systems herein for a similar water type (SW) can also be applied to a flow-through pilot plant if

the reactor hydraulics are known.

4. Conclusions

We tested the specific ozone dose, UV,s, and carbamazepine (CBZ) abatement for their applicability to
predict or monitor virus (MS2 and CVB5) inactivation during ozonation. These proxies allowed to
estimate virus inactivation over several orders of magnitude. For the specific O; dose or UV,s,
abatement, single proxy-inactivation relationships could be applied to both MS2 and CBV5, but
depended on the water type. In contrast, a single proxy-inactivation relationship for CBZ abatement

could be applied across all waters and both viruses tested.

Each proxy tested comes with a set of advantages and limitations. The main advantages of the specific
O; dose is that it does not require any specialized monitoring equipment, and is able to predict a wide
range of virus inactivation. Its main limitation is that it can only be used to predict the overall
inactivation, but not to monitoring inactivation during ozonation treatment. Therefore, it cannot detect
unexpected anomalies during ozonation. In contrast, UV,s, abatement is already used to monitor the

micropollutant abatement efficiency in wastewater treatment plants, and therefore, its utility could
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easily be expanded to indirect real-time assessment of virus inactivation. A limitation of UV,s,
abatement is that this proxy may be challenging to apply in low DOC waters, where the initial
absorbance is low. The use of CBZ as a proxy necessitates that the water matrix under consideration
contains sufficient CBZ such that it can be quantified prior to and during ozonation. CBZ concentrations
are typically low, therefore, the range of inactivation over which this proxy can be applied is likely
narrow. In addition, CBZ measurements require the use of specialized analytical equipment as well as
considerable sample work-up. However, this proxy has the advantage that it is independent of the water
type, such that it may be applied to any matrix of interest. Finally, a potential limitation common to all
proxies is their utility in waters containing many particles. The proxy-inactivation relationships reported
herein as well as in previous studies were developed in matrices containing few particles (filtered raw
drinking water or secondary wastewater effluent). Because particles are known to shield pathogens
from disinfectants, these relationships may only apply to a narrow range of inactivation, or may break
down entirely, in matrices with a higher particle content (e.g., primary wastewater effluent). For such

water types, the proxy-inactivation relationships thus remain to be validated.
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Table 1. Water quality parameters of real water samples from Switzerland (SWG: Lake Geneva water; SWB:

Lake de Bret water; WW: Wastewater effluent Dilbendorf)

DOC NO, Alkalinity
Water pH
[mgC/L] [mgN/L] [mmol/L]
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



Table 2. Model parameters and relevant statistics for the O; exposure model as a function of the specific O;

dose [mg03/mgDOC] for SWB and WW.

Water Model Estimate
parameter
a 2.910.16
SWB b -3.4+0.16
model
a 3.74+£0.23
ww b -4.73+0.41
model

p value

2.34E-05
2.66E-08
2.65E-08
4.64E-07
1.90E-08

1.90E-08

adjusted

RZ

0.969

0.9586



Table 3. Summary of Bayesian model parameters for equation 2 for each proxy. Values indicate mean +

standard deviation. The 95% credible intervals are shown in parentheses.

Specific O; dose
Water type Yo Y1
sw 38+2.6(33,43.4) 0.7 £0.03 (0.6, 0.8)
ww 18 +1.2 (16, 20.6) 0.79+0.06 (0.7, 0.9)
UV;s4
Water type Yo Y1
SwW 25.1+1.8(21.7,28.8) 0.7 £ 0.06 (0.6, 0.8)
ww 22 +£1.9 (19, 26.6) 1+0.1(0.8,1.2)
CBZ abatement
Water type Yo Y1

SwW/ww 3.6+0.2(3.2,4) 0.5+0.04(0.4,0.5)
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Figure 1. Virus inactivation, UV.s, abatement and CBZ abatement as a function of the specific ozone
dose. a) Inactivation of MS2 (black triangles) and CVB5 (red dots) in the surface water of Lake Geneva
(SWG) and Lake Bret (SWB), and secondary effluent wastewater (WW); b) UV,s4 abatement; c) CBZ
abatement.
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Figure 2. Relationship between specific ozone dose and ozone exposure. a) Natural logarithm of the
measured O3z exposure as a function of the ozone dose for SWB (red circles) and WW (blue triangles).
The inset shows the Oz exposure on a linear scale. b) Model fit according to equation 1 (solid lines) and
95% confidence intervals (dashed lines) on a logarithmic scale.
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Figure 3. Virus inactivation, UV,s4 abatement and CBZ abatement as a function of the ozone exposure.
a) MS2 inactivation, b) CVBS5 inactivation, c) UV2ss abatement, and d) CBZ abatement as a function of the
ozone exposure for surface water of Lake Bret (SWB) and secondary effluent wastewater (WW). The
colored lines show the corresponding inactivation and abatement estimated based on inactivation and
second order inactivation rate constants determined previously (Wolf et al., 2018).
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Figure 4. Cross-correlations between virus inactivation and proxies. In-Inactivation of MS2 (black
triangles) and CVB5 (red circles) as a function of a) the In of the relative UV,s4 abatement and b) the In of
the relative CBZ abatement.
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Figure 5. Comparison of estimated virus inactivation with literature values. Predicted MS2 inactivation
(solid line) and 95% credible intervals (dashed line) as a function of a) specific ozone dose, and b) In of
the relative UV,s4 abatement. Model predictions are compared with MS2 inactivation measured by a)
Gamage et al. (2013) and b) Gerrity et al. (2012), who measured inactivation in wastewaters with

different DOC contents (different colors).
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Figure 6. Comparison of estimated and measured virus inactivation in a pilot-scale reactor. MS2
inactivation was measured at two specific ozone doses: 0.2 mg03/mgDOC, which yielded measurable
MS2 concentrations at all sampling points throughout the reactor (red circles); and 0.6 mgOs/mgDOC,
which resulted in measurable MS2 concentrations up to sampling point P3 (black squares). Inactivation
as a function of a) the measured ozone exposure; b) the specific ozone dose; c) the In of the relative
UV2s4 abatement; and d) the In of the relative CBZ abatement. Data are compared with the mean
inactivation (solid line) and 95% credible intervals (dashed lines) predicted based on equation 2. The red
horizontal line represents the limit of quantification of MS2 inactivation.



Highlights

* Inactivation of two viruses by ozone was studied in surface water and lake water

e Inactivation coincided with the abatement of two proxies, UV,s, and carbamazepine
e Both proxies and the specific ozone dose can be used to estimate virus inactivation
e The application of the proxies was validated in a pilot-scale ozone reactor
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