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Abstract 

Virus is one of the major microbial contaminants to cause waterborne diseases. Due to 

its low infectious dose, the acceptable concentration in drinking water is extremely low. 

This requires the regulators to achieve a high reduction through water treatment The 

conventional physical treatment has limited capacity to remove viruses: approximately 0 

– 3-log for the activated sludge process (Hata et al., 2013; Katayama et al., 2008; Sano et 

al., 2016), 2-log for coagulation-sedimentation, and <1-log for rapid-sand filtration 

(Asami et al., 2016; Kato et al., 2018) in full-scale treatment plants. Thus, the current 

treatment system virtually relies on the disinfection process for reducing viruses. The 

allocable log reduction value (LRV) of the chemical disinfection is up to 6-log for 

chlorination, UV irradiation, and ozonation (Olivieri et al., 2016; Soller et al., 2018). 

Therefore, the efficacy and potential uncertainty of disinfection efficiency on virus 

reduction should be carefully examined. 

In chapter 3, the inactivation kinetics of viruses were analyzed by a continuous quench 

flow reactor. Ozone has a strong oxidation power that allows effective inactivation of 

waterborne viruses. Few studies have accurately measured the kinetic relationship 

between virus inactivation and ozone exposure, because the high reactivity of ozone 

makes it difficult to measure them simultaneously. A continuous quench flow system 

(CQFS) is a possible solution for analyzing such a fast reaction; however, previous studies 

reported that CQFS provided different results of inactivation rate constants from the batch 

system. The objectives of this study were (1) to develop a CQFS to evaluate the kinetics 

of microbial inactivation accurately, (2) to evaluate the inactivation rate constants of the 

waterborne virus by ozone, and (3) to compare the results with previous studies. The 

results indicated that the simple plug flow assumption in the reaction tube of CQFS led 

to an underestimation of the rate constants. The accurate measurement of rate constants 

was achieved by the pseudo-first-order reaction model that takes the residence time 

distribution (RTD; i.e., the laminar flow assumption) into account. The results of 

inactivation experiments suggested that the resistance of viruses were getting higher in 

the following order: Qβ < MS2, fr, GA < CVB5 Faulkner, φX-174, PV1 Sabin, CVB3 

Nancy. Predicted CT values for 4-log inactivation ranged from 0.018 mg sec L-1 (Qβ) to 

0.16 mg sec L-1 (CVB3 Nancy strain). The required CT values for 4-log PV1 inactivation 

was 0.15 mg sec L-1, which was 166-fold smaller than those reported in the United States 

Environmental Protection Agency guidance manuals. The overestimation in previous 
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studies was due to the sparse assumption of RTD in the reactor. Consequently, the 

required ozone CT values for virus inactivation should be reconsidered to minimize the 

health risks and environmental costs in water treatment. 

In Chapter 4, the objectives of this study were (i) to examine a total of 35 environmental 

stains of F-RNA phage genotype GI collected in Tama and Sagami rivers for free chlorine 

resistance, and (ii) to develop the inactivation model to predict the overall inactivation 

efficiency of heterogeneous F-RNA phage GI strains by assuming a probability density 

function of free chlorine resistance. The results indicated that most environmental strains 

of F-RNA phage GI exhibited higher free chlorine resistance than MS2 and fr, laboratory 

strains of GI phage. The developed model suggested that the overall inactivation 

efficiency of GI phages was limited to 5.6 log and 5.3 log in Tama and Sagami river, 

respectively, in the case that 8 log MS2 inactivation was expected. Therefore, the 

heterogeneity in free chlorine resistance within specific reference pathogens should be 

incorporated into the model to accurately predict the inactivation efficiency in 

environmental water. 

In chapter 5, the objectives were (1) to evaluate the variability in susceptibility to three 

major disinfectants (free chlorine (FC), UV254, and ozone) among environmental strains 

of coxsackievirus B5 (CVB5), (2) to characterize the genetic feature contributing to lower 

susceptibilities to the disinfectants, and (3) to develop a model to predict the overall 

inactivation efficiency of heterogeneous CVB5. A total of 12 strains of CVB5 and 

Faulkner strain were examined for disinfection susceptibility by bench-scale experiments. 

Inactivation kinetics were analyzed by the Chick-Watson model as a function of 

disinfectant exposure (i.e., CT value or UV dose). The whole genome was obtained by 

RNA sequencing. The disinfection susceptibilities were different by up to 3.4-fold in FC, 

1.3-fold in UV254, and 1.8-fold in ozone among CVB5 strains. Interestingly, CVB5 in 

genogroup B exhibited significantly lower susceptibility to FC and ozone than genogroup 

A, to which the Faulkner strain belongs. The capsid protein in genogroup B contained 

less number of sulfur-containing amino acids, which is readily reactive to oxidants. FC 

susceptibility showed a significantly positive correlation (r=0.66, P<0.05) with ozone 

susceptibility. To predict the overall inactivation efficiency of CVB5s, a probability 

density function (i.e. gamma distribution) of inactivation rate constants (k) were 

incorporated into the conventional Chick-Watson model. The modified model indicated 

that 4.2-fold, 1.2-fold, and 1.5-fold larger CT or dose are required to achieve 6-log overall 

inactivation of heterogeneous CVB5 than the prediction based only on the lab strain (i.e. 

Faulkner stain) in FC, UV254, and ozone, respectively The disinfection susceptibilities, 
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especially in FC, were variable within the same genotype. Therefore, the homogeneous 

assumption of disinfection susceptibility should be avoided. A probability density 

function of disinfection susceptibility should be incorporated to predict the overall 

inactivation of reference pathogen. 
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Chapter 1 

Introduction 

1. Background 

Virus is one of the major microbial contaminants to cause waterborne diseases. Due to 

its low infectious dose, the acceptable concentration in drinking water is extremely low. 

For instance, the virus concentration in drinking water should be less than 1 /90,000 L to 

achieve 10-6 DALYs/year/person (World Health Organization, 2011). This requires the 

regulators to achieve a high reduction through water treatment (e.g., 12-log reduction for 

indirect potable reuse in the state of California (Title 22 and 17 California Code of 

Regulations, 2015). The conventional physical treatment has limited capacity to remove 

viruses: approximately 0 – 3-log for the activated sludge process (Hata et al., 2013; 

Katayama et al., 2008; Sano et al., 2016), 2-log for coagulation-sedimentation, and <1-

log for rapid-sand filtration (Asami et al., 2016; Kato et al., 2018) in full-scale treatment 

plants. Thus, the current treatment system virtually relies on the disinfection process for 

reducing viruses. The allocable log reduction value (LRV) of the chemical disinfection is 

up to 6-log for chlorination, UV irradiation, and ozonation (Olivieri et al., 2016; Soller et 

al., 2018). Therefore, the efficacy and potential uncertainty of disinfection efficiency on 

virus reduction should be carefully examined. 

The efficacy of disinfectant on virus inactivation has been a great interest for 

researchers. Inactivation of viruses is generally evaluated as a function of disinfectant 

exposure (i.e, the time-dependent disinfectant concentration integrated over time) 

(USEPA, 1999). The disinfectant exposure is specifically described as CT values in the 

case of chlorination and ozonation and described as dose in case of UV irradiation. Many 

researchers has investigated the effect of physic-chemical parameters, temperature, pH, 

etc., have been studied from several decades ago (Gerba et al., 2002; Meng and Gerba, 

1996; Sobsey et al., 1988). Currently, these studies has been collected and meta-analyzed 

in major disinfectants (free chlorine, monochloramine (Cromeans et al., 2010; Rachmadi 

et al., 2020), and ultraviolet irradiation (Gerba et al., 2002; Hijnen et al., 2006)). However, 

there are still remaining research gaps related virus inactivation with disinfectant as below.  

Firstly, few studies evaluated the relationship between ozone exposure and waterborne 

virus inactivation. The lack of ozonation studies was mainly due to the difficulty of 

measuring both the CT value and the rate of virus inactivation simultaneously. Ozone is 
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quickly decomposed in the aqueous phase (Gardoni et al., 2012) and consumed by organic 

substances contained in the virus stock solution (Dunkin et al., 2017). Furthermore, 

measurable virus inactivation is often completed within several seconds after contact with 

ozone (Hall and Sobsey, 1993; Shin and Sobsey, 2003). Hence, most ozonation studies 

miss either information on the CT value or the rate of virus inactivation (Finch and 

Fairbairn, 1991; Hall and Sobsey, 1993; Herbold et al., 1989; Shin and Sobsey, 2003; 

Sigmon et al., 2015; Thurston-Enriquez et al., 2005). 

In addition, inactivation efficiency was tested only for limited strains of viruses, mainly 

laboratory strain. Also, their impact on inactivation prediction was not comprehensively 

discussed. Most single-stranded RNA (ssRNA) viruses, including norovirus and 

enterovirus, are prone to mutate frequently (Sanjuan et al., 2010) due to the lack of proof-

reading mechanisms during replication. The mutation in the structural protein-coding 

region may change the amino acid composition of the capsid. This may alter the chemical 

reactivity of the capsid against oxidant resulting in different inactivation kinetics since 

reaction rate constants between amino acids and oxidants differ among the type of amino 

acids. However, only a few studies discussed this topic. To fill the research gaps, in 

chapter 3 and 5, the disinfection susceptibility of environmental strains were investigated. 

Then, the conventional inactivation model was expanded to allow us to predict the overall 

inactivation efficiency of a specific reference pathogen, which is inherently 

heterogeneous. 

2. Objectives 

The specific objectives of this dissertation were as below. 

Chapter 3 aimed to (1) to develop a continuous quench flow reactor and pseudo-first-

order kinetics model that considers residence time distribution for accurate measurement 

of inactivation rate constants by ozone, (2) to evaluate inactivation rate constants for the 

waterborne virus inactivation, and (3) to compare the results with previous studies and 

USEPA guidance manual CT values. 

Chapter 4 aimed to (1) examine a total of 35 environmental stains of F-RNA phage 

genotype GI collected in Tama and Sagami rivers for free chlorine resistance, and (2) to 

develop the inactivation model to predict the overall inactivation efficiency of 

heterogeneous F-RNA phage GI strains by assuming a probability density function of free 

chlorine resistance.  
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Chapter 5 aimed to (1) to evaluate the variability in susceptibility to three major 

disinfectants (free chlorine, UV254, and ozone) among environmental strains of 

coxsackievirus B5 (CVB5), (2) to characterize the genetic feature contributing to lower 

susceptibilities to the disinfectants, and (3) to develop a model to predict the overall 

inactivation efficiency of heterogeneous CVB5. 
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3. Structure of the dissertation 

This dissertation consists of six chapters and an appendix section as shown in Figure 

1. Chapter 1 includes the background information and objectives of the present 

dissertation. Chapter 2 provides the previous studies on virus disinfection efficiency, 

mechanism, and prediction framework. In Chapter 3, a continuous quench flow reactor 

was delivered and validated to analyze the inactivation kinetics of viruses by ozone. In 

Chapter 4, taking the F-RNA phage GI type as an example expanded first-order 

inactivation model was presented to allow for predicting overall inactivation efficiency. 

In Chapter 5, the environmental strains of coxsackievirus B5 were disinfected by free 

chlorine, UV254, and ozone. Then, the heterogeneity in kinetics rate constants was 

incorporated into first-order reaction models. 

 

Figure 1 Structure of the dissertation 

Chapter 1

Introduction

Chapter 2

Literature Review

Chapter 3
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Free Chrorine Resistance 

on the Estimation of Inactivation 
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Conclusions
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determined by

a continuous quench flow system

Chapter 5

Impact of the heterogeneity in free chlorine, UV254, 

and ozone susceptibility among coxsackievirus B5 

on the prediction of the overall inactivation efficiency

Chapter 6
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Applicability of polyethylene glycol precipitation followed by acid 

guanidinium thiocyanate-phenol-chloroform extraction 

for the detection of SARS-CoV-2 RNA from municipal wastewater
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Chapter 2 

Literature review 

1. Importance of viruses to ensure the microbial safety of drinking water 

It is fundamental to control the microbial risks stemming from the ingestion of drinking 

water. Around 29 % of the global population lacks access to safely-managed drinking 

water as of 2015 (World Health Organization, 2017). Drinking water contaminated with 

enteric pathogens leads to cause a variety of waterborne diseases (e.g., diarrhea). 

Diarrheal diseases caused 1.66 million death in 2016 and were listed in the top 10 global 

causes of death between 2006 and 2016 (Naghavi et al., 2017). Although waterborne 

outbreaks have been decreasing dramatically since the 1900s, the burden of waterborne 

diseases cannot be ignorable (Collier et al., 2021). According to waterborne disease 

outbreak (WBDO) statistics in the United States between (Craun et al., 2006), the annual 

number of endemic acute gastrointestinal illness cases associated with consumption of 

public drinking water in the United States has been estimated to range from 4.3 to 11.7 

million cases and from 5.5 to 32.8 million cases. These studies highlight the importance 

of the continuous study on health-related water microbiology. 

Enteric viruses are one of the most important causative agents of waterborne 

gastroenteritis. Due to their small size, the physical process, such as filtration, does not 

remove effectively. Specific viruses may be less sensitive to disinfection than bacteria 

and parasites (e.g. enterovirus is more resistant to chlorination; adenovirus more resistant 

to ultraviolet irradiation). Viruses can persist for long periods in water. Infective doses are 

typically low. Therefore, the control of viruses in drinking water is a critical issue for 

water treatment. 

2. Enteric viruses 

Enteroviruses, rotaviruses, and norovirus have been identified as potential reference 

pathogens (World Health Organization, 2011) under the framework of quantitative 

microbial risk assessment (QMRA).  

2.1. Enterovirus 

Enterovirus is a non-enveloped positive-sense single-stranded RNA virus and a 



 Chapter 2  

17 

 

member of the Picornaviridae family. The enteroviruses were further classified into 

several species, such as Poliovirus (including genotype of poliovirus 1 (PV1), PV2, PV3), 

Enterovirus A (including genotype of coxsackievirus A2 (CVA2), CVA3 –CVA10, 

CVA12, CVA14, CVA16, enterovirus 71 (EV71), EV76), Entervorius B (including 

genotype of coxsackievirus B1 (CVB1), CVB2-CVB6, CVBA9, echovirus 1 (E1), E2-

E7, E9, E11-E33, EV69, EV73, EV74, EV75, EV77, EV78), Enterovirus C (including 

CVA1, CVA11, CVA13, CVA17, CVA19, CVA20-CVA22, CVA24) and Enterovirus D 

(including genotype of EV68, EV70) (King et al., 2012). The virion consists of an 

icosahedral capsid, without an envelope, surrounding a core of single-stranded RNA. The 

diameter is approximately 30 nm. The capsid is composed of 60 identical units, each 

consisting of three surface proteins, named VP1, VP2, VP3, and an internal protein, 

named VP4. The single-stranded RNA has approximately 7.5 kb in size and possesses a 

single long open reading frame (ORF) (Figure 2). The genotyping of enterovirus is 

generally performed targeting the VP1 region using developed primers (Oberste et al., 

2003) (Figure 2). The VP1 encodes important serotype-specific neutralization epitopes. 

Thus, the results of genotyping are well corresponding with those of serotyping (Oberste 

et al., 1999). 

 

Figure 2 Basic information of enterovirus 

Figure A indicates the structural illustration of enterovirus. Figure B indicates the 

schematic overview of the enterovirus genome. 

Enterovirus can cause mild febrile illness but are also important causative agents of 

severe diseases, such as paralysis, meningitis and encephalitis, in children. There is a 

dose-response model for enteroviruses, and there is a routine culture-based analysis for 

measuring infective particles (Gerba and Betancourt, 2019). Due to their relatively higher 

availability of viral assays, Enterovirus is one of the most well-investigated agents in the 

academic field of health-related water microbiology.  

VP2

VP2 VP3 VP1 2A 2B 2C 3A 3C 3D

VP4 3B

5’-UTR 3’-UTR

Sequence for genotyping

Structural proteins Non-Structural proteins

Approx. 7,500 bp
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Enteroviruses are excreted in very large numbers by infected patients, and waters 

contaminated by human waste could contain high concentrations. 

2.2. Other important reference pathogens (rotavirus and norovirus) 

Rotaviruses are the most important cause of gastrointestinal infection in children and 

can have severe symptoms, including hospitalization and death, with the latter being more 

frequent in low-income regions. There is a dose-response model for rotaviruses (Gerba et 

al., 1996) , but there is no routine culture-based method for quantifying infectious units. 

Typically, rotaviruses are excreted in very large numbers by infected patients, and waters 

contaminated by human waste could contain high concentrations. Occasional outbreaks 

of waterborne disease have been recorded. 

Noroviruses are a major cause of acute gastroenteritis in all age groups. Symptoms of 

illness are generally mild and rarely last longer than 3 days; however, the infection does 

not yield lasting protective immunity. Hence, the burden of disease per case is lower than 

for rotaviruses. Numerous outbreaks have been attributed to drinking water. A dose–

response model has been developed to estimate infectivity for several norovirus strains 

(Teunis et al., 2008). Although the cultivation of norovirus was recently succeeded 

(Ettayebi et al., 2016), no widely applicable method is available so far. 

3. Inactivation of viruses by disinfection 

Disinfection is commonly applied to inactivate viruses in water treatment. The 

disinfection method is classified into physical treatment and chemical treatment.  

The physical treatment includes ultraviolet (UV) irradiation, sunlight exposure, heat, 

and sonic or hydrodynamic pressure. These processes inactivate viruses by causing 

structural change on nucleic acid, as exemplified by UV, denaturing proteins, as 

exemplified by heat, or structural damage (sonic or hydrodynamic pressure). Except for 

UV irradiation, physical disinfection is not commonly used for large-scale water 

treatment.  

Chemical disinfectants inactivate waterborne pathogens by chemically degrading viral 

capsid or nucleic acids. In the context of water treatment, oxidants, such as hypochlorite, 

chlorine dioxide, and ozone, are widely adopted. The efficacy of chemical oxidants thus 

depends strongly on their reactivity with biomolecules (proteins and nucleic acids). In 
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addition, both the disinfectant concentration throughout the treatment, as well as the 

duration of the disinfection treatment (exposure time) are important parameters 

determining the disinfection efficiency. 

3.1. Inactivation mechanism of single-stranded RNA viruses 

The UV emitting light at 253.7 nm, so-called the low-pressure (LP) UV, induces 

photochemical reactions at pyrimidine bases of viral RNA. This reaction forms 

pyrimidine dimers or RNA-protein cross-links, resulting in the inhibition of RNA 

replication and inactivate RNA viruses (Bolton and Linden, 2003). Previous experiments 

have reported that the rate of genome degradation comparably matched 1:1 with the rate 

of infectivity loss of bacteriophage MS2 and CVB5 Faulkner (Beck et al., 2016; Pecson 

et al., 2011; Rockey et al., 2020; Simonet and Gantzer, 2006). These results indicate that 

the inactivation by LPUV can be largely explained by genome degradation in structural 

viewpoints and by loss of replication capacity from the functional viewpoint.  

The inactivation mechanism by other UV sources emitting light of shorter wavelength 

(200 – 240 nm), such as KrCl excimer lamp, or that of longer wavelength (260 – 300 nm), 

such as UV-LED, have not been consistently discussed; For example, inactivation of MS2 

by the UV light at 220 – 300 nm was mostly explained by a damage on the genome (Beck 

et al., 2016). Also, the inactivation of Tulane virus, single-stranded RNA virus and a 

cultivable surrogate for human norovirus, is explained by genome and capsid damage. 

These findings are different from the result of adenovirus, double-stranded DNA viruses 

(Beck et al., 2016; Hull and Linden, 2018; Oh et al., 2020) and rotavirus, double-stranded 

RNA virus (Araud et al., 2020); the inactivation by UV light emitting a shorter wavelength 

is mainly explained by the damage on protein. Thus, the inactivation of RNA viruses by 

other UV sources rather than LPUV should be further investigated.  

Free chlorine is referred to as a sum of two chlorine species hypochlorous acid (HOCl) 

and its conjugated base, hypochlorite (OCl-). HOCl is a weak acid (pKa=7.54 at 25°C) 

and strong oxidant (E0=1.49 V at 25°C;), while OCl- is a weaker oxidant compared with 

HOCl (E0= 0.9 V at 25°C, (Copeland and Lytle, 2014)). The neutrally charged HOCl can 

penetrate the outer layers of microorganisms more readily compared to the negatively 

charged OCl-, and thus react with the intracellular building blocks of microorganisms. 

The inactivation mechanism of viruses by free chlorine has been explained from both 

structural and functional viewpoints. Previous studies suggested that the main component 

contributing to virus inactivation is the induced damage on both genome and capsid, 
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where the contribution to inactivation is different depending on the virus. The study using 

hepatitis A virus, poliovirus, echovirus 11 suggested that capsid damage contributed to 

virus inactivation dominantly (Nuanualsuwan and Cliver, 2003; Zhong et al., 2017a). On 

the other hand, the study using bacteriophage MS2, fr, GA reported the contribution of 

both capsid and genome damage on inactivation (Sigstam et al., 2013; Wigginton et al., 

2012). From the functional viewpoint, a study employing echovirus 11 revealed that the 

loss of binding capacity to host cell accounted for 60% of virus inactivation (Zhong et al., 

2017a). Other studies employing MS2 showed that the loss of replication and injection 

ability mostly explained the inactivation by free chlorine (Wigginton et al., 2012). Taken 

together, the virus inactivation mechanism by free chlorine is the loss of function, 

including either attachment, genome internalization, or replication, cause by capsid and 

genome damage. 

Ozone is one of the strongest oxidizers, having a reduction potential of E0 = 2.07V, and 

adopted as an advanced oxidation process in water treatment. The studies on virus 

inactivation have been limited and inconsistent compared with other disinfectants due to 

the difficulties of ozonation experiments, such as the control of exposure caused by the 

instability of aqueous ozone (Gardoni et al., 2012). Thus, the proposed inactivation was 

also inconsistent among studies. (Kim et al., 1980) employed bacteriophage f2 as a model 

virus and found that the ozone disrupted the capsid protein of phage f2 into subunits, 

liberating RNA into the solution and losing adsorption to the host pili. Their proposed 

mechanism was that the coat protein may be involved in the inactivation of RNA, 

probably by a secondary reaction of the RNA with the protein molecules modified by 

ozonation. Other studies employed laboratory strains belonging to the member of 

enteroviruses (Jiang et al., 2019; Roy et al., 1981; Torrey et al., 2019) and found that loss 

of genome function accounts for the majority of inactivation although ozone reacts with 

viral capsid as well. It should be noted that these studies evaluated the inactivation 

kinetics by a variety of experimental systems. Therefore, the obtained results should be 

further evaluated with careful consideration of the validation of the ozonation system. 

3.2. Inactivation model 

The inactivation process proceeds as a function of time or disinfectant exposure. The 

inactivation model refers to the model that captures the time-dependent inactivation. One 

of the most fundamental and widely used mathematical models is the first-order kinetics, 

according to the Chick-Watson law, proposed more than a hundred years ago (Chick and 
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Martin, 1908; Watson, 1908), where k is the inactivation rate constant, C is the 

concentration (or fluence rate) of the disinfectant, N is the concentration of infective 

viruses at time t, and η is the coefficient of dilution.  

∂�∂� =  −��	� 

Suppose that C was constant and η is equal to 1, the integration can be expressed as 

below (Meister et al., 2018). 

��
 = ��
�� 

To adopt these models, the reactor and target organisms should meet the following 

requirements. First, microorganisms are genetically analogous among strains, and the 

inactivation to be of a single-hit and single-site type. Second, the reaction with 

disinfectants should be irreversible and randomly distributed among the targets leading 

to inactivation. Moreover, the hydraulics should be an ideal plug flow, analogous to a 

complete mixing batch reactor. Finally, the disinfectant concentration remains constant 

throughout the reaction and among the reaction points. 

The simplicity and theoretical consistency of the Chick-Watson model make it 

attractive to analyze the rate constants of virus inactivation by disinfectants in an ideal 

batch reactor. Previous studies revealed that this model well fits with the virus inactivation 

by free chlorine (Sigstam et al., 2013; Sobsey et al., 1988; Wigginton et al., 2012), 

ultraviolet irradiation (Gerba et al., 2002; Pecson et al., 2011; Severin et al., 1983). 

Therefore, this model is applied to the Guidance Manual published by the United States 

Environmental Protection Agency for recommending the required CT values and UV 

doses (USEPA, 2010, 2006) for drinking water treatment. Other disinfectants, such as 

chlorine dioxide, however, do not lead to the first-order decay of viruses (Hornstra et al., 

2011; Meister et al., 2018; Sigstam et al., 2014).  

Under the environmental conditions, the applicability of Chick-Watson model is 

relatively limited because the assumption of the model does cannot be fulfilled. A lot of 

studies reported that the plots of log survival on contact time for disinfectant exhibited 

curvilinear trends. This observation was mechanically explained as follows. Each 

parameter may depend on other parameters or have some distributions. For example, the 

disinfectant concentration decays during the chlorination of wastewater effluent due to 

the significant amount of disinfectant demands (Buffle et al., 2006; Dunkin et al., 2018; 



 Chapter 2  

22 

 

Haas and Karra, 1984). Another example is the inconstant k among the present viruses 

due to the presence of virus aggregation, as reported by a previous study (Mattle and 

Kohn, 2012). Moreover, the t value is not constant among the locations of the target 

reactor (Ducoste et al., 2001a).  

Owing to the findings on the deviation of experimental data from the theory, the Chick-

Watson model has been modified empirical or mechanical viewpoints, as described in the 

following sections. 

3.3. Model modification from the empirical viewpoints 

Hom model 

Hom observed curvilinear plots, rather than linear, on the log survival plot as a function 

of contact time for chlorine disinfection of natural algal-bacterial systems (Hom, 1972). 

He developed an empirical generalization of the Chick-Watson pseudo-first-order rate 

law as below. 

���� = −��������� 

Integration of this rate law gives the empirical Hom model. 

log ��
 = −����� 

This model can describe the plots exhibiting shoulder or tailing by changing the scale 

factor of n and m. Haas reported that this model is consistent with the mechanistically 

modified Chick-Watson model, which theorized the inactivation of PV1 (Mahoney strain) 

considering an intermediate disinfectant-organism complex (Haas, 1980). 

3.4. Model modification from the mechanistic viewpoints 

3.4.1. Incorporation of decay in C 

The disinfectant concentration decays throughout the reaction because demand-free 

conditions are rare for most oxidants and natural waters. This prompted the researcher to 

modified Chick-Watson model and Hom model to allow for predicting the inactivation 

rate during the conditions where the disinfectant concentration is decreasing. 
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Haas and Joffe proposed a modified Chick-Watson (MCW) model and efficiency factor 

Hom (EFH) model, both of which substitute the equation of first-order decay of 

disinfectant concentration into the parameter C in Chick-Watson model and Hom model, 

respectively (Haas and Joffe, 1994).  

Suppose the disinfectant concentration decays with first-order kinetics, 

� = �
e���� 
C and C0 are the disinfectant concentration at time t and time 0, respectively; and k' is 

the first-order reaction decay constant of disinfectant 

Modified Chick-Watson model 

log NN
 =  − ��
���� (1 − ���
��) 

Efficiency factor Hom model 

log ��
 =  − # ����$� ��
� %1 − ���
��� &�
 

Note that approximation, where Hom model was adopted, is satisfactorily provided m 

> 0.4; for values of m < 0.4 the efficiency factor does not accurately approximate the 

incomplete gamma function (Gyürék and Finch, 1998).  

The advantage of The MCW and EFH models is their flexible applicability to any type 

of disinfection curve. These models were widely applied to analyze the virus inactivation 

by disinfectants (Cromeans et al., 2010; Hornstra et al., 2011; Kahler et al., 2011; Lim et 

al., 2010; Shirasaki et al., 2020; Thurston-Enriquez et al., 2005, 2003; Zhong et al., 

2017b). The disadvantages are the difficulty of the mechanistic interpretation of the scale 

values, m and n. This also leads to the lack of universality of the predicted parameters; 

the obtained scale values m and n, were not consistently obtained. Note that the concept 

of the integral estimate of time-dependent residual disinfectant concentration (ICT) 

(Maffettone et al., 2020; Manoli et al., 2019) is analogous to the modified Chick-Watson, 

where n is set to be 1. 

3.4.2. Incorporation of heterogeneity in k: Cerf model 

A biphasic inactivation curve was observed when the population of target viruses 

consists of two subpopulations. Cerf derived a mechanistic two-fraction model that 
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specifically describes the inactivation of two populations with differing inactivation 

kinetics (Cerf, 1977). A previous study modified the preliminary model to allow for the 

modeling of inactivation in water treatment (Hornstra et al., 2011). The model is described 

below. 

��
 = '��
(�� + (1 − ')��
*�� 

, where k1 and k2 are the inactivation rate constants for populations 1 and 2, respectively, 

f is the initial proportion in the less resistant fraction. 

In the batch experiments, this model was utilized for the analysis of virus inactivation 

by chlorine dioxide (Hornstra et al., 2011; Meister et al., 2018). Also, the model predicted 

the E.coli inactivation by peracetic acid and murine norovirus inactivation by performic 

acid in the wastewater (Maffettone et al., 2020; Manoli et al., 2019).  

3.4.3. Incorporation of heterogeneity in t 

Most actual water treatment systems have complicated hydraulics, such as poor 

inlet/outlet configurations, dead zones, internal circulation, short-circulating (Ducoste et 

al., 2001b). Such deviations from ideal reactor configurations typically represent 

hydraulic inefficiencies and may result in unexpectedly poor inactivation performance. 

These phenomena can be interpreted as the variability in contact time (t) in the reactor, as 

represented by residence time distribution (RTD). Therefore, the heterogeneity in t also 

should be incorporated into the inactivation model. 

The general form is as below. 

���� = −�(�)+(�) 

The integrated form is 

��
 = − , �(�)+(�)��-

  

Where N(t) indicates the inactivation model in the batch reactor; E(t) indicates 

residence time distribution (RTD). 

The derivation of closed expression of such inactivation model is possible for the 

typical hydraulics in the reactor, such as laminar flow or continuous stirred tank reactor 
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(CSTR). The derivation of these equations are described in Chapter 3.  

The derivate is, however, not widely used because the RTD of the actual reactor is 

complicated but can be experimentally determined by tracer experiments or modeled by 

computational fluid dynamics (CFD). Therefore, the inactivation prediction in the actual 

reactor is performed coupled with CFD. The use of CFD to predict the inactivation is well 

documented for the UV application (Li et al., 2016; USEPA, 2006). 

 

3.5. Inactivation kinetics of Enterovirus by disinfectants 

The inactivation kinetics of Enterovirus by free chlorine has been investigated for 

approximately three decades ago. Previous studies indicate that coxsackievirus B5 

(CVB5), one of the genotypes of Enterovirus B, exhibited lower susceptibility to free 

chlorine than other genotypes of enteroviruses, adenoviruses, hepatitis A and murine 

norovirus (Black et al., 2009; Cromeans et al., 2010; Kahler et al., 2011; Sobsey et al., 

1988) and thus has been recognized as the most free chlorine resistant among enteric 

viruses. The reported values of required free chlorine CT values and required dose for 4-

log inactivation of CVB5 in buffered solution or source water of drinking water were 

summarized in Table 1 and Table 2, respectively. The reported values of required ozone 

CT values were shown in Chapter 3. 
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Table 1 4 log CT of CVB5 Faulkner strain by free chlorine 

Study Solution Composition 
Initial 

FC 
pH Temp 

4 log 

CT 

[mgLs-1] 

Model 

(Meister et 

al., 2018) 
PBS (-) 

5 mM NaH2PO4, 

 10 mM NaCl 
NAc 7.4 room 2.2 CWa 

(Shirasaki et 

al., 2020) 
PB 

10 mM Na2HPO4 

and NaH2PO4 

0.1 7 20 1.19 EFHb 

0.5 7 20 1.15 EFHb 

(Cromeans 

et al., 2010) 
CDF 

0.83 g of Na2HPO4 

and 0.58 g of 

NaH2PO4 per liter 

0.2 7 5 7.4 EFHb 

(Kahler et 

al., 2010) 

CCMWA NA 0.2 7 5 4.3 EFHb 

WASH NA 0.2 7 5 6.9 EFHb 

BGC NA 0.2 7 5 4.7 EFHb 

CCMWA NA 0.2 7 15 1.3 EFHb 

WASH NA 0.2 7 15 2.7 EFHb 

BGC NA 0.2 7 15 1.6 EFHb 

(Black et 

al., 2009) 
BDF 

0.54 g of Na2HPO4 

and 0.88 g of 

KH2PO4 

1 7.5 5 11.5 EFHb 

(Sobsey et 

al., 1988) 
PB 

10 mM PB unknown 

composition 
0.5 7 5 12 CWa 

a CW indicates Chick-Watson model 
b EHF indicates: Efficiency factor Hom model 
c NA indicates that the data is not available 

  



 Chapter 2  

27 

 

Table 2 4 log dose of CVB5 Faulkner strain by UV254 

Study Solution Composition pH Temp 

4 log 

Dose 

[mJ cm-2] 

Model 

(Meister et 

al., 2018) 
PBS (-) 

5 mM NaH2PO4, 

 10 mM NaCl 
7.4 room 24.8 CWa 

(Rockey et 

al., 2020) 
PBS 

PBS; 5 mM 

Na2HPO4, 10 mM 

NaCl 

7.5 20 27.9 CWa 

(Gerba et 

al., 2002) 
PBS 10 mM,  NA NA 36 CWa 

a CW indicates Chick-Watson model 
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Chapter 3 

Inactivation kinetics of waterborne virus by ozone determined by  

a continuous quench flow system 

A modified version was published as: 

Torii, S., Itamochi, M., Katayama, H., 2020. Inactivation kinetics of waterborne virus 

by ozone determined by a continuous quench flow system. Water Res. 186. 

https://doi.org/10.1016/j.watres.2020.116291 

Copyright: [2020] Elsevier 

1. Introduction 

Ozonation is one of the advanced water treatment processes and widely applied for the 

control of taste, odor, and micropollutants and for microbial disinfection (von Gunten, 

2018). 

Viruses are major microbial contaminants that cause waterborne diseases (World 

Health Organization, 2011). Because of the high probability of infection with a given 

exposure, the acceptable concentration of viruses in drinking water is low (e.g., 1/90,000 

L to achieve 10–6 disability-adjusted life-year/person (World Health Organization, 2011)). 

This requires regulators to achieve a high rate of virus reduction through water treatment 

(e.g., 12-log reduction for indirect potable reuse (Title 22 and 17 California Code of 

Regulations, 2015)). The current treatment system heavily relies on disinfection to 

achieve a high level of virus reduction. Log credit allocable to ozonation is up to 6-log 

(Olivieri et al., 2016). Therefore, the efficacy of virus reduction by ozonation should be 

carefully examined. 

The efficiency of virus inactivation is primarily governed by the exposure to the 

disinfectant, the so-called CT value, which is defined as the time-dependent disinfectant 

concentration integrated over time (USEPA, 1999). Currently, such a dose-response 

relationship is critical for estimating the efficiency of microbial inactivation in a full-scale 

plant, as well as the information on the disinfectant decay and reactor hydraulics (Bellamy 

et al., 1998; Manoli et al., 2019). Although the dose-response relationship has been 

investigated and meta-analyzed in major disinfectants (free chlorine, monochloramine 

(Cromeans et al., 2010; Rachmadi et al., 2020), and ultraviolet irradiation (Gerba et al., 

2002; Hijnen et al., 2006)), studies on ozonation are scarce. 
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The lack of ozonation studies was mainly due to the difficulty of measuring both the 

CT value and the rate of virus inactivation simultaneously. Ozone is quickly decomposed 

in the aqueous phase (Gardoni et al., 2012) and consumed by organic substances 

contained in the virus stock solution (Dunkin et al., 2017). Furthermore, measurable virus 

inactivation is often completed within several seconds after contact with ozone (Hall and 

Sobsey, 1993; Shin and Sobsey, 2003). Hence, most ozonation studies miss either 

information on the CT value or the rate of virus inactivation (Finch and Fairbairn, 1991; 

Hall and Sobsey, 1993; Herbold et al., 1989; Shin and Sobsey, 2003; Sigmon et al., 2015; 

Thurston-Enriquez et al., 2005).  

The batch experiment is a golden standard for analyzing inactivation kinetics in 

disinfection studies; however, it is not feasible for ozonation because it is necessary to 

obtain samples that have reacted with a disinfectant for a few seconds. As such, several 

studies have modified the experimental setup to obtain both the CT value and the rate of 

virus inactivation. For example, early studies applied the method of continuous stirred-

tank reactor (CSTR), in which the virus and ozone solution are continuously fed to the 

stirred tank while the solution in the tank is withdrawn at a constant flow rate (Roy et al., 

1982). A recent study developed a unique experimental batch system that enables the 

simultaneous determination of the CT value and virus inactivation (Wolf et al., 2018). 

Despite the researchers’ efforts to improve the experimental setup, the reported 

inactivation rate constants were inconsistent among available studies. 

One of the underlying causes of the inconsistency is the sparse approximations of 

exposure time of collected samples. For example, Roy et al. (1982) conducted virus 

ozonation in CSTR and reported the required time for 2-log virus inactivation under a 

certain ozone concentration. The United States Environmental Protection Agency 

(USEPA) simply multiplied the required time with the ozone concentration and reported 

it as required CT values for 2-log virus inactivation (USEPA, 2010, 1991). However, the 

required time represents just an average residence time (τ) in CSTR. In other words, not 

every virus travels the reactor for time τ. Theoretically, the short-circuiting flow, which 

travels in the reactor for a shorter time than the mean residence time in which much 

greater portion of viruses remains infective, affects the average virus concentration at a 

given time. Therefore, the currently proposed values do not represent the actual CT value 

but rather the “Cτ” value, which virtually includes the effect of the heterogeneity of 

hydraulics. Another cause is the reduced mixing efficiency of the disinfectant solution 

with the virus solution. Wolf et al. (2018) noted that their system might underestimate the 

rate constants because a large portion of inactivation had occurred before the system 



 Chapter 3  

30 

 

reached a state of complete mixing.  

The continuous quench flow system (CQFS) is a bench-scale experiment technique 

that comprises a pump, small mixer, and reaction tube. It was developed to analyze the 

kinetics of fast reactions. Several studies have applied this system to evaluate the 

degradation of chemicals, such as carbamazepine (Buffle et al., 2006) and textile dyes 

(Gomes et al., 2010). Generally, the system drives the test solution and ozone solution 

separately, mixes them in a small reactor, and facilitates the mixture to flow in the reaction 

tube continuously. The exposure time is controlled by changing the length of the tube or 

flow rate. This setup makes it possible to obtain the samples reacting for a few seconds. 

Therefore, CQFS is a potential solution to measure both the ozone CT value and the rate 

of virus inactivation simultaneously. 

In this study, we introduced a CQFS in which the flow regime is laminar to evaluate 

the first-order rate constants for the waterborne virus inactivation with ozone. The 

challenge for CQFS used in previous studies was a tacit assumption of flow hydraulics in 

reaction tubes. Several studies assumed the flow regime in the reaction tube to be a plug 

flow, although it was actually laminar flow (Buffle et al., 2006; Hunt and Mariñas, 1997) 

or not described (Czekalski et al., 2016; Gomes et al., 2010; Wolf et al., 2018). Moreover, 

scattered or biphasic data were observed in a single dose-response relationship 

determined by CQFS, possibly because the flow regime was not controlled among data 

points (Hunt and Mariñas, 1997; Wolf et al., 2018). These properties required researchers 

to develop more solid experimental protocols. Specifically, it is necessary to develop a 

pseudo–first-order kinetic model that takes the residence time distribution (RTD) function 

into account and to control the flow regime throughout the entire experiment. 

The objectives of this study were (1) to develop a CQFS and pseudo–first-order kinetics 

model that considers RTD for an accurate measurement of inactivation rate constants by 

ozone, (2) to evaluate inactivation rate constants for the waterborne virus inactivation, 

and (3) to compare the results with previous studies and USEPA guidance manual CT 

values. 
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2. Materials and methods 

2.1. Virus propagation, purification and enumeration 

F-RNA coliphages (MS2, fr, GA, Qβ) and somatic coliphage φX-174 were propagated 

by E.coli K12A/λ(F+) and E.coli C (NBRC13898), respectively. Coxsackievirus B3 

(CVB3) Nancy strain, coxsackievirus B5 (CVB5) Faulkner strain, and poliovirus type 1 

(PV1) Sabin strain were propagated by buffalo green monkey kidney (BGM) cells. 

The propagated stocks were centrifuged at 3,500g for 15 min to remove cell debris. 

The supernatant was filtered through a cellulose acetate membrane (0.2 μm, DISMIC-

25CS, Advantec, Tokyo, Japan). Then, 10 mL of the filtrate was washed with 10 mM 

phosphate buffer (PB) and concentrated to approximately 600 μL by a Centriprep YM-50 

filter unit (Merck Millipore, Tokyo, Japan). 

Density-gradient centrifugation was performed as described elsewhere (Loison et al., 

2016; Torii et al., 2019a). For the coliphages, iodixanol (60% OptiPrep; Axis-Shield, 

Dundee, Scotland) was used as a gradient. Briefly, 3 mL of 40% iodixanol solution 

prepared in PB was placed in an ultracentrifuge tube. Subsequently, 2 mL of 20% 

iodixanol prepared in the coliphage concentrate was layered on the 40% iodixanol 

solution. Then, the tubes were centrifuged at 160,000g for 7 hr at 15 °C. For the 

mammalian viruses, cesium chloride was selected as a gradient. In brief, 500 μL of the 

concentrated virus was layered on 4.5 mL of cesium chloride solution prepared in 10 mM 

PB in centrifuge tubes and centrifuged at 160,000 g for 18 hr at 15 °C. After the 

centrifugation, 1 mL of aliquot positioned for the buoyant density of each virus was 

collected. The collected virus suspensions were desalted with 10 mM PB three times by 

Amicon Ultra 100 kDa (Merck Millipore). The purified virus stock was kept at 4 °C until 

ozone disinfection experiments. 

The number of infective coliphages were quantified by a single agar layer (SAL) 

procedure. For each sample, a series of 10-fold dilutions was prepared in 10 mM 

phosphate buffer (PB) at pH 7.0. Then, 0.1 or 1 mL samples were added to Petri dishes 

and mixed with LB agar containing propagated host E. coli and incubated at 37 °C 

overnight. Each dilution was enumerated in duplicate. The concentrations of coliphages 

were reported as PFU/mL. 

The number of infective CVB3, CVB5, and PV1 was enumerated by most probable 

number (MPN) assay using BGM cells on 96-well plates, with five replicates and four 
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dilutions per sample (Meister et al., 2018). The samples to be quantified were serially 

diluted 10-fold by maintenance medium, supplemented with 1% fetal bovine serum. Each 

well was inoculated with 150 μL of diluted samples. After the incubation at 37 °C with 

5% CO2 for 5 to 6 days, the presence of cytopathic effects was monitored by microscope. 

The number of positive wells of each dilution was counted and analyzed by an R package 

(Ferguson and Ihrie, 2019). The concentrations of CVB3, CVB5, and PV1 were reported 

as MPN/mL. 

2.2. Setup of continuous quench flow system (CQFS) 

The CQFS was set up as shown in Figure 3. The reactor comprised two peristaltic 

pumps (Perista pump AC-2110II, ATTO Co. Ltd., Japan) to drive two solutions (virus 

solution and disinfectant solution), a T-connector mixer (VRFT6, ISIS Co. Ltd., Japan) 

in which the magnetic ball was stirred, and a silicone tube (outer diameter: 4 mm, inner 

diameter: 2 mm) to facilitate the reaction with disinfectant.  

The virus solution was driven at 0.31 mL/s and mixed at a 1:1 ratio with a disinfectant 

solution, resulting in the mixed solution flowing at 0.62 mL/s in the silicone tube. The 

velocity of the mixed solution was 20 cm/s. The flow rate was not changed for any of 

CQFS experiments to maintain the flow regime, at a Reynolds number (Re) of 395, in the 

silicone tube. The reaction time can be controlled by selecting different tube lengths, l = 

20τ (s), where l (cm) represents the length of the silicone tube and τ (s) represents the 

desired retention time. A preliminary experiment showed that virus loss by the attachment 

to the reaction tube was negligible even when using the tube length of 180 cm. At the 

outlet of the reaction tube, an exceeded amount of sodium thiosulfate (Na2S2O3) was 

prepared in a Petri dish to stop the reaction immediately. In this study, the disinfected 

sample at the outlet of the mixer was regarded as the 0 s sample. This was because this 

CQFS has a dead volume from mixing point to the point at which the first data point was 

collectable. The average dead time (i.e., residence time of the mixer) was estimated to be 

0.24 seconds. All of the experiments were conducted at 22 ± 1 °C. The mixer and each 

reaction tube were rinsed thoroughly with MilliQ before and after the CQFS operation. 



 Chapter 3  

33 

 

 

Figure 3 Setup of the continuous quench flow system 

2.3. Ozone production and measurement 

An ozone generator (Ebara; OZSD-3000A, Japan) was used to produce ozone gas from 

oxygen. The obtained gas was bubbled through chilled MilliQ pre-acidified by 

phosphoric acid (pH 3.5) to prepare the ozone stock solution at a final concentration of 

>5 mg L-1. 

The concentration of the stock solution was determined by direct spectrophotometry 

with an absorption coefficient of ozone, ε260 = 3,200 M–1 cm–1 (von Sonntag and von 

Gunten, 2012). In ozonation experiments, the concentration was determined by the 

decolorization of indigo trisulfonate, with an adsorption coefficient ε600 = 20,000 M–1 cm–

1 (Bader and Hoigné, 1981) according to the Standard Methods for the Examination of 

Water and Wastewater Indigo Colorimetric Method, with slight modification. 

Ozone concentration was calculated based on the Beer-Lambert law as follows.  

. = /012

3 4 5 4 1000 4 78�98:; + 7<;==><�>97<;==><�>9  
/0 = 0?=@�
 4 7?=@�
78�98:; + 7<;==><�>9 − 0A@�B=> 

where A is the absorbance at 600 nm (cm-1), c (mg L-1) is the ozone concentration, ε600 

= 20,000 (M-1 cm-1) is the molar attenuation coefficient of ozone at 600 nm, M = 48 (g 
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mol-1) is the molecular weight of ozone, l is the path length of the cell, Vcollected (mL) is 

the volume of samples collected for measurement of ozone concentration, Vindigo (mL) is 

the volume of indigo reagent, and, Vblank (mL) is the volume of the blank sample. 

In the ozonation of phenol (see 2.5.3), the absorbance at 600 nm (A600) was measured 

using a 1-cm glass cell. The blank sample was prepared by adding 6 mL of Indigo reagent 

II into 5 mL of MilliQ (Vblank = 11 (mL)) 

In the ozone disinfection experiment (see 2.6), the absorbance at 600 nm (A600) was 

measured using a 5-cm glass cell. The blank sample was prepared by adding 1.08 mL 

(=Vindigo) of Indigo reagent I into 9.72 mL of MilliQ. (Vblank = 10.8 (mL)) 
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2.4. Calculation of ozone Cτ values 

The calculation of the Cτ value is shown in Figure 4. In this study, the ozone 

concentration was measured at each time point. The Cτ value was given by the following 

equation.  

Cτ =  , ��EFG

 = �
 + ��2 (E� − E
) + �� + �I2 (EI − E�) + �I + �J2 (EJ − EI) 

This is corresponding to the area in Figure 4. Herein, a linear decay of ozone between 

time points was assumed  

 

Figure 4 Example of calculation of Cτ value 

τ0, τ1, τ2 and τ3: time points of sampling 

C0, C1, C2 and C3: ozone concentration at each time point 
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2.5. Validation of CQFS 

2.5.1. Chlorination of MS2 in the batch system 

Batch chlorination of MS2 was conducted in a 50 mL glass beaker. A free chlorine 

working solution was prepared by diluting sodium hypochlorite with 10 mM PB at pH 

7.0 to obtain a final concentration of 7.8 to 7.9 mg L-1 as Cl2. Free chlorine was measured 

by the spectrophotometric method using N,N-diethyl-p-phenylene-diamine (DPD) with a 

DR890 colorimeter (Hach Company, Loveland, CO). Before each experiment, the glass 

beaker was washed with MilliQ and the working solution. Then, 20 μL of purified MS2 

stocks were spiked into 20 mL of stirred working solution. One milliliter of aliquot was 

harvested and directly mixed with 50 μL of Na2S2O3 at a concentration of 5,000 mg/L at 

6 s and 12 s. The initial virus concentration was sampled from 20 mL of PB spiked with 

20 μL virus stock. The initial virus concentration was 106-7 PFU/mL. Note that the 

concentration of free chlorine was not decayed at 30 s for the whole experiment (data not 

shown). This batch experiment was conducted four times. 

2.5.2. Chlorination of MS2 in the CQFS 

MS2 chlorination was conducted by the developed CQFS. MS2 was suspended in 10 

mM PB at pH 7.0 as the virus solution, and free chlorine at a concentration of 15 to 16 

mg L-1 as Cl2 in 10 mM PB was prepared as the disinfectant solution. Then, different 

lengths of reaction tubes (60, 120, 180 cm) were installed on the outlet of the mixer 

depending on the desired retention time (3, 6, 9 s) of the samples. The sample at 0 s was 

taken at the outlet of the mixer. For a single experiment, 6.2 mL of samples at 0 s, 3 s, 6 

s, and 9 s were taken in Petri dishes with Na2S2O3 for enumeration of MS2. Additional 

samples (3.1 mL) were taken in Petri dishes without Na2S2O3 in the collection of 0 s and 

9 s samples. A 1 mL of the sample on the Petri dish was taken immediately, mixed with 9 

mL of DPD solution and examined for free chlorine. The free chlorine concentration of 

the mixed solution at time 0 s ranged from 7.6 to 8.1 mg L-1 as Cl2. The MS2 concentration 

at time 0s ranged from 3.0 × 105 to 5.0 × 105 PFU/mL. The decay in free chlorine was 

<0.1 mg/L as Cl2 (data not shown). The experiment was run four times.  

2.5.3. Ozonation of phenol in the batch system 

An ozone solution was prepared at a final concentration of 2.9 mg L-1. Before each 

experiment, the glass beaker was washed with MilliQ and the ozone solution. The ozone 

solution was acidified to pH 3.0 by phosphoric acid and spiked with tert-butanol (at a 
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final concentration of 10 mM) as a radical scavenger. Then, 150 μL of phenol stocks (25 

mg L-1) were spiked into 15 mL of the stirred ozone solution. The reaction was stopped 

at 10 s by adding the excess amount of Na2S2O3 (at the final concentration of 100 mg L-

1). The initial phenol concentration was determined by sampling from 15 mL of MilliQ 

spiked with 150 μL phenol stock. The concentration of phenol was determined by the 

spectrophotometric method using 4-Aminoantipyrine described in USEPA method 420.1. 

This batch experiment was conducted at 22 ± 1 °C in triplicate. In the batch system, we 

could not measure the phenol and ozone concentration simultaneously. Thus, we 

measured the ozone decay during the reaction above separately. The ozone concentration 

was maintained at 59 ± 7% during the reaction of phenol and ozone (n=2) (data not 

shown). The CT value was calculated by multiplying the time-dependent concentration 

integrated over time. 

2.5.4. Ozonation of phenol in the CQFS 

Phenol was suspended at the final concentration of 500 μg/L in pre-acidified MilliQ at 

pH 3.0 with tert-butanol at a final concentration of 10 mM. The ozone solution was 

prepared at the concentration of at pH 3.0. Then, reaction tubes were prepared to achieve 

the retention time of 0, 2, 4, 6 s. The sample at 0 s was taken at the outlet of the mixer. 

For a single experiment, approximately 12 mL of samples were taken in Petri dishes with 

Na2S2O3 at each time point to measure the phenol concentration. Additional samples were 

collected on a Petri dish with 6 mL of Indigo solution II for approximately 8 s at each 

time point. The collected volume was measured by a balance and ranged from 5.1 to 5.8 

mL. The solution was used to measure the residual ozone concentration. (see 2.3). The 

concentration of ozone at time 0s was 2.4 to 3.3 mg L-1. The ozone concentration at 6s 

was maintained at 72 ± 10% compared with 0 s. The Cτ value was calculated by 

multiplying the τ-dependent concentration integrated over τ (see Figure 4). The ozonation 

of phenol in the CQFS was performed in triplicate. 
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2.5.5. Analysis of inactivation rate constants 

 The inactivation rate constants determined by the batch system (kbatch) were modeled 

by the following equation. 

�K�
 = ��
�K  

where NT is the infective virus concentration at time T (PFU mL–1 or MPN mL-1), N0 

is the infective virus concentration at time 0 (PFU mL–1 or MPN mL-1), k is the first-order 

inactivation rate constant (mg–1 sec–1 L), C is the disinfectant concentration (mg L–1), and 

T is time (s). 

The inactivation rate constants determined by CQFS (kCQFS) were determined by two 

models in which the assumption of flow regime in the reaction tube was different, plug 

flow or laminar flow. In the plug flow assumption, the velocity profile was constant, 

depending on the location of the reaction tube; in the laminar flow assumption, it was 

parabolic, as determined by the Hagen-Poiseuille law. 

Under the plug flow assumption, the pseudo–first-order reaction is described as Model 

1. 

�F�
 = ��
�F (Model 1) 

where τ is the average residence time in the reaction tube (seconds), which is given by 

l/v (where l is the length of the reaction tube [cm] and v is the mean velocity [cm s-1]) 

Under the laminar flow assumption, the pseudo–first-order reaction is modeled as Eq. 

(1). The model considers the RTD in the reaction tube (Fogler, 2008; Hilder, 1979) 

�F�
 = , ��
�K+(�)��-

      (1) 

where E(T) is the RTD function. 

For laminar flow, the RTD function is expressed as Eq. (2) (Fogler, 2008). 

E(�) =  O 0 for (� ≤ E2)EI2�J  for (� ≥ E2)     (2) 
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The dimensionless form of Eq. (2) is  

+(T) = E+(�) =  U 0 for (T ≤ 0.5) 12TJ  for (T ≥ 0.5)  with T = �E      (3) 

Eq. (1) can be transformed as Eq. (4) by partial integration. 

�F�
 = , ��
�K+(�)��-

 = , ��
�]+(T)�T-


 = , ��
�^2TJ �T -

._    

=     (1 − 0.5��)��
._
� + (0.5��)I , �
�^Θ �Θ-

._   (4) 

Then, Eq. (4) was approximated by Hilder’s equation (Fogler, 2008; Hilder, 1979). 

�F�
 = 1(1 + 0.25��E)�
._
�F + 0.25��E (Model 2) 

Note that the errors of this algebraic expression (Model 2) from the exact solution of 

Eq. (4) were less than 0.04 log (Hilder, 1979). 

�F�
 = 1(1 + 0.25��E)�
._
�F + 0.25��E (Model 2) 

The abatement of phenol was also modeled as above. Nτ/N0 was replaced with 

[phenol]τ/[phenol]0. 
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2.6. Ozone disinfection experiments 

Ozone disinfection was conducted by the developed CQFS. Purified coliphage or 

mammalian viruses suspended in 20 mM PB at pH 7.0 and an ozone solution in MilliQ 

were prepared as the virus solution and disinfectant solution, respectively. The ozone 

concentration before mixing was 0.03 – 0.12 mg L-1 when testing coliphages and 0.24 – 

0.30 mg L-1 when testing enteroviruses. It should be noted that the tert-butanol was not 

added to mimic inactivation during ozonation in water treatment. The resultant mixed 

solution had a pH of 7. Reaction tubes were then installed to the outlet of the mixer. The 

length of the reaction tube was set depending on the desired retention time, 0.5, 1, 1.5 s 

or 1, 2, 3 s. For a single ozonation experiment, samples were taken at four time points, 

including the 0 s sample. First, the reacting solution was collected on a Petri dish with 

1.08 mL of Indigo solution I for approximately 15 s. The collected volume was measured 

by a balance and ranged from 8.9 to 9.5 mL. The solution was used to measure the residual 

ozone concentration. (see the 2.3). The concentration of ozone at time 0 s was 0.01 to 

0.06 mg L-1 for coliphages and 0.07 to 0.13 mg L-1 for enteroviruses. The ozone 

concentration was maintained at 80% ± 8% for coliphages and 92% ± 3.5% for 

enteroviruses during the reaction. The Cτ value was calculated by multiplying the τ-

dependent concentration integrated over τ (see 2.4). Furthermore, an approximately 5 mL 

of sample was collected in Petri dishes with an excessive amount of quenching solution 

(50 μL of 5,000 mg L-1 of Na2S2O3) for virus enumeration. The ozonation experiment was 

performed in triplicate for each virus. 
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2.7. Calculation of 4-log CT value from of previous studies 

The 4-log CT value of each study was determined as follows. 

Roy et al. (1982) AWWA 

The calculation was done by following the report (USEPA, 1991). The data of the time 

to achieve 2-log PV1 inactivation (0.5 min) was adopted from table 1 of Roy et al. (1982). 

Then, time was multiplied by the residual ozone concentration (0.15 mg L-1). The CT 

value (0.075 mg min L-1 = 4.5 mg sec L-1 ) was adopted as the 2-log CT value. The 4-log 

CT value was obtained by multiplying the 2-log CT values by 2. Thus, the 4-log CT value 

was given as 9.0 mg sec L-1. 

Wolf et al. (2018) Environ Sci Technol 

The 4-log CT values were predicted as in the same manner as in the current study, 

namely, 4/klog10e. The inactivation rate constants (k) were taken from Table 2. 

Hall et al. (1993) Appl Environ Microbiol 

Hall et al. reported that a >4.9-log reduction was achieved with a CT value of <0.98 

mg min L-1 under pH 6.0. Based on this, we determined to be <5.88 mg sec L-1 as the 4-

log CT values. 

Finch et al. (1991) Appl Environ Microbiol 

Finch et al. reported ozone inactivation of MS2 with a change in the ozone dose for a 

contact time of 20 sec. They reported a 5-log reduction of MS2 under the conditions of 

0.08 mg L-1 of ozone. Thus, the 4-log CT in this study was determined to be <1.6 mg s L-

1. 

Sigmon et al. (2015) Environmental Engineering Science 

They conducted MS2 ozonation in batch system. The minimum applied ozone 

concentration was 0.10 mg/L. Also, the minimum contact time was 10 s. Under the 

conditions, they observed > 4-log MS2 inactivation. Hence, the 4-log CT in this study 

was determined to be <1.0 mg s L-1. 

USEPA Guidance Manual 

The ozone CT values for 4-log inactivation of viruses at 22°C were obtained from CT 

calculator provided by USEPA. (https://www.epa.gov/dwreginfo/ground-water-rule-
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compliance-help-water-system-owners-and-operators) (Access available as of Jun. 9th. 

2020). 

2.8. Statistical analysis 

All statistical analyses were performed with R. Model fitting was conducted using the 

function nls(). Multiple comparisons were performed with the Tukey-Kramer test after 

checking the homogeneity of the variances by Bartlett test. A P-value of <0.05 was 

considered to be statistically significant. 
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3. Results 

3.1. Validation of the CQFS 

The validation of the CQFS was performed as follows. Firstly, we validated the 

hydraulics of the CQFS by comparing the two models, which consider different flow 

regimes in the reaction tubes; Model 1 assumes plug flow, whereas Model 2 assumes it 

as a laminar flow. To this end, the first-order rate constant of MS2 inactivation with free 

chlorine (kMS2, FC) was investigated by the batch experiment. Then, MS2 inactivation was 

also performed in CQFS at the comparable physico-chemical conditions. Free chlorine 

was chosen as a model disinfectant because of its slower reaction compared with ozone, 

allowing us to analyze the kinetics by both the batch system and CQFS. Moreover, we 

checked if the CQFS can accurately analyze the rate constant of ozone reaction. For this 

purpose, we analyzed the abatement of phenol in CQFS by applying the selected pseudo-

first-order reaction model. 

The log inactivation rate of MS2 in the batch system was plotted in Figure 5 as a 

function of CT value.  

 

Figure 5 MS2 inactivation with free chlorine as a function of CT value 

The red line indicates the regression line. 
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The determined kMS2, FC was 0.120 ± 0.002 mg–1 sec–1 L (mean ± standard error [SE]). 

This was comparable with a previous report (0.130 ± 0.010 mg–1 min–1 L) that performed 

MS2 inactivation with free chlorine under similar physico-chemical conditions (Sigstam 

et al., 2013).  

The log inactivation rate of MS2 in CQFS was plotted in Figure 6 as a function of Cτ 

value. The root-mean-square error (RMSE) of the two models, in which 0.120 (kMS2, FC 

determined by the batch system) was substituted for k, were described in Table 3. 

Excellent agreement between experimental data and Model 2 predictions was achieved. 

The RMSE was smaller in Model 2 compared with Model 1, indicating that Model 2 fitted 

better to the experimental data. Moreover, the kMS2, FC was determined to be 0.080 ± 0.002 

or 0.124 ± 0.004 (mg–1 sec–1 L) if we fit Model 1 or Model 2 to the experimental data, 

respectively. Hence, Model 2 was able to provide inactivation rate constant comparable 

to that determined by the batch system.  

For the following experiments using CQFS, we maintained the same flow regime, 

namely, the same Reynolds number, and adopted Model 2 to analyze the rate constants. 

 

 

Figure 6 MS2 inactivation with free chlorine performed by CQFS 

The dashed black line and solid black line show the prediction by Model 1 and Model 

2, where 0.120 (kMS2, FC) was substituted for k, respectively. The red line shows the 

regression line, where Model 2 was fitted to the experimental data. 
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Table 3 Comparison of inactivation models in CQFS 

Model Equation 
Order of  

reaction 

Flow regime 

assumption 

RMSE 

1 
�F�
 = ��
�F 

Pseudo 

first order 
Plug flow 1.85 

2 
�F�
 = 1(1 + 0.25��E)�
._
�F + 0.25��E 

Pseudo 

first order 
Laminar flow 0.41 

 

Where Nτ, virus concentration at time τ (PFU mL–1 or MPN mL–1), N0, virus 

concentration at time 0 (PFU mL–1 or MPN mL–1), k, first-order inactivation rate constants 

(mg–1 sec–1 L), C, disinfectant concentration (mg L-1); τ, average residence time (sec). 

 

The abatement rate of phenol was plotted in Figure 7 as a function of Cτ. The reaction 

rate constant of kphenol, ozone was determined to be 839 ± 23 (M-1 sec-1) using Model 2. This 

was nearly comparable (1.2-fold difference) to kphenol, ozone determined by the batch system 

(993 ± 75 M-1 sec-1) in this study. Moreover, kphenol, ozone in this study was consistent with 

the reported value (1300 ± 300 M-1 sec-1) in previous research (Hoigné and Bader, 1983). 

These results suggest that the developed CQFS combining with Model 2 can be applicable 

to analyze the rate constants of ozone reaction. 
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Figure 7 The natural log abatement rate of phenol as a function of Cτ value 

The red line indicates the regression line of Model 2 

 

3.2. Ozone inactivation rate constants of various type of viruses 

Log virus inactivation as a function of Cτ was plotted in Figure 8. The inactivation rate 

constants (k) were estimated by fitting Model 2 to the experimental data. The predicted 

4-log CT value was given by 4/klog10e. These results are summarized in Table 4. The 

inactivation rate constants ranged from 58 to 511 mg–1 sec–1 L. The predicted 4-log CT 

values from 0.018 to 0.16 mg sec L–1. Statistically significant differences in ozone 

resistance were observed, namely, Qβ < MS2, fr, GA < φX-174, PV1 Sabin, CVB3 Nancy, 

CVB5 Faulkner. 
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Figure 8 Log inactivation of viruses as a function of Cτ values 

The red line showed the regression curve. For PV1.Sabin, CVB3.Nancy, and 

CVB5.Faulkner, the log inactivation rate was plotted along with error bars representing 

theoretical standard errors of MPN values.  
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Table 4 Inactivation rate constants for viruses by ozone, with corresponding 

standard errors (SE) and predicted 4-log CT values 

Virus k (mg-1 s-1 L) SE (mg-1 s-1 L) 4-log CT (mg sec L-1) 

Qβ 511 37 0.018 

MS2 259 8.8 0.036 

fr 203 15 0.045 

GA 157 9.1 0.059 

CVB5.Faulkner 74 3.9 0.12 

φX-174 65 3.2 0.14 

PV1.Sabin 61 4.7 0.15 

CVB3.Nancy 58 4.3 0.16 
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4. Discussion 

4.1. Agreement between CQFS and batch experiments  

The inactivation rate constants are theoretically specific to the type of virus and should 

not change depending on the experimental system. However, a previous ozonation study 

reported different inactivation rate constants of MS2 between the CQFS and batch system 

(<5-fold) (Wolf et al., 2018). Others did not compare their testing system with another 

experimental system (Finch and Fairbairn, 1991; Roy et al., 1982). We hypothesized that 

the observed difference among the experimental system was due to the inappropriate 

assumption on reactor hydraulics. For example, some studies tacitly regarded it as plug 

flow and considered the hydraulic residence time as uniform distribution, even though 

the flow regime was actually laminar (Re = 460) (Buffle et al., 2006) or not clear (Gomes 

et al., 2010). Thus, we first validated the CQFS to check if the inactivation rate constants 

can be consistently obtained by both the batch experiment and the CQFS. 

Our experimental results did not agree with Model 1. This indicates that the assumption 

on plug flow leads to inaccurate measurement of inactivation rate constants. In our CQFS, 

the flow regime was laminar (Re = 395), where the velocity is twice as fast as the average 

velocity at the center of the tube. This means that the reaction time is half at the center, 

resulting in the presence of more infective viruses. Thus, Model 2, which considers the 

effect of short-circuiting flow, predicted the experimental data better than Model 1 did. 

It should be noted that Buffle et al. (2006) and Wolf et al. (2018) reported that the 

kinetics of the abatement of phenol and carbamazepine were <10% different between the 

CQFS and batch experiment, although they adopted Model 1 in the CQFS (Buffle et al., 

2006; Wolf et al., 2018). This contradiction was due to the difference in the extent of the 

achieved rate of abatement/inactivation between the chemical and microbial experiments. 

In a typical bench-scale experiment, the achieved rate of chemical abatement is up to 1 

log (90%), whereas that of microbial inactivation is >2-3 log. Hence, for the chemical 

abatement experiment, the assumption of hydraulics has little effect on the analysis of 

inactivation kinetics. The extent of degradation taking place in the bulk of the water was 

so small that small volumes with little degradation have a tiny effect on the average 

concentration after ozonation. This is highlighted in Figure 6. The gap between Model 1 

and Model 2 was smaller until 1-log (i.e., 90%) reduction, whereas it became larger as 

the rate of inactivation increased. As a result, the appropriateness of Model 2 was apparent 

in this study. Therefore, it is important to consider the RTD in CQFS, especially in the 
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case of the microbial inactivation experiment. 

4.2. Comparison of inactivation rate constants with previous studies 

The observed ozone resistance trend was similar to that reported by previous studies, 

which investigated in buffered water (Wolf et al., 2018), namely, Qβ < MS2 < φX-174 < 

CVB5, and which examined in secondary effluent of municipal wastewater (Sigmon et 

al., 2015), namely, MS2 < φX-174 < CVB5. Coliphage MS2, Qβ, and φX-174 are typical 

surrogates to assess the removability of enteric viruses through water treatment, such as 

coagulation sedimentation (Kato et al., 2018), membrane filtration (Torii et al., 2019b), 

and chlorination (Sano et al., 2016). However, our results showed that they were more 

susceptible than all the tested poliovirus and coxsackievirus except CVB5 Faulkner 

(Table 4). Thus, MS2, Qβ and φX-174 are not the conservative indicators in the 

assessment of enteric virus reduction by ozonation systems. 

Inactivation rate constants of all of the tested viruses (58-511 mg–1 sec–1 L), were larger 

than those of E. coli WR1 strain (19.1 mg–1 sec–1 L at 22 °C, (Smeets et al., 2006)), 

suggesting that viruses were >1.5-fold more susceptible to ozonation than the E. coli 

strain. This result supports a previous suggestion (Sigmon et al., 2015) that E. coli could 

be used as a surrogate to ensure virus reduction through ozonation. 

The predicted 4-log CT values were compared with the previous studies which 

conducted ozonation under the comparable physico-chemical conditions (Figure 9) 

(Finch and Fairbairn, 1991; Hall and Sobsey, 1993; Roy et al., 1982; Sigmon et al., 2015; 

Wolf et al., 2018). The 4-log CT value of MS2 in this study was similar (1.2-fold 

difference) to the previous investigation using CQFS (Wolf et al., 2018). The slight 

difference was partially due to the choice of the inactivation model (discussed above). 

The 4-log CT values of MS2 determined by the unique batch system (Wolf et al., 2018) 

were 5-fold larger than ours. This was because a large portion of the inactivation had 

proceeded before the system reached the state of complete mixing in their experimental 

system (Wolf et al., 2018). This effect contributed to the discrepancies of other viruses 

between Wolf et al. (2018) and our study; We reported smaller 4-log CT values by 7.4-

fold in Qβ, 2.6-fold in φX-174, and 8.4-fold in CVB5, respectively. Note that a further 

consideration on the impact of hydroxyl radicals is required to explain the difference. 

between Wolf et al., (2018) and ours. They added a radical scavenger (i.e., tert-butanol) 

into their experimental system, which largely reduced the formation of hydroxyl radicals. 

This also may lead to slower reaction compared to ours. Although the contribution of 
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hydroxyl radicals on virus inactivation was estimated to be negligible in lake water and 

wastewater (Wolf et al., 2018), it might be larger in pure water, such as buffer solution.  

 

Figure 9 Comparison of 4-log CT value among available studies 

Plots with arrows indicate left-censored values. The bolded blue line shows 4-log CT 

values at 22 °C applied in USEPA guidance manual CT values. Note that all of the 

ozonation studies cited herein were conducted in phosphate buffer or PBS under the 

following physicochemical conditions: temperature 16 to 22 °C, pH 6.5 to 7.96. 

*1 determined by CQFS in Wolf et al. (2018) study *2 Hall et al. (1993) 

*3 Finch et al. (1991) *4 Sigmon et al. (2015) 

The 4-log CT values of CVB5 and PV1 in this study were 72-fold and 60-fold smaller 

than those of Roy et al. (1982). This is due to the difference in the assumption of exposure 

time. They assumed the average hydraulic retention time to be the exposure time in CSTR 

without any adjustment of hydraulics (Roy et al., 1982), suggesting that the impact of 

short-circuiting flow on the CT value was not considered. Thus, we re-calculated the 4-

log CT values by incorporating the effect of hydraulics as below. 

The first-order reaction in the CSTR can be also modeled as in the case of Eq. (1) in 
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this supporting information. 

�F�
 = , ��
�K+(�)��-

      (4) 

The residence time distribution (RTD) function in CSTR, namely E(T), is as follows 

(Fogler, 2008).  

E(T) = 1E ��KF  

Eq. (4) can be transformed to  

�F�
 = , ��
�K+(�)��-

 = , ��#�Fc
�$KE-


 �� = − 11E + �� ∙ 1τ ∙ e��#�Fc
�$Kf

-  

= 11 + kCτ  (Model 3)    

Then, the log inactivation as a function of Cτ value in Models 1 and Model 3, are shown 

in Figure 10, where 61 (kPV1, ozone) was substituted for k. 

 

 

Figure 10 Comparison of theoretical PV1 inactivation under batch reactor and 

CSTR 
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The black line indicates the theoretical inactivation in the batch reactor, whereas the 

red line shows the inactivation in the CSTR. 

For example, the required Cτ value to achieve 2-log inactivation is calculated to be 

4.6/k and 99/k in the batch reactor and CSTR, respectively. Therefore, the CT value is 

theoretically overestimated by 22-fold when the Cτ value was directly reported as the CT 

value without any adjustment of reactor hydraulics. The remaining difference might be 

explained by the incomplete mixing of ozone over the water volume, which made 

streamlines with little ozone in the reactor. 

4.3. Implications for the ozone dose management 

The current USEPA guidance manual CT values are given by multiplying the required 

CT value for PV1 inactivation from Roy et al. (1982) with a safety factor of 3× (USEPA, 

2010, 1999, 1991). This value has been widely cited in the literature on bench-scale 

inactivation (Lim et al., 2010; Thurston-Enriquez et al., 2005) and in the prediction of 

virus inactivation in full-scale treatment (Amoueyan et al., 2019; Smeets et al., 2006). 

However, 4-log CT values in our study were 166-fold smaller than USEPA guidance 

manual CT values. Hence, the required CT value for virus inactivation should be 

reconsidered to accurately predict the virus inactivation by ozonation 

It should be noted that the required CT values for the 4-log10 virus inactivation shown 

in this study were determined by extrapolating the pseudo–first-order relation between 

CT and inactivation rate. Thus, caution should be taken before interpreting these results. 

A recent pilot-scale experiment reported that the linear relationship between log virus 

inactivation and the ozone CT value were observed only at lower rate of virus inactivation 

(until the initial 4- to 5-log inactivation in surface water or 1- to 2-log inactivation in 

secondary effluent (Wolf et al., 2019)). They did not observe a log-linear trend but rather 

a tailing-trend versus CT value at a higher rate of virus inactivation. This is assumingly 

because a small portion of the virus was protected by the water matrix, which enhanced 

the virus resistance against ozone (i.e., tailing effect). Therefore, the dose-response 

relationship in this study can only be applied to predict virus inactivation up to the 

reported range in the actual ozonation system. To predict the upper range of inactivation 

(e.g., >6-log inactivation in surface water and >3-log inactivation in secondary effluent), 

further research is required to consider how to incorporate such a protective effect of the 

water matrix into the inactivation model. 
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5. Conclusions 

 A simple plug flow assumption in the reaction tube of CQFS leads to 

underestimating the first-order rate constants of virus inactivation under laminar 

flow conditions. 

 The pseudo–first-order inactivation model that takes into account the RTD (i.e., 

laminar flow assumption) in the reaction tubes of CQFS made it possible to 

determine the inactivation rate constants equivalently to those determined by 

conventional batch system. 

 Coliphage MS2, Qβ, which are common surrogates to assess the efficiency of virus 

reduction through water treatment, were more susceptible to ozonation than 

poliovirus and coxsackievirus. This indicates that they are not conservative 

indicators to assess the inactivation of enteric viruses by the ozonation system. 

 We predicted that the ozone CT values for 4-log reduction of PV1 (0.15 mg sec L–

1), CVB3 Nancy (0.16 mg sec L–1), and CVB5 Faulkner (0.12 mg sec L–1), which 

were 166-, 156-, and 208-fold smaller than USEPA guidance manual CT values, 

respectively. 

. 
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Chapter 4 

Effect of Intratypic Variability in Free Chrorine Resistance on the Estimation of 

Overall Inactivation Efficiency of FRNA-phage GI type 

A modified version was published as: 

鳥居将太郎、片山浩之、ウイルス種内の遊離塩素耐性分布幅が全体不活化率の推

定に及ぼす影響、環境工学研究論文集、土木学会環境工学委員会、GS3-0884、

2020 

Copyright: 土木学会 

1. Introduction 

Viruses are major microbial contaminants that cause waterborne diseases (World 

Health Organization, 2011). Because of the high probability of infection with a given 

exposure, the acceptable concentration of viruses in drinking water is low (e.g., 1/90,000 

L to achieve 10–6 disability-adjusted life-year/person (World Health Organization, 2011)). 

This makes it difficult to assure the viral safety by monitoring the concentration of 

finished water. Therefore, we need an alternative framework, which is to guarantee the 

reduction or inactivation efficiency based on the virus concentration in source water. 

In urbanized water, the treated wastewater in upstream flows into a source of drinking 

water supply located at downstream. This situation is referred to as unplanned potable 

reuse, also known as de facto reuse (Soller et al., 2019) and recognized to pose a higher 

microbial risk. However, the specific regulation framework was not generally 

implemented. For example, in the United States, no federal regulations specifically 

address the co-location of drinking water treatment plants in relation to wastewater 

treatment plant discharge sites upstream of the same water source (Rice and Westerhoff, 

2015). However, based on the theoretical background of the risk assessment, the 

regulators of drinking water may choose to implement potable reuse practices. One of the 

most known potable reuse practices is the 12/10/10 rules of IPR projects in California 

(Title 22 and 17 California Code of Regulations, 2015). This rule requires to the regulators 

who discharges treated wastewater into groundwater for the purpose of indirect potable 

reuse to reduce virus concentration by 12-log through the whole treatment.   

In Japan, de facto water reuse is a general implementation and thus its risk should be 

investigated. Here, as an example, we consider the viral risk of a typical water treatment 
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train, including activated sludge process as wastewater treatment，and coagulation-

sedimentation followed by rapid sand filtration as a drinking water treatment．Previous 

measurements of virus reduction in full-scale treatment indicated that approximately 2 

log reduction of F-specific bacteriophage was observed for activated sludge process and 

no significant reduction in the chlorination of effluent (Hata et al., 2013). The 

coagulation-sedimentation provided 2 log removal of pepper mild mottle virus, 

behaving similarly with enteric viruses in this process, and the rapid sand filtration 

achieved no significant reduction (Kato et al., 2018).These studies suggest that a total 

of 8-log reduction of viruses are required during the following disinfection process. 

Chlorination (as free chlorine disinfection) is the only disinfectant in the typical 

drinking water treatment and regarded as a final barrier for the control of pathogens in 

Japan. This suggests that 8-log inactivation viruses should be achieved only by 

chlorination．Note that allocable log credit values per single treatment is up to 6-log in 

California. This suggests that the viral control relying on chlorination is inappropriate in 

terms of multiple-barriers concept. 

The efficacy of chemical disinfection against viruses and the effect of physic-chemical 

parameters, temperature, pH, etc., have been studied from several decades ago (Gerba et 

al., 2002; Meng and Gerba, 1996; Sobsey et al., 1988). In the case of chlorination, these 

studies helped U.S Environment Protection Agency (USEPA) to develop the table of 

required CT values depending on pH, temperature, and target LRV. Specifically, the 

required CT values were obtained from LRV of monodispersed hepatitis A virus (HAV) 

as the representative virus in buffered demand free water with incorporating a safety 

factor of 3 (USEPA, 2016). Previous research investigated the impact of water matrix and 

the species or genotype of viruses on the inactivation efficiency by free chlorine.  

Only a few studies, however, evaluated the disinfection susceptibilities among closely 

related strains. Single-stranded RNA (ssRNA) viruses are prone to mutate frequently 

(Sanjuan et al., 2010) due to the lack of proof-reading mechanisms during replication. For 

example, the capsid coding region, VP1, of CVB5 was reported to mutate at 0.008 

substitutions/site/year. (Hicks and Duffy, 2011). This leads to genetic discreteness of 

currently circulating viruses from the lab strain in case of Enterovirus (Lukashev et al., 

2018) and F-specific RNA coliphage (Hartard et al., 2015). These reports indicate that the 

amino acid sequence in capsid structure are diverse within the same genotype. The 

reactivity of amino acids with free chlorine has been reported to differ up to 10,000-fold 

(Dodd, 2012; Wigginton and Kohn, 2012). Considering that the damage on capsid protein 



 Chapter 4  

57 

 

leads to virus inactivation(Torrey et al., 2019; Wigginton et al., 2012; Zhong et al., 2017b) , 

it can be hypothesized that the disinfection susceptibility differs between laboratory and 

environmental strains. In fact, Meister et al., examined the inactivation of environmental 

strains of CVB5 with free chlorine. They tested a total of 6 environmental strains of CVB5 

and reported variabilities in disinfection susceptibilities. For instance, they reported an 

environmental strain possessing a 5-fold lower susceptibility against free chlorine than 

Faulkner strain. Therefore, the reliance on the inactivation data of laboratory strain might 

overestimate the inactivation of indigenous viruses. However, few studies proposed the 

framework to determine the required CT values under the existence of strains exhibiting 

different susceptibilities. 

The objective of this chapter is to compare the free chlorine susceptibilities of 

environmental strains, isolated in the river affected by the chlorinated wastewater effluent 

and laboratory strain of F-specific RNA phage GI type. Moreover, we developed the 

inactivation model to predict the overall inactivation efficiency of heterogeneous F-RNA 

phage GI strains by assuming a probability density function of free chlorine resistance. 

Note that F-specific RNA phage belongs to ssRNA viruses and thus can work as an 

indicator of biological diversity within the same species of ssRNA viruses.  
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2. Materials and methods 

2.1. Field survey 

The field survey was conducted at Tama river in May 23rd, 2018 and at Sagami River 

at September 11th, 2018. The sampling point at Tama river was located at 1 km 

downstream of Kitatamaichigo wastewater treatment plant. The sampling point in Sagami 

river was located at 300 m downstream of Samukawa drinking water treatment plant. The 

physicochemical and microbiological water quality is shown in Table 5. 

Table 5 Physicochemical and microbiological water quality in sampling point 

River 
Temperature 

(℃) 
pH 

Conductivity

(mS/m) 

Turbidity 

(NTU) 

E.coli 

(CFU/mL) 

F-specific  

bacteriophage

(PFU/mL) 

Tama river 19.5 8.09 26.4 1.13 11 0.95 

Sagami river 22.6 7.75 11.3 12.8 3 0.17 

2.2. Detection and isolation of environmental strains of F-specific RNA phages 

F-specific phages were determined from a 100 mL of sample by a single-agar-layer 

method (Grabow, 2004) using Salmonella enterica serovar Typhimurium WG49 as a host. 

Brierfly, a 100 mL of water sample pre-warmed at 37 °C was added into 2x trypton 

glucose agar and well mixed．Then, the mixture was poured into ten pieces of plates and 

incubated overnight. The number of plaques was enumerated and reported as plaque-

forming units (PFU/mL).  

The plaques were randomly isolated from agar plates using a sterilized toothpick and 

inoculated in a 1.5-ml microtube containing 500 μl of autoclaved phosphate buffer )10 

mM, pH 7.0). The microtubes were vigorously vortexed and stored as a plaque suspension 

at 4 °C until further analysis. 

2.3. Genotype of environmental F-specific phage by RT-qPCR 

RNA was extracted from 2 μl of plaque suspension by heating at 95 °C for 5 min. The 

heat treated suspension was subjected to one-step RT-qPCR using Quantitect Probe RT-

PCR kit (QIAGEN), The primers and probe specific to F-specific RNA phage GI type 
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designed by a previous study (Wolf et al., 2010) were adopted．According to the previous 

study, the samples showing Ct of < 20 were identified as GI type. This genotyping 

procedure was conducted in singlicate. The RT-qPCR runs were performed under the 

following temperature conditions: 50 °C for 15 min, 95 °C for 5 min, and 40 cycles of 

95°C for 15 sec and 60°C for 60 sec. 

2.4. Determination of free chlorine inactivation rate constants of each strain 

A total of 37 environmental strains (18 strains from Tama river, 17 strains from Sagami 

river, and 2 laboratory strain, including MS2 and fr) were examined for their free chlorine 

susceptibilities. 

2.4.1. Propagation of environmental and laboratory strains. 

The environmental and laboratory strains of GI type were propagated using E.coli 

K12A/λ (F+) as a host．The LB broth inoculated with E.coli K12A/λ (F+) at a final 

concentration of 105 CFU/mL were incubated in shaker at 37 °C for 2 hrs. Then, 50 μL of 

phage suspension was added into the E.coli suspension and incubated overnight. After 

propagation, the phage suspensions were centrifuged at 5000g for 15 min and filtered 

through a cellulose acetate filter (0.2 μm, DISMIC-25CS, Advantec, Tokyo, Japan) to 

obtain a crude stock. The concentration of each crude stock was 109 – 11 PFU/mL. The 

crude stocks were diluted by 100-fold with 10 mM phosphate buffer (referred to diluted 

stock) and used for disinfection experiments. 

2.4.2. Disinfection experiments 

Each GI strain propagated in 2.4.1 were subjected to the disinfection experiments in 

duplicate. All the glassware, including conical beaker, stirrer bar, and glass bottle, used 

for disinfection experiments were soaked with 50 mg/L of sodium hypochlorite prepare 

din 10 mM phosphate buffer and incubated overnight to quench any free chlorine demand.  

The free chlorine stock solution was prepared at the final concentration of 

approximately 100 mg/L. The concentration was measure by DPD method using DR890 

colorimeter (Hach Company, Loveland, CO). 

Free chlorine disinfection experiment was performed in a batch system at 21 ± 1 °C. 

Previous studies showed that the virus inactivation with free chlorine proceeds with 

pseudo-first order with respect to exposure (Sigstam et al., 2013; Wigginton et al., 2012)．

Our pre-experiments indicated that the inactivation of MS2 proceeded with pseudo-first 
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kinetics manner (R2=0.97). Thus, we assumed that all the tested isolates followed the 

psedo-first order kinetics with respect to CT values. 

The 20 μL of diluted stock was inoculated with 20 mL of phosphate buffer and mixed 

with stirrer for 1 min. A 1-ml of aliquot was collected and added into the 1,5 mltube 

containing 10 μL of sodium thiosulfate at a concentration of 5,000 mg/L. This sample 

was used to measure the initial virus concentration.  

After the collection of initial sample, a 200 μL of free chlorine stock solution was added 

into the reactor．A 1 mL of chlorinated sample was collected and quenched in 1.5 mL 

tube, containing 10 μL of sodium thiosulfate at a concentration of 5,000 mg/L at 60 

seconds. Then, the concentration of free chlorine was immediately measure after the 

sample collection. The decay in free chlorine was less than 5.6 %.  

The concentration of GI phage was enumerated by single agar layer method. 

2.5. Estimation of inactivation rate constants 

The inactivation rate constants were estimated by Chick-Watson model (Chick and 

Martin, 1908; Watson, 1908) as shown below. 

∂�∂� = −��	� 

N: Phage concentration (PFU mL-1) k: inactivation rate constnats (mg-1 sec-1 L)  

C: Free chlorine concentration (mg L-1) T: time (sec) η: Coefficienct of dilution 

Suppose coefficient of dilution can be set to be 1, The equantion can be transformed as 

follows. 

� = �
��
�K 

N0: Initial phage concentration (PFU mL-1) 

The inactivation rate constants k was determined by the following equation. The 

arithmetic mean of two determined values were reported. 

�2
�
 = e�
�K 

N0: Initial phage concentration (PFU mL-1) N60: Phage concentration at time 60 seconds 
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(PFU mL-1) 

k: inactivation rate constants (mg-1 sec-1 L) C: Free chlorine concentration (mg L-1) 

T: Time (seconds), Required CT values for 4 log inactivation of virus 

4 log �� (�h i�. j��) = 4�3kh�
�  

2.6. Parameter inference of the probability density function 

In this study, Two types of probability distributions (log-normal and gamma 

distributions) were assumed for the inactivation rate constant k 

� ~ 3kh�km�n3 (μ, σ) 

� ~ hn��n (α, β) 

The parameters of gamma distribution (α, β) and lognormal distribution (μ, σ) were 

inferred by moment matching estimation and maximum likelihood estimation, by fitting 

each distribution to the set of disinfection rate constants estimated in the section 2.5. The 

parameters inference, Kolmogorov-Smirnov test and the calculation of Akaike 

information criterion (AIC) were performed with an R package {fitdistrplus} (Delignette-

Muller and Dutang, 2015)． 
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2.7. Inactivation model incorporating the distribution of inactivation rate constants 

The overall inactivation of GI phage was modeled as follows. Firstly, the inactivation 

rate of a GI strain, whose inactivation rate constant is k, can be formulated by a pseudo-

first-order model. 

�
�
,
 = ��
t  ∙∙∙ (4) 

where Nk/Nk,0 indicates the inactivation rate, D indicates the CT values, and k indicates 

the inactivation rate constant. We can interpret k as the level of susceptibility to 

disinfectants; for instance, if k = 2, the strain inactivates twice faster compared with the 

strain that has k = 1. 

Therefore, we can predict the overall inactivation rate of the GI type as follows if we 

use the inactivation rate constant of MS2 for laboratory strains, 

��
 = ��
uv*�K   

kMS2: Inactivation rate constants for MS2 (mg-1 sec-1  L) 

Suppose that the inactivation rate constant, k, differs and distributes as f(k). The overall 

inactivation can be given by the arithmetic mean of the inactivation rate weighted by the 

probability density function. 

��
 = , �
�
,
 ∙ '(�)��-

 = , ��
t-


 ∙ '(�)��  

where N/N0 indicates the overall inactivation rate of CVB5. Nk/Nk,0 is the inactivation 

rate of the strain whose constant is k. 

If k distributes in log-normal manner, the equation above does not have a closed-form 

expression. The overall survival rate of CVB5 was described as eq. (8) and numerically 

simulated by summing the survival rate weighted by the probability density function. The 

numerical simulation was conducted, where n was set to be 107.  

We initially generated a total of 107 random numbers following lognormal distribution. 

Then, we assigned the obtained k to e-kCT individually and calculate the arithmetic mean 

of all the e-kCT. 
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� ~ 3kh�km�n3(w, x) 

��
 = lim�→- { ���K|}�
�

~��  ∙∙∙ (8) 

where xz is the susceptibility randomly sampled from the lognormal distribution 

3. Results and discussion 

3.1. Free chlorine disinfection experiments 

A total of 37 strains of F-specific RNA phage GI type (35 environmental strains isolated 

in the Tama river and Sagami river and two laboratory strains) were tested for free 

chlorine resistance, and the CT values required for the inactivation of 4 logs of each strain 

are shown in Figure 11. 

First, the inactivation rate constant k of the laboratory strain MS2 was 0.14 ± 0.01 (mg-

1 sec-1 L), and the 95% confidence interval of the CT value required for 4 log inactivation 

was [56.7, 74.5 (mg sec L-1)]. These values were comparable to those reported in previous 

studies22, 23) in which MS2 inactivation experiments were conducted (Sigstam et al., 

2013).  

Secondly, 13 out of 18 strains in the Tama River and all the strains (17 out of 17) in 

Sagami River were found to be resistant compared to 74.5, the upper limit of the 95% 

confidence interval for the 4 log inactivated CT value of MS2. The required CT value of 

most resistant strain for 4 log inactivation was 1.6 times higher than that of laboratory 

strain MS2. In other words, predicting the inactivation rate using laboratory strains may 

overestimate the chlorine disinfection inactivation rate. 

In addition, the inactivation rate constant of the GI environmental strains in the Sagami 

River was significantly lower than in the Tama River (Wilcoxon rank sum test: P < 0.05). 

A previous study suggested that environmental strains belonging to the GI type have 

different gene sequences in the capsid region depending on the type of fecal 

contamination (Hartard et al., 2015). Therefore, the free chlorine disinfection resistance 

of GI wild-type strains may differ with geographic differences. 

Future analysis of the genetic information of each wild strain is expected to reveal the 

differences in disinfection resistance between strains and between rivers.  
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Figure 11 4 log CTvalues for each environmental strain 

The environmental strain in each river are marked with black circles. The value of 

laboratory strain MS2 was shown with long dashed lines and fr was shown with short 

dashed lines. 

3.2. Estimation of probability distribution of inactivation rate constants 

The probability distributions of the inactivation rate constants of environmental strains 

of GI-type were estimated. 

First, the AIC was used to determine the appropriate assumption of probabilities 

distribution fitting better to the experimental results (the log-normal or gamma 

distributions) The AICs for the Tamagawa river were -107.4 and -106.9, assuming log-

normal and gamma distributions, respectively. In the Sagami River, the values were -

113.8 and -113.2, respectively. Therefore, the log-normal distribution fitter better in both 

rivers. 

The parameters for the log-normal distribution of the inactivation rate constant were 

estimated to be (μ, σ) = (-2.18, 0.15) and (-2.33, 0.07) for the Tama and Sagami rivers, 

respectively. The distribution of the generated random numbers for k is shown in Figure 

12. The P value of the Kolmogorov-Smirnov test was more than 0.05 for both, suggesting 

that they may follow a log-normal distribution. The generated random numbers for k were 
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used in the numerical calculation of the overall inactivation rate using Model 2. 

 

 

Figure 12 Violin plot of inactivation rate constants 

 

3.3. Impact of distribution of inactivation rate constants on the prediction of 

inactivation rate 

Previous studies have examined the effects of physicochemical water quality (e.g., 

water temperature and pH) on the inactivation rate constant (Cromeans et al., 2010; 

Kahler et al., 2011; Sobsey et al., 1988). However, there is no model that accounts for the 

variability due to biological differences within species. This study suggested that GI 

environmental strains in the water environment had a higher free chlorine resistance than 

laboratory strains and that the free chlorine resistance were different among strains. 

Therefore, the overall GI-type inactivation rate should be predicted by Model 2, which 

accounts for biological variation. On the other hand, in actual water quality control, the 

overall inactivation rate is estimated based on the laboratory strains (Model 1). Therefore, 

a comparison between the two models to reveal problems with current water quality 

management that do not account for the distribution of inactivation rate constants. 

Figure 13 shows the relationship between CT values and overall inactivation rates for 

Model 1 and Model 2. The CT values required for 4 log and 8 log inactivation were 

predicted to be 65 and 129 (mg sec L-1) for Model 1, respectively. On the other hand, 

Model 2 predicted values of 90, 197 (Tama River), 98, and 201 (Sagami River) (mg sec 

L-1), respectively. It was suggested that a large CT value should be applied to achieve the 
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same degree of inactivation in actual water treatment. In other words, the microbial cotrol 

based on the inactivation rate of the GI laboratory strain, MS2, overestimates the 

inactivation of various GI types in the actual treatment The deviations are larger at higher 

assumed inactivation rates. For example, when GI-type phages in the Tama and Sagami 

rivers were disinfected with the CT value which achieves 8 log inactivation of laboratory 

strain MS2, the overall inactivation rate was limited to be 5.6 and 5.3 log, respectively. 

The information on the variation in free chlorine resistance within species should be taken 

into account when estimating the inactivation rate of actual environmental samples. 

The next point is the need for further investigation of the uncertainties in the 

assumptions of the log-normal distribution and the limit calculations. In predicting high 

inactivation rates, the estimation of the skirts of the distribution of the inactivation rate 

constants affects the overall inactivation rate. Therefore, it is necessary to carefully 

evaluate the validity of the parameter estimation method and the setting of n in the limit 

calculation (e.g., how large n should be estimated for the predicted inactivation rate to 

fully reflect the assumptions of the lognormal distribution) when the model is used in 

practice. 

Further studies are required in terms of two viewpoints. First, it is necessary to 

investigate the variability in inactivation rate constants of enteric viruses, which are risk 

factors in actual water treatment. The results of this study suggest that the free chlorine 

resistance of noroviruses and enteroviruses, possessing single-stranded RNA, may have 

a variability in free chlorine resistance. Existing inactivation models need to be developed 

by investigating the tolerance distribution range of wild strains. 

The next point is the need for further investigation of the uncertainties in the 

assumptions of the log-normal distribution and the limit calculations. In predicting high 

inactivation rates, the estimation of the lower-tail of the distribution affects the overall 

inactivation rate, especially at the higher inactivation rate. Therefore, it is necessary to 

carefully evaluate the variability of the parameter estimation method and the setting of n 

in the limit calculation (e.g., how large n should be estimated for the predicted inactivation 

rate to fully reflect the assumptions of the lognormal distribution) when the model is used 

in practice. 



 Chapter 4  

67 

 

 

Figure 13 Overall inactivation of GI phage 

Model 2, Tama: Overall inactivation in Tama river 

Model 2, Sagami: Overall inactivation in Sagami river 

4. Conclusions 

Environmental strains belonging to the F-specific RNA bacteriophage type GI were 

isolated and tested for free chlorine resistance in the Tama and Sagami rivers, where the 

chlorinated secondary effluent occupied a large part of flowing. The results showed that 

(i) the chlorine resistance of 13 of 18 environmental strains in the Tama River and all 17 

straubs in the Sagami River was significantly higher than that of laboratory strain MS2. 

(ii) when GI wild-type strains in the Tama and Sagami rivers were disinfected with CT 

values that achieves 8 log inactivation of laboratory strain MS2, the overall inactivation 

rate was estimated to be only 5.6 and 5.3 logs, respectively. Therefore, the estimation of 

the inactivation efficiency based on the laboratory strain MS2 may overestimate the actual 

inactivation rate by 2.4 - 2.7 log. Considering that the findings of experiments with 

laboratory strains are generally used to discuss the disinfection effect of viruses, the 

information on the variation in free chlorine resistance within species should be taken 

into account when estimating the inactivation rate of actual environmental samples. 

 



 Chapter 6  

102 

 

Chapter 6 

Conclusions 

Virus is one of the major causative agents of waterborne diseases. Due to its low 

infectious dose, the acceptable concentration in drinking water is extremely low. This 

requires the regulators to achieve a high reduction through water treatment The 

conventional physical treatment has limited capacity to remove viruses in full-scale 

treatment plants. Thus, the current treatment system virtually relies on the disinfection 

process, such as chlorination, ultraviolet irradiation, and ozonation, for reducing viruses. 

Therefore, the efficacy and potential uncertainty of disinfection efficiency on virus 

reduction should be carefully examined.  

The present dissertation filled the research gaps related to the kinetics of virus 

inactivation by disinfection in drinking water and also highlighted the importance of the 

reconsideration on inactivation kinetics of viruses by disinfectants. 

1. Inactivation kinetics of waterborne virus by ozone 

 A simple plug flow assumption in the reaction tube of CQFS leads to 

underestimating the first-order rate constants of virus inactivation under laminar 

flow conditions. 

 The pseudo–first-order inactivation model that takes into account the RTD (i.e., 

laminar flow assumption) in the reaction tubes of CQFS made it possible to 

determine the inactivation rate constants equivalently to those determined by the 

conventional batch system. 

 Coliphage MS2, Qβ, which are common surrogates to assess the efficiency of virus 

reduction through water treatment, were more susceptible to ozonation than 

poliovirus and coxsackievirus. This indicates that they are not conservative 

indicators to assess the inactivation of enteric viruses by the ozonation system. 

 We predicted that the ozone CT values for 4-log reduction of PV1 (0.15 mg sec L–

1), CVB3 Nancy (0.16 mg sec L–1), and CVB5 Faulkner (0.12 mg sec L–1), which 

were 166-, 156-, and 208-fold smaller than USEPA guidance manual CT values, 

respectively. The required CT values should be reconsidered to minimize the 

health risks and operational costs simultaneously. 
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2. Effect of Intratypic Variability in Free Chrorine Resistance on the Estimation 

of Overall Inactivation Efficiency of FRNA-phage GI type 

 A total of 30 strains (out of 35 strains) of F-RNA phage GI exhibited higher free 

chlorine resistance than MS2 and fr, laboratory strains of GI phage. 

 The developed model, incorporating the heterogeneity in free chlorine 

susceptibility, suggested that the overall inactivation efficiency of GI phages was 

limited to 5.6 log and 5.3 log in Tama and Sagami river, respectively, in the case 

that 8 log MS2 inactivation was expected. 

 The heterogeneity in free chlorine resistance within specific reference pathogens 

should be incorporated into the model to accurately predict the inactivation 

efficiency in environmental water. 

3. Impact of the heterogeneity in free chlorine, UV254, and ozone susceptibility 

among coxsackievirus B5 on the prediction of the overall inactivation efficiency 

 Environmental strains of coxsackievirus B5 (CVB5) in genogroup B exhibited 

significantly lower susceptibility against free chlorine and ozone than CVB5 

genogroup A, to which the laboratory strain of CVB5 (Faulkner strain) belong. 

This indicates that CVB5 Faulkner should not be regarded as the “most” chlorine 

or ozone resistant virus”. 

 The lower susceptibility in genogroup B may be attributable to the low reactivity 

of capsid protein. The free chlorine and ozone susceptibility were associated with 

the number of sulfur-containing amino acid (i.e. cysteine and methionine), which 

are readily reacted with oxidants.  

 The disinfection susceptibilities among CVB5 strains were variable in free 

chlorine and, by contrast, nearly constant in UV254. This difference in variability 

among disinfectants provided a novel viewpoint; The prediction of inactivation 

efficiency by UV254 is not likely to be affected by the biological heterogeneity 

while that by free chlorine might fail due to the variety in susceptibilities within 

CVB5 strains. 

 Free chlorine susceptibility was positively correlated with ozone susceptibility. 

This was attributable to the similarity in the inactivation mechanism (i.e., oxidation 
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of the capsid). This means that the infective viruses that remained after ozonation 

may exhibit lower free chlorine susceptibility. This leads to overestimating the 

inactivation efficiency by the free chlorine that follows ozonation in actual water 

treatment train because the microbial inactivation credit is allocated to each water 

treatment independently. Moreover, this suggested a potentially robust multiple-

barrier treatment, such as UV254 and one of FC or ozone, not the combination of 

free chlorine and ozone. 

 We expanded the Chick-Watson model to predict the inactivation efficiency of 

heterogeneous CVB5 by assuming a probability density function (gamma or 

lognormal) of inactivation rate constants (k). The model showed how dangerous it 

is to assume the homogeneous susceptibility when predicting the virus inactivation 

of a specific reference pathogen. For example, the model indicated that 2.8 – 4.2-

fold of free chlorine CT is required to fulfill the 6-log overall inactivation of 

heterogeneous CVB5 strains compared to that for CVB5 Faulkner. This effect is 

striking in free chlorine due to the higher variability in susceptibility than UV254 

and ozone. 

4. Overall conclusions 

The findings of this dissertation provided two implications for the more accurate 

determination of inactivation efficiency during disinfection process. 

 Implications for meta-analysis of inactivation rate constants 

The findings on the inactivation kinetics of viruses by disinfectants have been 

accumulated since the 1980s. Currently, several studies tried to wrap up these studies by 

systematic review and meta-analysis (Boehm et al., 2019; Espinosa et al., 2020; Hijnen 

et al., 2006; Kadoya et al., 2020; Rachmadi et al., 2020). However, they also observed 

great inter-study variability in the inactivation kinetics. Although the standpoint of the 

meta-analysis is to accept the inconsistency among studies as the inherent variability that 

the disinfectants originally have, the understanding of the fundamental factors producing 

the variability can contribute to more precise prediction. For example, Chapter 3 in this 

dissertation pointed out that the observed discrepancy (up to 72-fold) of virus inactivation 

kinetics by ozone was due to the inappropriate calculation of CT values of previous 

studies; the heterogeneity in t in the CSTR was not taken into account. This finding can 

improve the criteria for data extraction (whether the reviewer of meta-analysis includes 
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the corresponding data or not) during a systematic review process. 

 Implications for advanced disinfection control 

The overdosing of disinfectants is accepted as a safer approach from the viewpoint of 

microbial risks; however, it results in increased operational cost. The integrated 

disinfection design framework aims to control the disinfectant exposure time by time to 

appropriately balance under-treatment and over-treatment, resulting in providing 

environmental and economic benefits in water treatment (Bellamy et al., 1998; Manoli et 

al., 2019). 

The precisely meta-analyze inactivation rate constants and their distribution can be 

incorporated into IDDF. The IDDF concept was created to determine the required 

disinfectant dose and contact time site-specifically. The main three components include,  

1. Disinfectant demand and decay rate 

2. Inactivation kinetics of target pathogen  

3. Hydraulics of disinfection contactor 

The comprehensive consideration of these factors can theoretically predict the virus 

inactivation at the actual treatment (Bellamy et al., 2000a).  

The outcomes of this dissertation can be also interpreted as a further improvement in 

the IDDF concept. Specifically, Chapter 3 recommended the reconsideration of k values 

adopted in the ozone disinfection of viruses. Chapter 4 and 5 proposed other models that 

allow for incorporating the distribution of k in which the target pathogen inherently has. 

The upgraded IDDF was proposed in Figure 25. 

Further studies thus should identify the fundamental factors affecting the existing 

discrepancy among studies. The accumulation and summarization of factors affecting 

heterogeneity are expected to contribute to more precise and flexible prediction of 

inactivation efficiency.  

Consequently, the application of the proposed IDDF provides the mechanistic rationale 

on the current empirical-based disinfection in water treatment. This leads to the more 

precise prediction of virus inactivation efficiency and the optimization of water treatment. 
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Figure 25 Integrated disinfection design framework (IDDF) modeling approach  
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Appendix 

Applicability of polyethylene glycol precipitation followed by acid guanidinium 

thiocyanate-phenol-chloroform extraction for the detection of SARS-CoV-2 RNA 

from municipal wastewater 

A modified version was published as: 

Torii, S., Furumai, H., Katayama, H., 2020. Applicability of polyethylene glycol 

precipitation followed by acid guanidinium thiocyanate-phenol-chloroform extraction for 

the detection of SARS-CoV-2 RNA from municipal wastewater. Sci. Total Environ. 

143067. 

Copyright: [2020] Elsevier 

1. Introduction 

The ongoing disease outbreaks caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) have tremendous damage to global health and world 

economics. The main transmission of the respiratory viruses is via close contact with 

respiratory secretions expelled by an infected person (World Health Organization, 2020). 

Although the respiratory viruses predominantly caused respiratory diseases, the SARS-

CoV-2 genome was detected not only from the respiratory tract but also from stools (Chan 

et al., 2011; Wölfel et al., 2020). Therefore, the detection of human pathogenic viruses 

from wastewater suggests the presence of infected people in the catchment area. This 

approach has been expected to be feasible to evaluate the eradication of poliovirus in the 

community (Lodder et al., 2012) and the prevalence of norovirus, (Kazama et al., 2016) 

known as wastewater-based epidemiology (WBE). Currently, the monitoring of the 

SARS-CoV-2 concentration is expected to be a powerful tool for the early detection of 

outbreaks and the prediction of prevalence in the catchment (Kitajima et al., 2020; 

Murakami et al., 2020; Rusiñol et al., 2020). 

Recent studies have detected SARS-CoV-2 in the raw sewage or secondary effluent by 

applying primary concentration methods followed by RNA extraction and reverse 

transcription (RT)-quantitative polymerase chain reaction (qPCR) (Ahmed et al., 2020a; 

Haramoto et al., 2020; Medema et al., 2020; Randazzo et al., 2020; Sherchan et al., 2020). 

The adopted primary concentration methods included polyethylene glycol precipitation 

(PEG) (Lewis and Metcalf, 1988), ultrafiltration (UF) (Ikner et al., 2011), electronegative 
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membrane vortex (EMV) (Haramoto et al., 2020), and adsorption–extraction methods 

(Ahmed et al., 2020a). Toward a broad application of WBE, the whole process for the 

quantification of viruses should be cost effective with high efficiency. 

The conventional primary concentration has been optimized to detect waterborne 

enteric viruses, which are mostly nonenveloped. Enveloped viruses possess a lipid 

membrane at the outermost layer, thus exhibiting different physical properties (i.e., more 

hydrophobic) from nonenveloped viruses (Lytle and Routson, 1995). Few studies have 

evaluated the applicability to the recovery of enveloped viruses from water. A previous 

study adopted the filter-lysis method and struggled with efficient recovery of enveloped 

viruses: poliovirus (nonenveloped) for 45% versus koi herpes virus (enveloped) for 3.6% 

(Haramoto et al., 2009). Thus, the conventional process should be optimized for the 

efficient recovery of enveloped viruses. 

A recent study compared a variety of concentration methods for the recovery of murine 

hepatitis virus (MHV), a surrogate of SARS-CoV-2, from raw sewage (Ahmed et al., 

2020b). They reported the highest MHV recovery rate for the adsorption–extraction 

methods with MgCl2 pretreatment (65.7%). They also reported a 56.0% recovery for the 

UF using Amicon Ultra-15 centrifugal filter device. Although these methods achieved a 

recovery efficiency high enough for detecting enveloped viruses in the raw sewage, 

expensive equipment (e.g., bead-beating system) and costly consumable supplies (e.g., 

centrifugal device) are needed for sample processing. Hence, the primary concentration 

methods that can be used in low-resource settings should be developed. Moreover, 

previous studies did not investigate how the water quality and the type of the molecular 

process affect the whole recovery efficiency of enveloped viruses. Thus, the recovery 

efficiency of enveloped viruses from the raw sewage should be further validated. 

Bacteriophage φ6 is an enveloped double-stranded RNA virus, with a diameter of 85 

nm, belonging to Cystoviridae, infecting gram-negative Pseudomonas syringae. To 

evaluate the recovery efficiency during primary concentration and the persistence in the 

aqueous phase, this virus has been frequently used as a surrogate for pathogenic 

enveloped viruses (i.e., human coronavirus and influenza virus) (Casanova and Weaver, 

2015a; Ye et al., 2016). A recent study adopted it as a molecular process control (MPC) 

(Sherchan et al., 2020). Moreover, φ6 and its host, Pseudomonas syringae, are not 

pathogenic to humans and require minimal containment for laboratory facilities (i.e., 

BSL1) (Casanova and Weaver, 2015b). Finally, φ6 can be propagated within 1 day with 

high titers (up to 1010 PFU/mL); thus, it can be practically used as a surrogate for the 
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human pathogenic enveloped viruses. 

This study aims (1) to compare the combination of primary concentration (UF, EMV, 

and PEG) and RNA extraction (QIAamp Viral RNA Mini Kit and TRIzol) for the whole 

process recovery of nonenveloped and enveloped virus surrogates and (2) to test the 

applicability of the method providing the highest φ6 recovery to detect SARS-CoV-2 

RNA from the raw sewage. In this study, F-specific coliphage MS2, as a surrogate of 

nonenveloped viruses, and Pseudomonas phage φ6, as a surrogate of enveloped viruses, 

were adopted as a whole process control (WPC) (Haramoto et al., 2018). Furthermore, 

the murine norovirus (MNV) was used as an MPC to evaluate the inhibitory effects or 

recovery loss during the RNA extraction and RT-qPCR process. 

2. Materials and Methods 

2.1. Preparation of coliphage MS2, Pseudomonas phage φ6, and murine norovirus 

Bacteriophage MS2 (NBRC 102619, National Institute of Technology and Evaluation 

(NITE), Tokyo, Japan) was propagated as described elsewhere (Torii et al., 2019a). 

Pseudomonas phage φ6 (NBRC 105899, NITE) was propagated using Pseudomonas 

syringae (NBRC14084, NITE) as a host strain. Briefly, 3 mL of phosphate buffer (PB) 

(10 mM, pH 7.0) was added on the soft LB plates (0.7% agar) semiconfluent with φ6 

plaques (approximately 1000 plaques/plates) and incubated at room temperature for 5 h. 

The suspension and soft agar were then removed from the plate and transferred to a 

centrifuge tube. Next, 10 mL of recovered viruses were clarified by centrifugation at 3500 

g for 15 min and filtered through a cellulose acetate filter (0.2 μm, DISMIC-25CS, 

Advantec, Tokyo, Japan). MNV S7-PP3 strain was propagated using RAW.264.7 cell as 

a host (Kitajima et al., 2008). The concentrations of propagated stocks were 

approximately 1011 PFU/mL, 5 × 109 PFU/mL, and 1011 copies/mL for MS2, φ6, and 

MNV, respectively. The propagated stocks were stored at 4°C. Before the primary 

concentration, the MS2 and φ6 stocks were diluted by 1000-fold and 100-fold, 

respectively, to prepare the diluted stocks. 

2.2. Raw sewage 

Three raw sewages were used for the comparison: raw sewage A was a grab sample 

collected from the influent of a wastewater treatment plant (WWTP) located in Niigata 
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Prefecture, raw sewage B was a composite sample collected from the influent of a WWTP 

located in Kanagawa Prefecture, and raw sewage C was a composite sample collected 

from the influent of WWTP located in Tokyo metropolis. The composite samples of raw 

sewage at wastewater treatment plants B and C were generated as below. At wastewater 

treatment B, raw sewage was collected on May 11, 13, 18, 25, and 27 and June 1 and 3. 

An approximately 200 mL of each raw sewage was stored at −20°C before compositing. 

At wastewater treatment C, raw sewage was collected on May 13, 18, 22, 25, and 28 and 

June 1, 4, 10, 24, and 30. An approximately 150 mL aliquot of each raw sewage was 

stored at −20°C. The stored aliquots were thawed and mixed well to generate composite 

samples. The resultant composite samples were stored at −20°C before the primary 

concentration. The physicochemical water qualities of each raw sewage is shown in Table 

18. All the samples were stored at −20°C until the primary concentration. 

 

Table 18 Physicochemical water quality parameters of each raw sewage 

Raw sewage pH Total suspended solids (TSS) (mg/L)a UV260 

A 7.56 225 ± 27 0.231 

B 8.19 344 ± 41 0.583 

C 8.45 334 ± 49 0.529 
aTSS was measured three times. Average and standard deviation are described. 

2.3. Primary concentration 

Three primary concentration methods were tested: ultrafiltration after pre-

centrifugation (UF), electronegative membrane vortex (EMV), and polyethylene glycol 

precipitation after pre-centrifugation (PEG). 

A 50-mL (for UF and EMV) or 40-mL (for PEG) of raw sewage was inoculated with 

1/1000 amount of diluted stocks of MS2 and φ6 (i.e., 50 μL for UF and EMV, 40 μL for 

PEG) and incubated at 4 °C for 1.5 h – 2.5 h. For a single day, ranging from 4 to 14 of 

aliquots of spiked raw sewage were prepared. As a control, 50 mL of MilliQ water spiked 

with 50 μL of diluted stocks of MS2 and φ6 were prepared in duplicate every single day. 

The incubation of raw sewage for 1.5–2.5 h is expected to reach the liquid–solid 

partitioning of spiked viruses at equilibrium, which allows for mimicking the actual 

partitioning conditions of viruses in raw sewage (Ye et al., 2016). The procedure of each 

primary concentration method was conducted four times per type of raw sewage (i.e., raw 

sewages A, B, and C). 
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UF: A 50-mL aliquot of raw sewage was centrifuged at 3500 g for 15 min to remove 

large particles. The supernatant was further centrifuged at 3500 g for 20 min to filter 

through the Centricon Plus-70 centrifugal device with a molecular cutoff of 30 kDa 

(Merck Millipore, Billerica, MA, USA). The final volume of the concentrates ranged 

from 0.17 to 0.21 mL. Thus, the concentration factor in UF ranged from 237- to 294-fold. 

EMV: EMV was performed based on a previous study (Haramoto et al., 2020). A 50 

mL aliquot of raw sewage inoculated with 500 μL of 2.5 M MgCl2 was filtered through a 

mixed cellulose-ester membrane (HAWP04700, pore size, 0.45 μm; diameter, 47 mm; 

Merck Millipore) by vacuum aspiration. Subsequently, 10 mL of elution buffer, 

containing 0.2 g/L of sodium polyphosphate, 0.3 g/L of ethylenediaminetetraacetic acid 

trisodium salt trihydrate (C10H13N2O8Na3 3H2O), and 0.1 mL/L of Tween 80, was added 

to the filtered membrane in a 50-mL centrifuge tube. Elution was performed by vigorous 

vortexing using a football-shaped stirring bar. This step was repeated using a 5 mL of 

elution buffer after transferring a 10-mL of eluent to a different centrifuge tube. The 

resultant eluent (approximately 15 mL) was centrifuged at 2,000 g for 10 min at 4°C. The 

supernatant was filtered through a cellulose acetate filter (0.2 μm, DISMIC-25CS, 

Advantec, Tokyo, Japan). The filtrate was centrifuged at 1,500 g for 10 min twice 

followed by 5 min in a Centriprep YM-50 UF device (Merck Millipore) for concentration. 

The final volume of the concentrate ranged from 0.64 to 4.38 mL. Thus, the concentration 

factor in EMV ranged from 11.4- to 78.1-fold. 

PEG: A 40-mL aliquot of raw sewage was centrifuged at 3,500 g for 5 min to remove 

large particles. The supernatant was supplemented with 4 g of PEG8000 (Sigma-Aldrich , 

MO, USA) and 2.35 g of NaCl (Wako, Osaka, Japan) to the final concentrations of 10% 

(w/v) and 1.0 M, respectively, and incubated at 4 °C overnight in a shaker (Hata et al., 

2020). Thereafter, the mixture was centrifuged at 10,000 g for 30 min. The pellet was 

resuspended with 10 mM PB. The final volume of the concentrate ranged from 0.42 to 

0.8 mL. Thus, the concentration factor in PEG ranged from 50- to 95-fold. 

After each primary concentration, the resultant concentrate and control samples were 

stored at -20 °C until the molecular process. Freeze-thawing of primary concentrates was 

limited up to once. 

2.4. RNA extraction 

For the section 3.1, two types of viral RNA extraction methods were tested: spin 
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column-based nucleic acid purification using QIAamp Viral RNA Mini Kit (QIAGEN, 

Hilden, Germany) and acid guanidinium thiocyanate–phenol–chloroform extraction 

(Chomczynski and Sacchi, 1987) using TRIzol reagent (Thermo Fisher Scientific, MA, 

USA). First, a 140-μL aliquot of the virus concentrate was seeded with 5 μL of 

nonenveloped MNV (corresponding to 4.32 ± 0.19 copies) as an MPC. As a control, a 

140-μL aliquot of MilliQ spiked with the same amount of MNV was prepared in duplicate. 

The comparison of MNV concentrations between concentrated samples and control 

samples allows to evaluate the molecular process recovery ratio as described in 2.6. The 

spiked concentrates were processed following the manufacturer’s instruction to obtain an 

RNA extract with a final volume of 60 μL. Thus, the concentration factor in the RNA 

extraction process was 2.3-fold. The extracted RNA was subjected to the RT process 

within the same day. 

2.5. RT-qPCR 

Before the RT-qPCR step, the RNA was incubated at 95°C for 5 min followed by 4°C 

for 1 min (Mijatovic-Rustempasic et al., 2013) to denature dsRNA of φ6. A preliminary 

investigation indicates that the heating step did not significantly affect the quantification 

results of MS2 suspended in MilliQ water (data not indicated). 

First, 20 μL of the RNA extract was subjected to the RT step. A High-Capacity cDNA 

RT Kit (Thermo Fisher Scientific) was used to obtain cDNA with a final volume of 40 

μL. The concentration factor in RT process was 0.5-fold. The obtained cDNA was stored 

at 4°C and subjected to qPCR within 2 days. 

Then, TaqMan™ Gene Expression Master Mix was used to perform qPCR following 

the manufacturer’s protocol. A 5 μL of the cDNA was mixed with 15 μL of the reaction 

mixture containing 10 μL of the master mix, virus-specific forward primers and reverse 

primers, and TaqMan probe. The sequence of primers and the probe (Gendron et al., 2010; 

Kitajima et al., 2008; Wolf et al., 2010) were described in Table 19. The conditions of 

thermal cycling were as follows: 50°C for 2 min and 95°C for 10 min, followed by 45 

cycles of 94°C for 15 sec and 60°C for 60 sec (for quantification of MS2 and φ6), or 

followed by 94°C for 15 sec and 56°C for 60 sec (for MNV quantification). 
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Table 19 The primers and probes for qPCR assays 

Assay Function Name Sequence (5’ – 3’) Product 

length 

Citation 

MS2 F VTB4-FphGIf GTCCTGCTCRACTTCCTGT 91 (Wolf et 

al., 2010) 
 R VTB4-FphGIr ATGGAATTSCGGCTACCTACA  

 P VTB4-

FphGIprobe 

FAM- 

CGAGACGCTACCWTGGCTATCGC 

-BHQ1 

 

φ6 F φ6Tfor TGGCGGCGGTCAAGAGC 

 

100 (Gendron 

et al., 

2010) 

 R φ6Trev GGATGATTCTCCAGAAGCTGCTG  

 P φ6Tprobe FAM- 

CGGTCGTCGCAGGTCTGACACTCGC 

-BHQ1 

 

MNV F MKMNVF CGGTGAAGTGCTTCTGAGGTT 60 (Kitajima 

et al., 

2008) 
 R MKMNVR GCAGCGTCAGTGCTGTCAA  

 P MKMNVP FAM- 

CGAACCTACATGCGTCAG 

-MGB-NFQ 

 

NIID_ 

2019-

nCOV_n 

F NIID_2019-

nCOV_N_F2 

AAATTTTGGGGACCAGGAAC 158 (Shirato et 

al., 2020) 

R NIID_2019-

nCOV_N_R2ver3 

TGGCACCTGTGTAGGTCAAC  

P NIID_2019-

nCOV_N_P2 

FAM-  
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ATGTCGCGCATTGGCATGGA 

-BHQ1 

CDC N1 F 2019-nCoV_N1-

F 

GACCCCAAAATCAGCGAAAT 73 (Centers 

for Disease 

Control 

and 

Prevention, 

2020) 

 R 2019-nCoV_N1-

R 

TCTGGTTACTGCCAGTTGAATCTG  

 P 2019-nCoV_N1-

P 

FAM-

ACCCCGCATTACGTTTGGTGGACC-

BHQ1 

 

CDC N2 F 2019-nCoV_N2-

F 

TTACAAACATTGGCCGCAAA 67 (Centers 

for Disease 

Control 

and 

Prevention, 

2020) 

 R 2019-nCoV_N2-

R 

GCGCGACATTCCGAAGAA  

 P 2019-nCoV_N2-

P 

FAM-

ACAATTTGCCCCCAGCGCTTCAG 

-BHQ1 

 

CDC N3 F 2019-nCoV_N3-

F 

GGGAGCCTTGAATACACCAAAA 72 (Centers 

for Disease 

Control 

and 

Prevention, 

2020) 

 R 2019-nCoV_N3-

R 

TGTAGCACGATTGCAGCATTG  

 P 2019-nCoV_N3-

P 

FAM- 

AYCACATTGGCACCCGCAATCCTG 

-BHQ1 
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A standard curve generated from tenfold serial dilution of standard DNA (plasmid DNA 

or oligo DNA) containing the target sequence (105–101 or 5 × 105 to 5 × 100 

copies/reaction) was used to determine the number of viral genome copies per qPCR 

reaction. A negative control was included in all qPCR assays. The amplification 

efficiencies for MS2, φ6, and MNV averaged 93.5%, 97.2%, and 99.8%, respectively. 

The coefficient of determination (R2) for MS2, φ6, and MNV assay averaged 0.998, 0.999, 

and 0.999. 

To test the impact of RT-qPCR kit on the whole or molecular process recovery (see 

section 3.3), the RT-qPCR steps described earlier (referred to Method 1) was compared 

with one-step RT-qPCR using QuantiTect Probe RT-PCR kit (QIAGEN) (Method 2). 

Method 2 was performed following the manufacturer’s instruction. A 5 μL of the RNA 

extract was mixed with 15 μL of the reaction mixture, containing 10 μL of master mix 

(QIAGEN), 0.2 μL of QuantiTect RT mix, virus-specific forward primers and reverse 

primers, and TaqMan probe. The conditions of thermal cycling were as follows: 50°C for 

30 min and 95°C for 15 min, followed by 45 cycles of 94°C for 15 sec and 60°C for 60 

sec (for quantification of MS2 and φ6), or followed by 94°C for 15 sec and 56°C for 60 

sec (for MNV quantification). 

2.6. Calculation of whole process recovery and molecular process recovery 

The whole process recovery ratio (W), molecular process recovery ratio (M), and 

sample limit of detection (SLOD) (copies/mL) were presented as Eq. (1), (2), and (3), 

respectively. The cDNA concentration of MS2 and φ6 in control were measured by 

QIAamp Viral RNA Mini Kit, followed by RT-qPCR and were 5.55 ± 0.31 log and 5.61 

± 0.27 log copies/mL, respectively. The comparison of virus concentrations between 

concentrated samples and control allows for the evaluation of the whole process recovery 

ratio as described below. 

� = ����_�������_���･|             Eq. (1) 

5 = ����_u������_u��               Eq. (2) 

�j�� = ���t�･|              Eq. (3) 
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where Cobs_WPC indicates the cDNA concentration of WPC in concentrated samples 

(copies/mL), Cini_WPC indicates the cDNA concentration of WPC in the control sample 

(copies/mL), x the concentration factor during the whole process (primary concentration, 

RNA extraction, and RT), Cobs_MPC indicates the cDNA concentration of MPC in 

concentrated samples (copies/mL), Cini_MPC indicates the cDNA concentration of MPC in 

the control sample (copies/mL) and ALOD indicates the assay limit of detection defined 

as the minimum copy number with a 95% probability detection (copies/mL). 

The concentrated samples and corresponding control samples were always subjected 

to RT-qPCR simultaneously to avoid the potential bias on the whole and molecular 

process recovery ratio. Furthermore, the number of freeze-thawing (i.e., none or once) 

was made consistent between concentrated and control samples. 

2.7. Detection of SARS-CoV-2 RNA from raw sewage 

2.7.1. Refinement of PEG+TRIzol by RNeasy PowerMicrobiome Kit 

The PEG + TRIzol method was slightly modified by combining TRIzol LS reagent 

(Thermo Fisher Scientific) with RNeasy PowerMicrobiome Kit (QIAGEN) (TRIzol + 

RNeasy PowerMicrobiome Kit). This method contains two steps: sample lysis by TRIzol 

LS reagent and RNA precipitation, purification and elution using RNeasy 

PowerMicrobiome Kit. The theoretical advantages of this method are to increase the input 

volume for RNA extraction, which contribute to minimize the SLOD, and to reduce the 

sample processing time compared to TRIzol. 

Specifically, a 250 μL aliquot of PEG concentrate was mixed with 750 μL of TRIzol 

LS reagent and vigorously vortexed for 30 s. After a 5 min incubation, 200 μL of 

chloroform was added to the mixture and vigorously vortexed for 15 s. The mixture was 

then centrifuged at 12,000 g for 15 min at 4°C. A colorless upper aqueous phase was 

mixed with 150 μL of solution IRS, which is designed to effectively remove PCR 

inhibitors (Ahmed et al., 2020b). Thereafter, the RNA was precipitated and filtered 

through a silica-based column followed by washing and elution, as described in the 

manufacturer’s instructions, without DNase treatment. The final volume of eluted RNA 

was 60 μL. Thus, the concentration factor of this process was 4.2-fold. 

The applicability of PEG + TRIzol + RNeasy PowerMicrobiome Kit was confirmed by 

raw sewages A, B, and C. The whole process recovery of φ6 was evaluated in duplicate 

for each raw sewage. The RT-qPCR process follows method 1 (two-step RT-qPCR using 
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High-Capacity cDNA Reverse Transcription Kit and TaqMan™ Gene Expression Master 

Mix).  

2.7.2. Processing of raw sewage from COVID-19 epidemic areas 

A 400–500 mL of grab sample of raw sewage was collected on June 30, July 6, 16, 22, 

and 29; and August 5, 2020 at municipal WWTPs D and E, located in Tokyo Metropolis, 

Japan. The samples were stored at −20°C until processing. A total of 12 samples were 

further processed as below. 

A 40-mL aliquot of each raw sewage was concentrated by PEG. Then, a 250 μL of the 

concentrate was processed by TRIzol + RNeasy PowerMicrobiome Kit to obtain a 60 μL 

of RNA extract.  

Then, 35 μL of RNA extract was subjected to RT to obtain 70 μL of cDNA as a final 

volume. Four published assays (NIID_2019-nCOV_n, CDC N1, CDC N2, and CDC N3 

assays(Centers for Disease Control and Prevention, 2020; Shirato et al., 2020)) were 

performed to detect the SARS-CoV-2 RNA from raw sewage. We also tested the whole 

process recovery ratio of φ6. 

A standard curve generated from tenfold serial dilution of standard DNA [plasmid DNA 

(Integrated DNA Technologies) for CDC assays and gBlocks for NIID assay] containing 

the target sequence (5 × 104 to 5 × 100 copies/reaction) was used to determine the number 

of viral genome copies per qPCR reaction. Negative control was included in duplicate in 

all qPCR assays. The amplification efficiencies for NIID_2019-nCOV_n, CDC N1, CDC 

N2, and CDC N3 averaged 97.1%, 94.5%, 92.2%, and 95.2%, respectively. The 

coefficient of determination (R2) for NIID_2019-nCOV_n, CDC N1, CDC N2, and CDC 

N3 averaged 0.995, 0.995, 0.999, and 0.998, respectively. The assay limit of 

quantification (ALOQ) (i.e., lowest copy number detected at 100%) was 1 copies/μL. 

2.8. Statistical analysis 

Paired t-test and analysis of variance (ANOVA) were conducted using R (R Core Team, 

2019).  
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3. Results and discussion 

3.1. Whole process recovery ratio of MS2 and φ6 

The comparisons among the combination of primary concentration and RNA extraction 

methods were performed as shown in Figure 26. For each type of raw sewage, three 

primary concentration methods were performed four times. Each primary concentrate was 

then subjected to two types of RNA extraction methods. Note that UF concentration was 

performed separately to conduct both RNA extraction methods; The limited volume of 

single UF concentrate (i.e., 170 – 210 μL) did not allow for conducting both methods, 

which requires a total of 280 μL of concentrate. UF+TRIzol was not performed for raw 

sewage A due to the limited amount of the sample. 

 

Figure 26 Flow diagram of sample processing for the comparison of whole process 

recovery ratio 

The concentration factor in each process was described as **-fold, below the name of 

the processing.   
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The whole process recovery ratio of MS2 and φ6 by each method (primary 

concentration + RNA extraction) as a function of the type of raw sewage is shown in 

Figure 27Figure 27. The mean log whole process recovery ratio along with its 

corresponding standard deviation (SD) is shown in Table 20.  

PEG + TRIzol provided the highest mean φ6 recovery ratio of −0.38 ± 0.13 log (41.6%), 

−0.53 ± 0.23 log (29.8%), and −0.30 ± 0.31 log (49.8%) for raw sewages A, B, and C, 

respectively. The second highest recovery was achieved by UF + QIAamp Viral RNA 

Mini Kit [−0.60 ± 0.25 log (25.0%) for B, −0.45 ± 0.20 log (35.8%) for C] or EMV + 

QIAamp Viral RNA Mini Kit [−0.68 ± 0.40 log (21.0%)] for A. Two methods (PEG + 

QIAamp Viral RNA Mini Kit and EMV + TRIzol) did not provide >−1.0 log (>10%) 

recovery for φ6. These results suggested that PEG + TRIzol can be an efficient recovery 

method of enveloped viruses from a variety of raw sewages. 

PEG + TRIzol showed the highest φ6 recovery among the five combinations. A similar 

approach was performed for the detection of SARS-CoV-2 from the raw sewage (Wu et 

al., 2020b). A previous study reported a comparable whole process recovery ratio of MHV 

[−0.39 log (44%)] with our results (Ahmed et al., 2020b). These studies further confirmed 

the applicability of PEG + TRIzol for the efficient recovery of enveloped viruses. 

PEG + QIAamp Viral RNA Mini Kit provided significantly lower φ6 recoveries than 

PEG +TRIzol by averaged 1.2 log (paired t-test, P < 0.001), whereas the MS2 recoveries 

were comparable (paired t-test, P > 0.05). This might be because the particles in the PEG 

concentrate might hamper the extraction of φ6 by QIAamp Viral RNA Mini Kit. A 

previous study also reported the lower RNA extraction efficiency for enveloped influenza 

virus than QIAamp Viral RNA Mini Kit under the presence of particles (Fabian et al., 

2009). TRIzol was originally designed to extract isolate RNA from cell and tissue samples, 

whereas QIAamp Viral RNA Mini Kit was designed to extract from relatively turbid-free 

samples (i.e., plasma, serum, and other cell-free body fluids) according to the 

manufacturer. These results may contribute to the superior performance of TRIzol over 

QIAamp Viral RNA Mini Kit. 

UF was chosen as a primary concentration method in several studies (Medema et al., 

2020; Sherchan et al., 2020) for the detection of SARS-CoV-2 from raw sewage. Our 

results indicated that UF concentration provided ranging from -1.19 to -0.45 log (6.4 – 

35.8 %) and from -0.86 to -0.52 log (13.8 – 30.0 %) when combined with QIAamp Viral 

RNA Mini Kit and TRIzol, respectively. These results were comparable with Ahmed et 

al. (2020b), which have reported MHV recovery of −0.55 log (28%) using UF [i.e., 
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Centricon Plus-70 (10 kDa)]. A slightly lower recovery of UF+ QIAamp Viral RNA Mini 

Kit in raw sewage A was due to the outlier (φ6 recovery of −2.06 log) (see Figure 27). 

Interestingly, the use of TRIzol did not significantly improved the whole process φ6 

recovery of UF, contrary to the results observed in PEG. This was possibly because the 

positive effect of using TRIzol for φ6 extraction was offset by the inhibition during 

molecular process. The MNV recovery was lower in UF+TRIzol than UF+QIAamp Viral 

RNA Mini Kit by 0.37 to 1.09 log (see Figure 28 and Table 21). Accordingly, the MS2 

recovery was lower in TRIzol than QIAamp Viral RNA Mini Kit, as shown in Figure 27. 

Thus, the both effects, higher extraction efficiency but stronger inhibition, leads to the 

comparable whole φ6 recovery ratio of UF + TRIzol to UF + QIAamp Viral RNA Mini 

Kit.  

EMV + QIAamp Viral RNA Mini Kit has been originally developed to concentrate 

viruses and protozoa simultaneously (Haramoto et al., 2012). This method provided 

favorable φ6 recovery ratio for raw sewage A. However, the φ6 recovery was decreased 

to −1.01 ± 0.42 (9.7%) for B and −1.80 ± 0.22 (1.6%) for C. Interestingly, the result of 

ANOVA suggested that the water matrix significantly affected the recovery ratio of MS2 

(P < 0.05) and φ6 (P < 0.01). The lower recovery in raw sewages B and C might be due 

to the lower elution efficiency, caused by the higher turbidity and organic concentration 

in wastewater matrix (higher TSS and UV260) (see Table 18)). The turbid water matrix 

promoted membrane fouling, which prevented the elution buffer from contacting with the 

surface of the membrane, where viruses attached, during the vigorous vortex. In the 

filtration of raw sewage supplemented with Mg2+ ions through negatively charged 

membranes, not only viruses but also various components of feed water (e.g., humic acids, 

silica, and clays) are co-deposited on the membrane surface (Hata et al., 2011). Previous 

research also reported the negative impact of membrane fouling on the elution efficiency 

(Shi et al., 2016). In fact, the original work developing EMV + QIAamp Viral RNA Mini 

Kit validated the whole process recovery ratio of nonenveloped coliphage Qβ and 

poliovirus for river water and tap water, but did not test for raw sewage (Haramoto et al., 

2012). A recent work detected SARS-CoV-2 RNA from the secondary effluent and did 

not detect from the raw sewage (Haramoto et al., 2020). These results suggest that EMV 

+ QIAamp Viral RNA Mini Kit can be applied only to concentrate enveloped viruses for 

relatively clean water samples (e.g., secondary effluent or raw sewage containing low 

TSS and UV260, such as A) and not universally recommended for raw sewage. 

EMV + TRIzol provided a lower recovery of both MS2 and φ6 (<5%). This was 

possibly because the combination of a low recovery in primary concentration and low 



 Appendix  

121 

 

recovery in the molecular process. The MNV recovery ranged from −1.33 to −0.54 log 

(4.7%–29%), suggesting a significant loss in the molecular process (Figure 28 and Table 

21). The reason of low MNV recovery by TRIzol is the inappropriate physicochemical 

conditions for guanidinium thiocyanate–phenol–chloroform extraction. This RNA 

extraction should be performed at pH 4 (Chomczynski and Sacchi, 1987), whereas the 

EMV elution buffer has pH 9.5 (due to the sodium polyphosphate and 

ethylenediaminetetraacetic acid trisodium salt trihydrate) and includes surfactant (due to 

Tween 80). Hence, this effect might contribute to the lower recovery of EMV + TRIzol. 
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Figure 27 Whole process recovery ratio of MS2 and φ6 by each method (primary 

concentration + RNA extraction) as a function of the type of raw sewage 

Each panel shows the MS2 and φ6 recovery with respect to the type of raw sewage. 

Black color indicates MS2 recovery, whereas red color indicates φ6 recovery. Circles with 

error bar indicate mean values and standard deviation. Smaller square is jittered plots, 

indicating each data of recovery ratio. Note that the whole process recovery ratio by 

UF+TRIzol (raw sewage A) was not available.  
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Table 20 MS2 and φ6 recovery ratio of each method (primary concentration + 

RNA extraction) 

Raw 

sewage 

Primary 

concentration 
RNA extraction kit 

MS2 φ6 

Meana SDb Meanc (%) Meana SDb Meanc (%) 

A UF QIAamp Viral RNA Mini Kit -0.58 0.53 26.1 -1.19 0.58 6.4 

 EMV QIAamp Viral RNA Mini Kit -1.02 0.30 9.5 -0.68 0.40 21.0 

 EMV TRIzol -1.33 0.30 4.6 -1.55 0.79 2.8 

 PEG QIAamp Viral RNA Mini Kit -0.39 0.18 40.8 -1.85 0.35 1.4 

 PEG TRIzol -0.28 0.28 52.4 -0.38 0.13 41.6 

B UF QIAamp Viral RNA Mini Kit -0.56 0.26 27.6 -0.60 0.25 25.0 

 UF TRIzol -1.08 0.19 8.4 -0.86 0.46 13.8 

 EMV QIAamp Viral RNA Mini Kit -2.02 0.46 1.0 -1.01 0.42 9.7 

 EMV TRIzol -2.32 0.10 0.5 -2.05 0.15 0.9 

 PEG QIAamp Viral RNA Mini Kit -0.29 0.24 51.4 -1.56 0.14 2.8 

 PEG TRIzol -0.11 0.13 77.6 -0.53 0.23 29.8 

C UF QIAamp Viral RNA Mini Kit -0.78 0.44 16.5 -0.45 0.20 35.8 

 UF TRIzol -1.26 0.10 5.2 -0.52 0.31 30.0 

 EMV QIAamp Viral RNA Mini Kit -1.47 0.70 3.4 -1.80 0.22 1.6 

 EMV TRIzol -2.58 0.07 0.3 -2.33 0.51 0.5 

 PEG QIAamp Viral RNA Mini Kit -0.57 0.13 27.0 -1.53 0.09 3.0 

 PEG TRIzol -0.56 0.05 27.5 -0.30 0.31 49.8 

a Mean values of log whole process recovery ratio 
b Standard deviation of log whole process recovery ratio 
c Anti-logarithm of mean values of log whole process recovery ratio. 
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Figure 28 Molecular process (MNV) recovery ratio of each method (primary 

concentration + RNA extraction) as a function of the type of raw sewage 

Each panel shows the MNV recovery with respect to the type of raw sewage. The black 

circle plot indicates mean MNV recovery The error bar indicates standard deviation (n = 

4). Smaller square is jittered plots, indicating each data of recovery ratio. Note that the 

molecular process recovery ratio of UF+TRIzol (raw sewage A) was not available 
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Table 21 MNV recovery ratio of each method 

Raw sewage 
Primary  

concentration 
RNA extraction kit Meana SDb Mean (%)c 

A UF QIAamp Viral RNA Mini Kit -0.45 0.11 35.1 

 EMV QIAamp Viral RNA Mini Kit -0.40 0.37 40.0 

 EMV TRIzol -0.54 0.32 29.0 

 PEG QIAamp Viral RNA Mini Kit -0.02 0.26 95.2 

 PEG TRIzol -0.23 0.08 58.5 

B UF QIAamp Viral RNA Mini Kit -0.54 0.29 28.6 

 UF TRIzol -0.91 0.46 12.2 

 EMV QIAamp Viral RNA Mini Kit -0.13 0.11 74.8 

 EMV TRIzol -0.91 0.46 12.2 

 PEG QIAamp Viral RNA Mini Kit 0.07 0.05 118.7 

 PEG TRIzol -0.21 0.13 62.4 

C UF QIAamp Viral RNA Mini Kit -0.01 0.06 97.6 

 UF TRIzol -1.10 0.12 7.9 

 EMV QIAamp Viral RNA Mini Kit 0.04 0.12 109.9 

 EMV TRIzol -1.33 0.30 4.7 

 PEG QIAamp Viral RNA Mini Kit 0.07 0.21 117.2 

 PEG TRIzol -0.30 0.09 50.0 

aMean values of log whole process recovery ratio (n = 4) 
bStandard deviation of log whole process recovery ratio (n=4) 
cAntilogarithm of mean values of log whole process recovery ratio. 
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3.2. Achievable sample limit of detection (SLOD) 

Achievable SLOD in each combination of primary concentration and RNA extraction 

method was shown in Figure 29. In this study, we adopted the observed values of 

concentration factor and whole process recovery ratio and assumed ALOD to be the most 

sensitive value theoretically possible, namely, 3 copies/5 μL (Bustin et al., 2009). 

PEG + TRIzol achieved the lowest SLOD of φ6 for A [1.31 ± 0.12 log copies/mL (20 

copies/mL)] and the third lowest SLOD of φ6 for B and C [1.33 ± 0.28 log copies/mL (21 

copies/mL) and 1.07 ± 0.31 copies/mL (12 copies/mL), respectively]. UF + QIAamp Viral 

RNA Mini Kit achieved the second lowest SLOD of φ6 for A [1.47 ± 0.56 log copies/mL 

(30 copies/mL)] and the lowest SLOD of φ6 for B and C [0.90 ± 0.26 log (8.0 copies/mL) 

and 0.75 ± 0.20 (5.6 copies/mL), respectively]. UF + TRIzol achieved the second lowest 

SLOD of φ6 for B and C [1.16 ± 0.48 log copies/mL (14 copies/mL) and 0.79 ± 0.31 

copies/mL (6.2 copies/mL), respectively]. Hence, the PEG + TRIzol, UF + QIAamp Viral 

RNA Mini Kit, and UF + TRIzol provided the most sensitive SLOD among the tested 

combination of primary concentration and RNA extraction. 

Achievable SLOD depends on the concentration factor, whole process recovery ratio, 

and ALOD. Thus, each method still can be potentially improved by higher concentration 

factors (i.e., increased initial sample volume or reduced concentrate volume). For 

example, previous studies adopted higher initial volume for primary concentration: up to 

200 mL for UF concentration (Medema et al., 2020), up to 200 mL for EMV (Haramoto 

et al., 2020), and up to 250 mL for PEG (La Rosa et al., 2020). It should be noted that the 

concentration factor and whole/molecular process recovery are generally trade-offs; 

highly concentrated samples contain a higher amount of inhibitor, reducing the efficiency 

of RT and qPCR process. Hence, the removal of inhibitory substances during RNA 

extraction, optimized dilution of primary concentrate, and selection of reverse 

transcriptase qPCR master mix resistant to inhibition will be required if the primary 

concentration is performed with a higher concentration factor. 
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Figure 29 Sample limit of detection (SLOD) by each method (primary 

concentration + RNA extraction) as a function of the type of raw sewage 

Each panel shows the achievable sample limit of detection (SLOD) of MS2 and φ6 

with respect to the type of raw sewage. Black color indicates MS2 recovery, whereas red 

color indicates φ6 recovery. Circles with error bars indicate mean values and standard 

deviation. Smaller square is jittered plots, indicating each data of SLOD. Note that the 

SLOD by UF+TRIzol (raw sewage A) was not available. 
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3.3. Impact of RT-qPCR kit on the whole process recovery ratio 

The impact of the RT-qPCR kit selection on the whole process recovery was evaluated 

for three primary concentration methods using raw sewage A as a test sample and 

QIAamp Viral RNA Mini Kit as an RNA extraction kit (Figure 30). The stored RNA 

extract of QIAamp Viral RNA Mini Kit was subjected to RT-qPCR process of method 2. 

The RT-qPCR recovery was compared between the two types of methods. 

 

Figure 30 Flow diagram of sample processing for the comparison of whole 

process recovery between RT-qPCR methods (method 1 and method 2) 

The concentration factor in each process was described as **-fold, below the name of 

the processing. Method 1 indicates two-step RT-qPCR (RT process using High-Capacity 

cDNA Reverse Transcription Kit and qPCR using TaqMan™ Gene Expression Master 

Mix); Method 2 indicates one-step qPCR (RT-qPCR process using QuantiTect Probe RT-

PCR kit. 

  

UF EMV PEG

QIAamp QIAamp

Method 1

Raw  sewage
50 mL

Concentrate
0.17 – 0.21 mL

Raw  sewage
50 mL

Raw  sewage
40 mL

WPC
MS2, φ6

MPC
MNV

Concentrate
0.64 – 4.38 mL

QIAamp

Concentrate
0.42 – 0.80 mL

MPC
MNV

MPC
MNV

WPC
MS2, φ6

WPC
MS2, φ6

Primary 

concentration

RNA

Extraction

RT-qPCR

UF:    237 – 294 fold

EMV: 11.4 – 78.1 fold

PEG: 50 – 95 fold

2.3 fold

Method 1: 0.5 fold

Method 2: 1.0-fold

Method 2 Method 1 Method 2 Method 1 Method 2



 Appendix  

129 

 

The whole process MS2 and φ6 recovery is presented in Figure 31. Method 2 provided 

MS2 recovery of −2.53 ± 0.32 log, −3.74 ± 0.72 log, and −1.22 ± 0.11 log and φ6 recovery 

of −3.38 ± 0.11 log, −2.67 ± 0.49 log, and −2.26 ± 0.16 log for UF, EMV, and PEG, 

respectively. For all the primary concentration methods, the whole process MS2 and φ6 

recovery by method 2 were significantly lower than method 1 (paired t-test, P < 0.05). 

Moreover, the molecular process MNV recovery was −2.17 ± 0.54 log, −2.42 ± 0.36 log, 

and −0.59 ± 0.22 log for UF, EMV, and PEG, respectively (Figure 32). They were 

significantly lower in method 2 than method 1 (paired t-test, P < 0.05). These results 

indicate that method 2 was not effective for the quantification of both MS2 and φ6 from 

raw sewage processed by three types of primary concentration methods. 

 

Figure 31 Whole process recovery ratio of each method (method 1 and 2) as a 

function of the type of primary concentration 

The black circle plot indicates the mean whole process recovery. The error bar indicates 

the standard deviation. 

  



 Appendix  

130 

 

 

Figure 32 Molecular process recovery ratio of each method (method 1 and 2) as a 

function of the type of primary concentration 

The black circle plot indicates the mean whole process recovery. The error bar indicates 

standard deviation. 

The observed difference was due to the inhibition during the RT-qPCR process, as 

revealed by the molecular process recovery of MNV. Both methods are different in terms 

of master mix composition, the type of primer (method 1, random primer; method 2, 

specific primer), and the inclusion of RNase inhibitor (method 1, included; method 2, not 

included). Moreover, in method 1, 0.5-fold RNA extract was subjected to qPCR [due to 

the dilution in the RT process (Figure 26)], potentially contributing to the mitigation of 

PCR inhibition. A previous study reported that QIAGEN QuantiTect Probe RT-PCR Kit 

was susceptible to organic PCR inhibitor, such as lactoferrin, than other RT kits (Stephens 

et al., 2010). These results indicate that the RT-qPCR kit affects the quantification of the 

virus concentrate for all the methods in raw sewage. Thus, the RT-qPCR steps should also 

be optimized for efficient recovery. 

3.4. Detection of SARS-CoV-2 RNA from raw sewage 

The applicability of PEG + TRIzol + RNeasy PowerMicrobiome Kit was investigated 

for the detection of SARS-CoV-2 RNA from raw sewage. First, the PEG + TRIzol + 
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RNeasy PowerMicrobiome Kit provided the φ6 recovery ratio of −0.10 ± 0.10 (79%), 

−0.56 ± 0.10 (27.3%), and −0.75 ± 0.03 (17.8%) for A, B, and C, respectively, which were 

comparable with the PEG + TRIzol method. The SLOD was 0.72 ± 0.12 log copies/mL 

(5.3 copies/mL), 1.18 ± 0.09 log copies/mL (15.1 copies/mL), and 1.34 ± 0.03 log 

copies/mL (11.8 copies/mL). Thus, the SLOD can be slightly lowered than PEG + TRIzol. 

The PEG + TRIzol + RNeasy PowerMicrobiome Kit was then applied to the detection 

of SARS-CoV-2 RNA from the raw sewage collected from Tokyo Metropolis. The results 

of four SARS-CoV-2 qPCR assays along with corresponding values of whole process 

recovery of φ6 were reported (Table 22). The whole process recovery of φ6 averaged 

−0.49 ± 0.32 log (33%). The sample limit of quantification (SLOQ), given by ALOQ (5 

copies/5 μL) divided by the concentration factor and by φ6 whole process recovery ratio, 

averaged 4.29 ± 0.32 log copies/L (2.0 × 104 copies/L). Of the 12 grab raw sewage 

samples, SARS-CoV-2 RNA was detected in 4 samples, collected on July 7 (CDC 

N1:<4.1 × 104 copies/L), 16 (CDC N3:<6.0 × 103 copies/L), and 29 (CDC N1, <1.4 × 104 

copies/L) in Plant D and on July 29 in Plant E (CDC N1, <1.1 × 104 copies/L). 

The basic statistics of confirmed cases in Tokyo are presented in Table 23. All the 

information was cited from the official site of the Tokyo Metropolitan Government  

https://www.city.shinjuku.lg.jp/kusei/cln202002_kns01_me01.html and 

https://stopcovid19.metro.tokyo.lg.jp/ (access available on August 27. 2020). The 

population of Tokyo Metropolis was 14 million as of June 2020. 

During the sampling period, the 7-day average of confirmed daily new cases increased 

in the Tokyo Metropolis (Table 23). The 7-day averages on confirmed daily new cases 

per 100,000 people were from 0.39 on June 30 to 2.47 on August 5. It should be noted 

that the death and the number of patients with severe symptoms were limited during this 

period. Despite the increase in infections, the SARS-CoV-2 RNA was negative or detected 

under SLOQ. This made it challenging for further analysis, as expected in WBE. The 

results of one positive well between two wells theoretically provide limited quantitative 

data. For example, the MPN value of one positive well per two wells, where 5 μL was 

template volume, is 88.6 copies/mL with a 95% confidence interval of [18.8, 1023] 

(Ferguson and Ihrie, 2019). This suggests a further requirement for the application of 

WBE in this spread of infection. For example, further refinement of primary 

concentration (i.e., increasing concentration factor without inhibition) is required. Other 

refinement includes the change of sampling method (from grab sampling to composite 

sampling), normalizing by the fecal viral indicator (Wu et al., 2020a). The research for 
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the successful application of WBE, such as capturing the trend occurrence and community 

prevalence of the infections, will be the scope of the future study. 

Overall, the PEG + TRIzol was successfully applied to the detection of SARS-CoV-2 

RNA from wastewater with a favorable whole process recovery ratio of φ6. 

Table 22 Detection of SARS-CoV-2 RNA from raw sewage 

Date Plant 
Concentration 

factor 
log10 Wa 

SLOQ 

(copies/mL) 

SARS-CoV-2 

CDC 

N1 

CDC 

N2 

CDC 

N3 
NIID 

June 30  
D 160 -0.41 16.1 Neg Neg Neg Neg 

E 149 -0.76 38.5 Neg Neg Neg Neg 

July 7 
D 152 -0.79 40.6 Posb Neg Neg Neg 

E 163 -0.65 27.5 Neg Neg Neg Neg 

July 16 
D 152 0.04 6.0 Neg Neg Posc Neg 

E 146 -0.29 13.2 Neg Neg Neg Neg 

July 22 
D 159 -1.14 86.6 Neg Neg Neg Neg 

E 160 -0.34 13.5 Neg Neg Neg Neg 

July 29 
D 159 -0.36 14.3 Posd Neg Neg Neg 

E 160 -0.26 11.3 Pose Neg Neg Neg 

August 5 
D 154 -0.2 10.4 Neg Neg Neg Neg 

E 154 -0.68 31.3 Neg Neg Neg Neg 

Neg: negative, Pos: positive 
aWhole process recovery ratio (W) of φ6 was determined at n = 1 for each sample. 
bSARS-CoV-2 CDC N1 gene was positive; the Ct was 38.7 (in one of two PCR 

reactions) 
cSARS-CoV-2 CDC N3 gene was positive; Ct was 38.9 (in one of two PCR reactions) 
dSARS-CoV-2 CDC N1 gene was positive; the Ct was 40.9 (in one of two PCR 

reactions) 
eSARS-CoV-2 CDC N1 gene was positive; the Ct was 37.7 (in one of two PCR 

reactions) 
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Table 23 Basic statistics of confirmed cases in Tokyo Metropolis 

Date 

Cumulative 

confirmed 

cases 

Cumulative 

cases of deaths 

Cumulative cases 

of discharged 

patients 

Current 

number of 

hospitalized 

patients 

Current 

number of 

patients with 

severe 

symptom 

7-day average 

on confirmed 

daily new cases 

June 30 6225 325 5447 264 10 55.1 

July 7 6973 325 5772 427 8 106.9 

July 16 8640 326 6771 760 7 195.4 

July 22 10054 327 7767 916 18 242.9 

July 29 11861 329 9109 1106 22 258.1 

August 5 14285 333 10687 1475 21 346.3 

August 12 16474 336 12526 1659 21 312.7 
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3.5. Implications for the wastewater-based epidemiology 

The results suggest three implications for the successful application of WBE. First, to 

validate the quantification results of enveloped viruses, it is preferable to include 

enveloped surrogates. Earlier studies detecting the SARS-CoV-2 RNA used 

nonenveloped surrogates, such as indigenous F-RNA phages (Medema et al., 2020) and 

coliphage MS2 (Kumar et al., 2020), for the validation partially due to the resource 

limitation at that time. However, nonenveloped and enveloped surrogates can be 

recovered with different efficiency as highlighted in the case of PEG + QIAamp Viral 

RNA Mini Kit (see Figure 27). This indicates the danger of reliance on nonenveloped 

surrogates. 

In addition, not only primary concentration but also the molecular process (RNA 

extraction and RT-qPCR) should be optimized. Our study suggested that effective primary 

concentration is just the first step. An appropriate molecular process (i.e., RNA extraction 

and RT-qPCR) is required, as was proven by the comparison between PEG + QIAamp 

Viral RNA Mini Kit and PEG + TRIzol (see Figure 27) and by the comparison between 

RT-qPCR methods (Figure 31). 

Finally, the universal applicability of primary concentration methods cannot be judged 

from a single type of wastewater matrix. The results of the whole process recovery by 

EMV indicate that the efficiency of primary concentration differs depending on the 

wastewater matrix (see Figure 27). It may be necessary to validate the quantification 

process in house by adopting the appropriate WPC because the RNA extraction kits, RT-

qPCR kits, and the water quality differ in every laboratory. 

A further consideration is required for adopting φ6 as a process control to validate the 

quantification results of enveloped viruses. The possible rationales and limitations of 

adopting φ6 are presented in Table 24. Under the limited BSL facility (e.g., WWTP), the 

choice of φ6 will be practically best considering the broad and commercial availability 

compared with other enveloped bacteriophages. However, φ6 has double-stranded RNA 

and an envelope derived from Pseudomonas syringae, which might not fully reflect the 

properties of viruses in interest (e.g., SARS-CoV-2 and influenza). Thus, further research 

should confirm the comparability of the fate of φ6 during primary concentration and 

molecular process with the SARS-CoV-2, coronavirus surrogates (MHV, porcine 

epidemic diarrhea virus (Randazzo et al., 2020), bovine attenuated coronavirus (Gonzalez 

et al., 2020)), and ideally indigenous SARS-CoV-2 in wastewater. To the best of our 
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knowledge, no studies have evaluated the comparability of overall recovery efficiency of 

surrogate viruses. De facto standardization of these surrogate viruses should be avoided 

before the comparison conducted in the future. 

 

Table 24 Rationales and limitations of φ6 as a process control for SARS-CoV-2 

Rationales Limitations 

･Similar morphologies 

Having an envelope, thus showing similar 

adsorptive characteristics with murine hepatitis 

virus (MHV) (Ye et al., 2016) 

･Minimal containment for laboratory 

Not required for BSL2 facility (Handling of 

MHV and other enveloped virus surrogates 

required BSL2). This feature allows for on-site 

usages, such as a wastewater treatment plant, as 

a whole process control for enveloped viruses. 

･Easy handling 

Pseudomonas syringae and φ6 can be easily 

propagated with high concentration. The φ6 

titers of 5×109 PFU/mL can be achieved. 

･Additional steps required for quantification 

Having a double-stranded RNA. This may 

require an additional step (e.g., heat 

denaturation of dsRNA before RT step) for 

quantification. 

･No proof of comparability to SARS-CoV-2 

The structural difference between φ6 and 

SARS-CoV-2 and between freshly prepared 

enveloped viruses and indigenous SARS-CoV-

2 might affect the recovery efficiency. 
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4. Conclusions 

 Polyethylene glycol precipitation (PEG) followed by acid guanidinium thiocyanate-

phenol-chloroform extraction (PEG + TRIzol) provided the highest whole process 

recovery ratio of Pseudomonas phage φ6 ranged from -0.53 to -0.30 log (29.8 – 

49.8%) in three types of raw sewage. 

 Ultrafiltration (UF) followed by QIAamp Viral RNA Mini Kit provided a 

comparable whole process recovery of φ6, ranging from -1.19 to -0.45 log (6.4 – 

35.8 %), with MS2. 

 Electronegative membrane vortex (EMV) provided significantly different whole 

process recovery of MS2 and φ6 depending on the water quality of raw sewage; the 

recovery was reduced in raw sewage containing higher TSS and UV260. 

 The successful recovery of the enveloped virus by PEG precipitation might need an 

appropriate RNA extraction method (e.g., acid guanidinium thiocyanate-phenol-

chloroform RNA extraction). Not only primary concentration but also the following 

molecular process should be optimized for the efficient recovery of enveloped 

viruses. 

 Non-enveloped surrogate (MS2 and MNV) did not necessarily validate the success 

of the primary concentration and molecular process of φ6 (e.g., PEG+QIAamp 

Viral RNA Mini Kit). This indicates enveloped viruses should be spiked to primary 

concentrate as whole process control and molecular process control to validate the 

quantification of enveloped viruses from raw sewage. 

 The modified PEG + TRIzol method was successfully applied to detect SARS-

CoV-2 RNA by CDC N1 and N3 assay from raw sewage collected on 7th,16th, and 

29th in July 2020 in Tokyo Metropolis. 
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