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As the coronavirus disease 2019 continues to spread globally, its culprit, the severe acute respiratory syndrome
coronavirus 2 has been brought under scrutiny. In addition to inhalation transmission, the possible fecal-oral
viral transmission via water/wastewater has also been brought under the spotlight, necessitating a timely
global review on the current knowledge about waterborne viruses in drinking water treatment system — the very
barrier that intercepts waterborne pathogens to terminal water users. In this article we reviewed the occurrence,
concentration methods, and control strategies, also, treatment performance on waterborne viruses during

drinking water treatment were summarized. Additionally, we emphasized the potential of applying the quan-
titative microbial risk assessment to guide drinking water treatment to mitigate the viral exposure risks, espe-
cially when the unregulated novel viral pathogens are of concern. This review paves road for better control of
viruses at drinking water treatment plants to protect public health.

1. Introduction

Supplying sufficient and clean drinking water has remained chal-
lenging in many countries and regions (Roberson, 2011; Kaushal, 2016;
Soller et al.,, 2019). Among different water pollutants, waterborne
pathogens, particularly viruses, pose a lasting threat to human health
and well-being (Fenwick, 2006; Gerba et al., 2017). With inadequate
sewage disinfection and poor hygiene, water-transmitted viral patho-
gens can find their pathway to potable water and cause human diseases.
On the average, 829,000 people die from diarrhea as a result of unsafe
drinking water and sanitization (World Health Organization). In
1990-2018, 303 typhoid and paratyphoid fever outbreaks were reported
with 180,940 affected cases (Kim et al., 2019). Since the late 2019,
emerging COVID-19, caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), has widely spread across the world and
making all the countries and territories at the virus risk (Lu et al., 2020).

Although SARS-CoV-2 transmission majorly occurs via surface contact
and inhalation of viral droplets and aerosols (Deng et al., 2020), the viral
fragment was recently found in excreta (van Doremalen et al., 2020;
World Health Organization, 2020), causing a concern on the possible
viral pollution in water and wastewater. For example, “minuscule
traces” of SARS-CoV-2 were detected in 4 of 27 non-potable water
samples (La Rosa et al., 2020). Therefore, special attention has been paid
to removal and/or inactivation of waterborne viruses in potable water
(Agence France-Presse, 2020).

Since the 19th century, techniques for concentration and detection of
viruses have developed. Viruses can enter into a drinking water supply
system through different routes and then increase microbial risk once if
they are insufficiently mitigated. At drinking water treatment plants
(DWTP), a physical and chemical treatment train builds barrier for
alleviation of waterborne viruses. Efforts have been made to optimize
virus detection and inactivation methods over the drinking water
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treatment. However, these studies principally focused on particular vi-
ruses, but the understanding of removal and/or inactivation of water-
borne viruses in a drinking water system remains limited. In addition,
quantitative microbial risk assessment (QMRA) is generally applied to
assessment of the health risks resulting from exposure to specific viruses,
while little endeavors aimed to evaluate the key steps in controlling
microbial risk in drinking water treatment.

This article provides a critical review on the state-of-art knowledge
regarding different aspects of waterborne viruses in drinking water
treatment systems, including their sources, occurrence, concentration/
detection techniques, and reduction technologies. Moreover, QMRA as a
tool to guide drinking water treatment in term of mitigating potential
viral exposure risk, especially for unregulated viral pathogens, are
discussed.

2. Sources and occurrence of waterborne viruses in drinking
water supply system

A virus is an acellular infectious particle, typically with negative
charges, consisting of a nucleic acid core and a surrounding protein coat.
Viruses are customarily called obligate intracellular parasites, because
these infectious agents function only inside living cells. Viral sources for
drinking water are diverse, such as untreated or insufficiently treated
sewage, polluted stormwater runoff, and municipal solid waste. They
can enter into drinking water systems at different phases (e.g., water
sources, treatments, distribution, and storage). Among the different
sources, wastewater is a major one (Boehm et al., 2016; Pickering et al.,
2018; Luan et al., 2020). Viruses in untreated municipal wastewater
typically range within 10°-10” genome copies (GC) L™} (Albinana-Gi-
menez et al., 2006). Substantial viruses can be excreted from both
symptomatic and asymptomatic infection cases. Patients with symp-
tomatic infection may even excrete viruses over several weeks after
infection according to clinical observations (Albinana-Gimenez et al.,
2006; Wu et al., 2020; Yeo et al., 2020). Traditional primary and sec-
ondary wastewater treatments can achieve 3—4 logs reduction of viruses
(Sidhu et al., 2018). Some viruses may remain in the wastewater effluent
and later enter and pollute natural receiving water bodies with the
discharged wastewater. Virus is of particular concern when the treated
wastewater flows into drinking water sources or inadequate viral re-
movals occur at a purposeful or unplanned water reuse scenario. As is
shown in Table S1, human adenovirus (HAdV) was reported to exhibit
high resistance to different tertiary and advanced treatments at waste-
water reclamation plants (Prado et al., 2019). At a de facto reuse situ-
ation, in which raw water contains a high fraction of wastewater effluent
from upstream communities, infection risk of viruses (e.g., Norovirus
(NV)) may violate local drinking water benchmarks (Lim et al., 2017).
When the water body serves as both receiving water of the waste water
treatment plant and source water of DWTP, free chlorine disinfection in
DWTP plays an important role in providing sufficient removal of viruses
(Sokolova et al., 2015). Thus, in the case that surface water is influenced
by upstream sources, disinfection is important in controlling the mi-
crobial risks caused by waterborne viruses.

Another major virus pollution route occurs to water in a drinking
water distribution system (DWDS) or during storage. Pressure transients
in pipelines can cause the contamination in a secondary water supply
system. Meanwhile, when soil or groundwater adjacent to a DWDS is
polluted (e.g., by septic tank leaking and polluted stormwater infiltra-
tion), viruses can flow through damaged pipe walls and joints to make
pollution (Teunis et al., 2010; Rodriguez et al., 2012; McGinnis et al.,
2018; Kauppinen et al., 2019). On the other hand, still water stored in
municipal water towers or indoor water tanks, when lacks protection of
sufficient disinfectants, tends to be secondary pollution by viruses (Zhou
et al., 2019).

Characteristics of several waterborne viruses typically found in
drinking water are summarized in Table S2. The fecal-oral route rep-
resents a dominant transmission route from polluted water to human (e.
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g., consumption of contaminated drinking water), followed by direct
contact with tainted water. Gerba et al. (2017) reported that infected
people may excrete 10'° to 10'2 viral particles per gram and/or mL of
stool, suggesting that more abundant viruses can be released from
infected individuals during clinical infections. Once virus enters into
engineered drinking water systems, engineering interventions should be
taken for abatement of it.

3. Methods for concentration and detection of viruses

Because viral concentration in water samples may vary within a large
range (1-100,000 GC L1 for Adenovirus (AdV), Hepatitis A virus
(HAV), Coxsackievirus (CV), and Rotavirus (RV)), a two-step concen-
tration procedure is frequently needed for recovery of viruses before
detection for the samples with low viral concentrations, in which sample
volumes are reduced from 10 to 1000 L to several milliliters (Project,
2020). As to viral detection technologies, cell culture is considered as the
gold standard for detecting infectious Enterovirus (EV). It is derived
from dispersed cells collected from original tissues and disaggregated by
enzymatic, mechanical or chemical techniques, and provides large
numbers of cells suitable for virus isolation, facilitated control of
contamination with antibiotics and clean-air equipment (Leland and
Ginocchio, 2007). Recently, molecular biotechnology has been widely
used to detect and evaluate the occurrence of viruses in water. Advances
in the virus concentration and detection technologies facilitate funda-
mental research and engineering practices on waterborne viruses in
engineered water systems.

3.1. Methods for virus concentration

Performance and applicability of different virus concentration pro-
cedures has been documented (Haramoto et al., 2018; Bofill-Mas and
Rusinol, 2020). Most of previous efforts focused on investigations on
virus adsorption-elution (VIRADEL), size-exclusion, and coagulation/-
flocculation processes. The commonly applied virus concentration
techniques are as follows. (1) Electronegative filters, such as nylon
membranes and mixed cellulose ester filters. Electronegative filtration
based on VIRADEL is the earliest viral concentration method, in which
viruses are adsorbed to the membrane surface via electrostatic attraction
by pH adjustment and subsequent elution from the surface. Addition of a
specific salt (e.g., MgCly) or acid is needed to achieve the attraction
between negatively charged viruses and the membrane. Despite diffi-
culties in pH regulation, the technique is widely adopted for accom-
plishing a relatively high recovery in detection of EV (Cashdollar and
Wymer, 2013). Haramoto et al. (2009) developed an electronegative
filter along with Mg and Al for AdV in 250- or 500-mL water samples,
which could achieve the mean recovery yields of 186%, 80%, 167%,
15%, and 39% for MilliQ water, tap water, bottled water, river water,
and pond water, respectively. (2) Electropositive filters, such as
glass-fiber filters and nano-aluminum filters, which attract the opposite
charged viruses in the aquatic environment. It should be noted that the
elution step, rather than the filtration itself, has the more important
impact on the recovery rate (Bofill-Mas and Rusinol, 2020). Their per-
formance, advantages, and restrictions are available in detail elsewhere
(Cashdollar and Wymer, 2013). (3) Ultrafiltration (UF), a size
exclusion-based concentration procedure, which traps viruses larger
than the membrane pore size, is suitable for small volume of
low-turbidity samples. Recovery rates of the foremtioned concentration
techniques rely on the viral type, water matrix constituents, and sample
volume (Cashdollar and Wymer, 2013). Holowecky et al. (2009) used
various UF cartridges to concentrate microorganisms, including MS2
and phi-X174 in drinking water samples with averaged recoveries
ranging within 52-88% for MS2 and 55-95% for phi X174. (4) Viral
flocculation/precipitation with organic/inorganic flocculants followed
by subsequent sedimentation. This economical and practical technique
is generally applied for small volume samples (Bofill-Mas and Rusinol,
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2020).

A secondary concentration is generally needed for a more manage-
able sample volume, thus the concentration applied in primary con-
centration and secondary concentration are different. The techniques
frequently used for the secondary concentration of viral eluates include
aqueous polymer two-phase separation, aluminum hydroxide precipi-
tation — hydroextraction, adsorption-elution, organic flocculation, UF,
and ultracentrifugation (Ikner et al., 2012). Presently, the methods of UF
and electronegative filtration combined with polyethylene glycol pre-
cipitation are the most widely used for viruses in surface water. Beef
extract and glycine, individually or in combination, are the most com-
mon eluents (Bofill-Mas and Rusinol, 2020). Gilgen et al. (1997)
developed a three-step isolation procedure for detection of EV, RV, and
HAV, which combined filtration with a positively charged nylon mem-
brane, UF and clean-up of the viral RNA with a silica-based membrane.
The technique exhibited high sensitivity in measurement of waterborne
viruses in wastewater.

3.2. Methods for virus detection

Cell culture method has long been applied for detection of infectious
viruses. However, this detection technique likely underestimates the
concentrations of infectious viruses at least by 2-3 orders of magnitude.
For HAdV-2 in cell culture preparations, an estimated 57% of the ag-
gregates contain 26 or more virions and 35% ranged from 51 to 150
virions (Kahler et al., 2016; Gerba et al., 2017; Gerba and Betancourt,
2019). The rapid development in molecular biological techniques such
as quantitative polymerase chain reaction (qQPCR) allows for more ac-
curate quantification of virus genomes in water (Haramoto et al., 2018).
The technique amplifies specific nucleic acid fragments in vitro. It can be
used to detect viruses that are difficult to culture in cells or form plaques
(Vinje, 2015). Additionally, assays can be modified to the desired
specificity toward broad detection of an entire virus clade depending on
the chosen target DNA/RNA sequences (Haramoto et al., 2018). Relying
on RNA-dependent DNA polymerase, the reverse
transcription-polymerase chain reaction (RT-PCR) begins with viral
nucleic acid extraction, and then reverse transcription of RNA into
complementary DNA (Carter et al., 2020). However, PCR-based
methods are not suitable for distinguishing infectious and inactivated
viruses (Bhattacharya et al., 2004). To overcome the issue, an integrated
cell culture-polymerase chain reaction (ICC-PCR) technique is devel-
oped. ICC-PCR involves inoculation of the concentrated sample onto cell
culture media followed by RT-PCR analysis. It has been applied to
detection of infectious viruses in waters (Ming et al., 2011; Tao et al.,
2016; Haramoto et al., 2018; Gerba and Betancourt, 2019), and vali-
dation of disinfection performance (Li et al., 2009; Guo et al., 2018).

Currently, fecal indicator bacteria (FIB), such as Escherichia coli (EC),
are broadly used as an index for fecal contamination (Kato et al., 2018).
However, an increasing attention has been paid to shortcomings of the
traditional indices for EV and protozoan contamination. EC responds
differently towards environmental stress and water treatment processes
from protozoa and viral pathogens, which both are more resistant to
chemical disinfectants (Ryu et al, 2010). Occurrence of
waterborne-diseases outbreaks were reported with negative coliform
results in water treatment systems (Puig et al., 1994; Taylor et al., 2001;
Vivier et al., 2004). These studies reveal the lack of correlation between
the detection of FIB and the presence of EV (Ebdon et al., 2012; Diston
et al.,, 2015). Consequently, reliance on existing bacterial indicators
cannot completely guarantee microbial safety of drinking water. Re-
searchers have proposed to use EV as an indicator for human sewage
contamination in aquatic environment with a full consideration of mi-
crobial factors, such as geographic distribution, resistance to disinfec-
tion (e.g., high temperature, chlorine, and low pH), behavior
comparison, and molecular signals as well as persistence in water.
Several alternative human-specific viral markers, such as human poly-
omaviruses (Albinana-Gimenez et al., 2009; Hewitt et al., 2013;
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Rachmadi et al., 2016), AdV (Albinana-Gimenez et al., 2009; Hewitt
et al., 2013), and bacteriophages MS2 (Hsu et al., 2002; Tree et al.,
2003) are commonly applied in lab-scale studies. Since water quality
and testing schemes are site-specific, microbial safety of water should be
systematically evaluated in response to local conditions. To this end,
QMRA has been mainstreamed in drinking water supply systems as part
of a paradigm shift in the drinking water industry towards water safety
planning and risk-based system assessment (Hamouda et al., 2018).

4. Abatement of waterborne viruses

As shown in Fig. 1, a drinking water treatment system consisting of
different physical and chemical treatment units, so can provide multiple
barriers to alleviation of virus in water. Abatement of waterborne vi-
ruses at different treatment processes is reviewed below.

4.1. Coagulation and sedimentation

The main purpose of coagulation and ensuing sedimentation is
removing turbidity. Over the coagulation, viruses can be integrated into
flocs through incorporation of developing flocs (charge neutralization or
inter-particle bridging) and/or adsorption to the surface of formed flocs
(sweep flocculation) (Heffron and Mayer, 2016). Hydrolyte species form
during the addition of coagulants for destabilization of colloids by
overcoming the repulsive force between colloidal particles. These flocs
together with viruses can subsequently be removed by gravity-driven
settling or filtration from the water (Tanneru and Chellam, 2012; Tan-
neru et al., 2013; Kreissel et al., 2014; Shirasaki et al., 2016a). Mean-
while, the intermediate polymers formed during hydrolysis of the
aluminum coagulants exert a greater attraction on the viruses, making
the viruses inactive or non-infectious (Matsui et al., 2003).

Aluminum and iron salts are two extensively used coagulants (Shir-
asaki et al., 2016b). Factors affecting the reduction of viruses in the
coagulation process include pH, the types and doses of coagulants. The
effect of pH on viral removal is primarily related to the isoelectric point
of virus. After FeCls is dosed, pH significantly declines due to hydrolysis,
thus enhancing the neutralization of EV surface charge and improving
their removal efficiency. Compared with traditional coagulation,
enhanced coagulation with an extremely high coagulant dose presents
as a relatively highly effective way in alleviation of waterborne viruses.
Of note, viruses incorporation into growing aluminum hydroxide and
coprecipitation during charge neutralization are principal mechanisms
during coagulation, while the adsorption of viruses to the formed
aluminum hydroxide flocs plays a limited role (Shirasaki et al., 2016a).

Virus removal over coagulation relies on coagulant species. For
ferrous-based coagulants, virus inactivation may occur when Fe (II) is
oxidized (Heffron et al., 2019). Abbaszadegan et al. (2007) documented
that enhanced coagulation with increased ferric chloride dose and/or
pH adjustment showed higher removal for viruses. The maximum
removal of 2.58 logs for AdV-4, 2.32 logs for MS2, 1.75 logs for PRD1,
and 1.52 logs for Phi-X174 were achieved at 40 mg L™ FeCls (real
water, pH = 5 to 6, 21 °C). At the similar experimental conditions, the
maximum reduction was 3 logs for Coxsackievirus B6 (CV B6), 1.75 logs
for Echovirus 12, 0.36 log for MS2, and 1.3 logs for Phi-X174 (real water,
pH = 5-6.5) (Mayer et al., 2008). It was concluded that coagulation
process could reduce viruses by 0.5-7 logs, with a typical reduction of
approximately 3 logs (Heffron and Mayer, 2016).

4.2. Physical disinfection

4.2.1. Filtration

Filtration applied at water treatment plants comprise of deep bed
filtration and membrane filtration. In a deep bed filtration, water passes
through a porous structure, in which treated water get through and the
solid particles are intercepted and attracted. Among different deep bed
filtration processes, rapid sand filtration (RSF) is the most widely
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Fig. 1. Drinking water treatment processes in reduction of waterborne viruses.

adopted. As shown in Table 1, the removal efficiency of viruses by RSF
depends on physical and chemical characteristics and/or shape of vi-
ruses. For example, the removal of JC polyomavirus by RSF was lower
than that of EV (0.49 + 0.57 vs 1.26 + 0.25 logs) (real water, pH =
6.0-8.0, 25-35 °C) (Asami et al., 2016). Generally, the combination of
coagulation and filtration presents a higher removal efficiency for vi-
ruses. For example, Albinana-Gimenez et al. (2009) found that the total
removal of JC polyomavirus after the coagulation and RSF processes was
4.56 logs.

Pressure-driven membrane filtration can be subdivided into micro-
filtration (MF), UF, nanofiltration (NF), and reverse osmosis (RO). Due
to screening, bridging and electricstatic attraction, suspensions and
certain pathogens in water can be trapped on the membrane during
water filtration. Physical sieving or adsorption, cake layer formation,
and fouling state of the membrane phenomena enhance the capture of
viruses for MF and UF membrane filtration processes. However, MF and
UF membranes cannot fully remove viruses owning to the relatively
large pore size (Fritzmann et al., 2007). Their performance in the
reduction of viruses fluctuates with the operating conditions and likely

fail after the damage of the membrane materials. It is reported that MF
membrane could only achieve 0.5 log reduction of MS2 (synthetic fresh
water, pH = 8.3) (Zhu et al., 2005a).

In contrast, NF and RO membranes can almost completely remove
viruses because the viral particles can not to pass through the membrane
materials. RO membranes exploit the osmotic pressure across a semi-
permeable membrane to separate bacteria and viruses from drinking
water, so the aggregation of viruses, protein content in the suspension
and adsorption to the membrane material would influence the removal
efficiency (Ideno et al., 2020). In view of the formation of undesirable
biofilms on the membrane surface and prohibitive membrane cleaning
and replacement (Tran et al., 2007; Stoica et al., 2018), RO membranes
are not recommended for microorganism removal.

During the sedimentation and filtration processes, viruses, Giardia,
Cryptosporidium and other pathogenic microorganisms are transferred
from water-to-water treatment residuals (i.e., sludge). The sludge should
be carefully managed and treated, particularly amid an epidemic.

Table 1
Reduction of waterborne viruses during coagulation and filtration.
Treatment Process Virus Log Coagulant and dose (mg L Alor pH Turbidity DOC (mg Reference
reduction mg L~! Fe) LY
Co Poliovirus 1.1 AlCl3, 1.08 6.0 1.5 (NTU) 0.9 Shirasaki et al.
2.1 AlCl3, 2.70 6.0 40.5 (NTU) 2.2 (2016a)
1.8 PACI, 1.08 8.0 1.5 (NTU) 0.9
Coxsackievirus 1.4 AlCl3, 2.70 7 40.5 (NTU) 2.2
2.8 PAC], 2.70 7 40.5 (NTU) 2.2
EC Ms2 0.36 FeCl3, 13.8 6.5 9.18 (NTU) 4.24 Mayer et al.
Poliovirus 2.5 FeCl3, 13.8 6.5 22.2 (NTU) 4.54 (2008)
Echovirus 12 1.0 FeCl3 13.8 6.5 22.2 (NTU) 4.54
Coxsackievirus B-6 2.75 FeCl3, 13.8 6.5 22.2 (NTU) 4.54
JC polyomavirus 2.3 Alum, 7.12-9.47 7.06-7.17 51-67 (FAU)
Co, RSF NV virus-like 2.8 FeCl3, 2.24 5.8 0.63 (NTU) 0.76 Shirasaki et al.
particles (2010)
NV virus-like 1.1 PACI, 1.08 6.8 0.63 (NTU) 0.76
particles
Qs 1.6 PAC], 1.08 6.8 0.63 (NTU) 0.76
Ms2 3.5 FeCls, 2.24 5.8 0.63 (NTU) 0.76
Co, MF MS2 1.7 FeCls, 5 6.3 100 (NTU) Zhu et al. (2005b)
approximately
1.1 FeCl3 5 7.3 100 (NTU)
approximately
0.9 FeCls, 5 8.3 100 (NTU)
approximately
Co, S, membrane filtration MS2 2.2 FeCls, 4.48 7.3 2.5 (NTU) 1.0 Shirasaki et al.
(0.4 pm) (2016b)

Treatment process abbreviations: Co = coagulation; EC = enhanced coagulation; S = sedimentation; RSF = rapid sand filtration.
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4.2.2. Ultraviolet irradiation

Ultraviolet (UV) disinfection gains a growing interest in the water
industry because the disinfection has proven for efficient inactivation of
(oo)cysts of Cryptosporidium and Giardia in water. The UV disinfection
process involves passing water through the tubes emitting UV lights,
which can directly damage the viral nucleic acids (DNA/RNA) and
render the genome nonreplicable, so that bacteria and viruses lose their
viability and reproduction ability (Simonet and Gantzer, 2006; Wig-
ginton et al., 2012; Sigstam et al., 2013). UV disinfection is commonly
applied in the United States and Europe to address odor or DBPs issues
(US EPA, 2005; Richardson et al., 2007). At the most cases, the UV
disinfection technologies are based on continuous-wave monochromatic
low-pressure (LP) and polychromatic medium-pressure (MP) UV sys-
tems. The LP mercury vapor lamps have a major wavelength output
(85%) at 254 nm, while MP UV emits high-intensity UV spectrum be-
tween 200 nm and 400 nm (Oguma et al., 2002). Ye et al. (2018)
observed a statistically decrease in the concentration of RT-qPCR target
region (3-500 bp regions) during UV disinfection at 254 nm. There was
no statistical difference in the approximated reaction rate constant of the
Phi6 genome (0.063 + 0.012 cm? mJ ™) from that of Phi6 inactivation
(0.067 + 0.005 cm? mJ’l) (P > 0.05), indicating that the genome re-
actions initiated the Phi6 inactivation.

The UV fluence requirements for achieving a virus inactivation by
1-4 logs with the monochromatic UV radiation based on inactivation
rate constant k (cm? mJ~!) was illustrated in detail elsewhere (Hijnen
et al., 2006). The data showed that AdV was a limiting virus during UV
disinfection. It has been studied that AdV-40 required over 150 mJ cm ™2
for 3 logs inactivation and over 200 mJ cm 2 for 4 logs inactivation
(buffered, disinfectant demand-free water, pH = 7, 22-25 °C) (Thur-
ston-Enriquez et al., 2003b). A cell culture mRNA RT-PCR assay was
developed to detect and quantify the inactivation of AdV with UV
disinfection. Results showed a dose-dependent tendency in the infection
loss and indicated difference in resistance using different inactivity
assay (Ko et al., 2005). A similar study reported that LP and MP UV
disinfections were equally effective in damaging the genome, but MP UV
was more effective in inactivating AdV in cell culture, rather than in
DNA damage induction (Eischeid et al., 2009).

4.3. Chemical disinfection

4.3.1. Inactivation kinetics of the microorganisms

Inactivation is defined as a decrease in the concentration of cultur-
able microorganism N resulted from exposure to a certain concentration
disinfectant within a specific exposure time t, thus causing the damage
to the viral genome and/or the viral capsids. The inactivation kinetics
can be described by the first-order disinfection model of Chick and
Watson (Chick, 1908), that is, the proportion of viable microorganisms
(N¢ /N)decreases exponentially with time:

In(N, /N) = —k.,C"t= — kCt

where k., is the inactivation rate constant (dimensionless), N; is the
microbial concentration after contact timet, C is the disinfectant con-
centration, n is the coefficient of dilution (dimensionless). The Ct values
are the product of the remaining disinfectant dose C and the contact time
t, and act as an essential parameter for practical disinfection perfor-
mance and disinfection system design.

4.3.2. Chlorination

Chlorination is currently the most used disinfection method at DWTP
due to simple operation, technical viability, and low costs (Lim et al.,
2010; Luo et al.,, 2020; Rachmadi et al., 2020). Hypochlorous acid
(HOCD and hypochlorite ion form through addition of chlorine-based
products into the water. Inactivation of pathogenic microorganisms
via free chlorine can be accomplished by destroying viral capsid protein
and inhibiting the genome replication (Fuzawa et al., 2019). It is
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reported that free chlorine treatment caused extensive damage in
genome and capsid protein with little or no detectable intact capsid
protein remaining after 5 logs inactivation of MS2 (5 mM phosphate
buffered saline, pH 7.4, at room temperature). The substantial genome
damage resulted from treatments that inhibited replication functions,
and the extensive capsid protein degradation resulted in significant loss
in protein-mediated binding or injection functions (Wigginton et al.,
2012). Different from many other chemical disinfecting agents, chlorine
can maintain a lasting disinfection activity due to its slow decay rate,
thus being used in DWDS and water storage systems for preventing
microbial regrowth (World Health Organization, 1996; Xiao et al.,
2020).

Several attempts were made to determine the chlorination effi-
ciencies for waterborne viruses. Table 2 presents the Ct values estimated
for 4 logs reduction of non-enveloped viruses from the efficiency factor
Hom model, which is applied to describe microbial disinfection kinetics
in real waters (Haas and Joffe, 1994). The virus disinfectant efficiency
depends heavily on temperature and pH (Lim et al., 2010). At similar
conditions, poliovirus (PV), CV B and Echovirus showed high resistance
to chlorine disinfectants. At the same time, at pH 9 or greater, the
required Ct values for virus inactivation increased significantly than at
pH 7 or lower, showing a strong pH-reliance for EV-1, EV-12, CV B6,
Coxsackievirus B5 (CV B5), and PV-1 (Black et al., 2009; Cromeans et al.,
2010). Increase in chlorine dose showed little difference in required Ct
values to achieve 4 logs reduction for RV (Xue et al., 2013). As for in-
crease in temperature, the Ct values dropped from 0.435 mg x min L™}
to 0.183 mg x min L~ if raised the temperature from 5 to 20 °C (Lim
et al., 2010).

Although free chlorine is efficient in controlling EV, it has limited
successes for some other viruses. Keswick et al. (1985) attempted to
inactivate NV in a suspension with 3.75 mg L™! free chlorine, but the
suspension remained infectious after 30 min of contacting. On the other
hand, the formation of DBPs during the chlorine disinfection is a un-
desirable but unavoidable issue with increased human-health risks of
bladder cancer and adverse reproductive outcomes (US EPA, 2005;
Richardson et al., 2007). Attention has been gradually paid to mutage-
nicity, carcinogenicity, and teratogenicity of DBPs produced from
chlorination. Alternative disinfectants have been attempted to meet the
regulations of DBPs (Gall et al., 2016). It is of the essence to implement a
holistic control strategy for establishing multiple barriers (e.g., water
source protection, physical processes for mitigation of the required
disinfectant dose).

4.3.3. Monochloramination

Monochloramine, practically generated from the reactions of
ammonia with aqueous chlorine, was first applied in the United States
and Canada in 1917. Thereafter, the disinfecting agent was widely used
in 1930s due to less odor caused by residual chlorine. Hypochlorite
capable of being slowly released from monochloramine acts as the active
ingredient. Therefore, monochloramine requires a longer contact time
than chlorine to achieve the same disinfection efficiency.

HAdV was known to be resistant to monochloramine disinfection.
Interestingly, HAdV treated by monochloramine could bind to the host
cells, but genome replication and early and late mRNA transcription
were inhibited (Sirikanchana et al., 2008; Gall et al., 2016). Cromeans
et al. (2010) found that the Ct values of 900 mg x min L' and 1500 mg
x min L™! were required to achieve 4 logs inactivation of CV B5 and
Echoviruses 11 (buffered chlorine-demand-free water, pH = 7, 5 +
0.2 °C) respectively, HAdV-2, EV-11, and CV B5 showed resistance to
monochloramination, increase in pH resulted in higher Ct values
required. It is consistent with results in another study (Black et al.,
2009). To achieve 4 logs removal for HAdV, the Ct values required for
monochloramine at pH = 9 were nearly 13000 mg x min L™} at 5 °C and
over 5000 mg x min L' at 15°C (Gall et al., 2016). It was noted that Ct
values of monochloramine recommended for HAdV recommended by
the US EPA may still be insufficient (Cromeans et al., 2010; Kahler et al.,
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Table 2
Required disinfectant dose for 4 log reduction of waterborne viruses with efficiency factor Hom model.
Chemical Disinfection Virus CT values (mg pH Disinfectant dose Temperature Water R? Reference
process min L’l) (mg L’l) Q) matrix
Chlorination Adenovirus-2 1.65 8 2.7 25-26 BDF* 0.96 Girones et al. (2014)
0.15 7 0.2 5 BCDF” NK° Loeb et al. (2018)
0.27 8 0.2, 5 NK
Adenovirus-40 0.22 6 0.17 5 BDF 0.99 Thurston-Enriquez et al.
0.75 7 0.17 5 0.99 (2003a)
0.24 8 0.17 5 0.99
poliovirus-1 6.36 6 0.5 5 0.99
5.3 7.5 1.0 5 NK Black et al. (2009)
22.3 9 1.0 5 NK
Coxsackievirus group 2.9 7 0.2 5 BCDF NK Cromeans et al. (2010)
B-3 1.7 8 0.2 5 NK
Coxsackievirus group ~ 11.5 75 1.0 5 BDF NK Black et al. (2009)
B-5 22.9 9 1.0 5 NK
Coxsackievirus group 7.4 7 0.2 5 BCDF NK Cromeans et al. (2010)
B6 10 8 0.2 5 NK
Echovirus-1 6.2 7.5 1.0 5 BDF NK Black et al. (2009)
16.6 9 1.0 5 NK
Echovirus-12 7.4 75 1.0 5 NK
32.3 9 1.0 5 NK
Rotavirus 5.55 7.2 0.4 20 BODF! 0.9838 Xue et al. (2013)
5.59 7.2 0.6 20 0.9803
MS2 0.435 7.2 0.174 5 0.999 Lim et al. (2010)
0.183 7.2 0.172 20 1.000
Monochloramination Adenovirus-2 1500 7 0.2 5 BCDF NK Cromeans et al. (2010)
2300 8 0.2, 5 NK
Echovirus-1 42 7 0.2 5 NK
Echovirus-11 1500 7 0.2 5 NK
1400 8 0.2 5 NK
Coxsackievirus group 500 7 1 5 NK
B-3 420 8 1 5 NK
Coxsackievirus group 900 7 1 5 NK
B-5 1100 8 1 5 NK
Chlorine dioxide Enterovirus 71 6.27 7.2 0.5 20 Buffered 0.9950 Jin et al. (2013)
4.24 7.2 2.0 20 water 0.9860
9.68 72 15 4 0.9949
4.79 7.2 15 36 0.9993
Rotavirus 2.47 7.2 0.1 20 BODF 0.9757 Xue et al. (2013)
1.21 7.2 02 20 0.9698
MS2 0.418 7.2 0.174 5 0.999 Lim et al. (2010)
0.138 7.2 0178 20 0.999
0.48 7.2 0.5 20 Buffered 0.9950 Jin et al. (2013)
water
Ozonation Adenovirus-40 0.06 7 0.30 5 distilled 0.99 Thurston-Enriquez et al.
0.07 7 0.49 5 water 0.98 (2005)

2 BDF = buffered demand-free water.

b BCDF = buffered chlorine-demand-free water.
¢ NK=Not known.

4 BODF= Buffered oxidant demand-free water.

2011).

4.3.4. Chlorine dioxide

Chlorine dioxide (ClO») is a high-efficiency and low-cost disinfectant
as an alternative for chlorine (Wigginton et al., 2012; Jin et al., 2013). It
does not only exhibit an excellent disinfection performance, but also
effectively achieve decolorization and deodorization, while generating
less undesired DBPs. However, as a highly unstable chemical species,
ClO4 needs to be on-site synthesized, making its application costly and
inconvenient in practices.

Extensive coat protein and assembly protein degradation in MS2
were observed over ClO, disinfection that resulted in a significant loss in
protein-mediated binding or injection functions (Wigginton et al.,
2012). Rather, ClO, made no damage to the genome and replication
function, in accordance with the reports of previous studies (Stewart
et al., 2008; Sigstam et al., 2013). Thus, ClOs is considered as a prom-
ising agent in activating viruses with genome repair mechanisms such as
double-stranded DNA viruses (Wigginton et al., 2012). During the
inactivation of infectivity of HAdV, the destruction of the antigenicity
and damaging of the 5'nontranslated regions (the sequence from bp 1 to

671) of the genome occurred, suggesting that ClO, reacted with viral
capsid protein to inhibit HAV from attaching to the host cells or
uncoating or penetrating (Li et al., 2004).

Efforts were made to investigate the inactivation efficiencies of ClO,
for different waterborne viruses, including PV, CV, Echovirus, and
HAdV. In comparison with chlorine, ClO, exhibited a better viruses
inactivation performance (Lim et al., 2010; Xue et al., 2013). The
required Ct values for 4 logs reduction of EV 71 dropped from 6.27 mg x
min L to 4.24 mg x min L' when the ClO, dose increased from 0.5
min L7! t0 2.0 min L™} (Jin et al., 2013). Also, the study of Xue et al.
(2013) came to similar conclusions for RV inactivation. As to the in-
fluence of temperature, increase in temperature from 4 to 36 °C resulted
in drops in the required Ct values from 9.68 mg x min L ™! to 4.79 mg x
min L~! for EV 71, and MS2 showed a similar trend (Jin et al., 2013).
Also, an extended HOM model was developed with literature data
(Schijven et al., 2019). As listed in Table 2, the inactivation results of
ClO2 on RV were superior to those with chlorine. But the similar findings
were not observed for MS2 inactivation, suggesting that effective inac-
tivation of viruses relies heavily on selection of an appropriate disin-
fectant species in practice.
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Chlorite and chlorate are the primary DBPs likely formed during
ClO, disinfection. High dose of ClOy can result in neurotoxicity. To
minimize the formation of chlorite and chlorate, ClO5 is mostly applied
in a pre-oxidation in combination with a post-chlor(am)ination as the
disinfection step.

4.3.5. Ozonation

Ozone (O3) is one of the strongest disinfectants suitable for almost all
types of waterborne pathogens (Wolf et al., 2018). Beside pathogenic
inactivation, O3 is adapted for taste and odor control as well as chemical
oxidation of pollutants in drinking water. Shin and Sobsey (2003)
documented that most EV (e.g., RV and HAV) were effectively inacti-
vated by Oz with a CTgg (concentration x exposure time to achieve 99%
inactivation of a microorganism) value much below 1 mg x min L1,

Studies on inactivation of waterborne viruses with Os, such as EV,
NV (Shin and Sobsey, 2003), PV (Shin and Sobsey, 2003; Thur-
ston-Enriquez et al., 2005), HAAV (Thurston-Enriquez et al., 2005), and
bacteriophage (Finch and Fairbairn, 1991; Shin and Sobsey, 2003),
indicate that ozonation can serve as a highly effective disinfection pro-
cess (Finch and Fairbairn, 1991; Shin and Sobsey, 2003; Wolf et al.,
2018). Particularly, O3 is also effective against chlorine-resistant viruses
such as AdV. A previous study revealed that O3 exposure reduced viral
infectivity by lipid peroxidation and subsequent damage in lipid enve-
lope and protein shell in HAdV-2, while the disrupting of the 5-non--
coding region (5’-NCR) of the PV-1 genome was observed in PV-1 during
ozonation. These findings suggest that a wide range of viral types can be
inactivated over O3 treatment (Sigmon et al., 2015).

However, the application of Oz in practice is restricted by its insta-
bility and limited solubility in water. The instability requires on-site
synthesis of Os. Ozonation process is commonly used in conjunction
with chlorine disinfection to ensure continuous disinfection in the
DWTP. As the O3 concentration changes greatly in the contact tank, the
Ct values when employing Os disinfection should be calculated ac-
cording to the actual designing parameters and operating conditions. As
the disturbance in the solution greatly shorten the half-life of Os, the
way of Os charging should minimize the agitation (Dong et al., 2018a,
2018b).

4.4. Emerging disinfection technologies

4.4.1. Photocatalytic disinfection

Through the excitation of light, the semiconductor photocatalyst
activate oxygen in gas or aquatic phase to produce a series of reactive
substances, such as singlet oxygen, superoxide radicals, hydrogen
peroxide (H203), hydroxyl radicals (-OH), and perhydroxyl radicals.
These active substances effectively inactivate pathogens in the aquatic
environment, thus serving as an alternative for conventional
disinfection.

The key to applicability of the photocatalytic disinfection lies in the
development of efficient and cost-effective photocatalysts. As the most
popular photocatalyst, TiO has been utilized for the purification of
water contaminated with inorganic and organic chemicals (Lee et al.,
2011). However, the reaction kinetics of TiO, limit the utilization in
water disinfection. In view of this, researchers have been devoted to
improving the photocatalytic inactivation efficiency of TiO, and the
utilization rate of solar energy for inactivation of viruses. Liga et al.
(2011) attempted to enhance the antiviral activity of TiO in UV radi-
ation with photocatalytic silver-doped titanium dioxide nanoparticles
(nAg/TiOy), the synergistic effect between TiOz and nAg promoted the
inactivation rate for more than 5 times, and the increase in the gener-
ation of -OH was a primary cause for inactivation of viruses. Another
interesting research focused on the modification of TiO, photocatalyst
with SiO, the modification of silica greatly increased the viruses
adsorption density to the catalyst, thus the photocatalytic inactivation
rate of the material to the MS2 was increased by 170% in the case of
reducing the production of -OH (Liga et al., 2013). This effective, simple,
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and cost-effective way of synthesis makes photocatalysis valuable in
practice of drinking water disinfection. Another limitation of the
application of TiO, photocatalyst is the requirement of UV radiation,
which accounted for only 4% of the solar radiation (Zhang et al., 2019).
Therefore, studies have been carried out to modify TiO, to enhance the
visible light photocatalytic activity, including heavy metal deposition
(Li et al., 2011), ion doping, and coupling TiO, with other materials to
improve photo-response and photocatalytic efficiency (Zhao et al.,
2016).

In addition to TiOs-based photocatalysts, research on improving
photocatalytic performance of the photocatalysts could be also extended
to other metal oxides. The incorporation of graphene oxide sheet into
the WOs film formed a graphene-tungsten oxide composite thin films
with sheetlike surface morphology and caused a nearly complete
destruction in MS2 of the protein and a sharp increase in the RNA efflux
after 3 h of irradiation, and maintained stable catalytic performance
within 60 h (Akhavan et al., 2012).

4.4.2. Cavitation

Hydrodynamic cavitation (HC) and acoustic cavitation (AC) are
common forms of cavitation. HC serves as a more cost-effective way of
disinfection compared with AC, yet the cost of cavitation remains higher
than conventional chlorination and ozonation process (Holkar et al.,
2019). In the case of HC, the local pressure drops below the saturated
pressure in the liquid, resulting in the formation, growth, and collapse of
cavities (Suslick et al., 1997). The cellular damage in cavitation is
caused by chemical reactions (generation of -OH) and physical mecha-
nisms (shock waves, pressure gradients, shear forces, and extreme local
temperatures of 5000 K) (Arrojo et al., 2008). Cavitation is applied
typically in combination with other disinfection processes, for example,
ozonation with cavitation effectively lowered the dose of O3, reduced
the size of the reactor and increased the inactivation rate of coliform
bacteria and EC in lab-scale tests (Jyoti and Pandit, 2004; Sumikura
et al., 2007). However, the mechanism of cavitation for inactivation of
viruses remains unclear. It is known that heat and high pressure caused
inactivation of viruses and that -OH were associated with viral capsid
proteins damage. Taking into account the local high pressure (Kovac
et al.,, 2012), the high temperature condition formed (Duizer et al.,
2004), and the -OH generated during cavitation, the cavitation process
could be regarded as a promising way for inactivation of viruses
(Hawkins and Davies, 2001; Kosel et al., 2017; Zupanc et al., 2019).

It has been confirmed that extreme conditions occurred with shock
waves, liquid microjets, and high shear forces during cavitation,
resulting in physical damage to bacteria, however, few studies investi-
gated viral inactivation with cavitation. Kosel et al. (2017) exposed MS2
to HC for about 1 h in the Venturi constriction, resulting in 4.8 logs
reduction of viral infectivity in HC reactor with a sample volume of 1 L.
To evaluate HC as a step-in water treatment for reduction of RV, a
similar venturi cavitation chamber with a pulsating system was applied
for disinfection, and observed a 75% reduction of the detected RV
genomic RNA by RT-qPCR. However, reduction in nucleic acid could not
reveal the change in viral infectivity (Dular et al., 2016). On the other
hand, HC reactors with a sample volume of several milliliters to several
liters have only been built in lab-scale research, while the economic and
technical applicability in practice is worthy of further investigation.

4.4.3. Electrochemical disinfection

Electrochemical method is recognized as a high-efficiency, envi-
ronmentally friendly alternative disinfection method for the treatment
of drinking water. The typical application of electrochemical disinfec-
tion is for swimming pool, seawater, and drinking water disinfection.

Generally speaking, the electrochemical disinfection process consists
of two categories: direct oxidation at the anode or indirect oxidation to
form intermediate products. When the direct oxidation at anode is
applied, the inactivation is achieved by the electron transfer between the
electrode and the target substance without toxic substances and other
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organic substances generation. For instance, the intracellular coenzyme
A underwent electrochemical oxidation via an electric current passing
through the EC-containing suspension by means of granular activated
carbon or activated carbon fibers, thus resulted in eradication of EC
(Okochi et al., 1997). After 15min of electrochemical treatment at 0.9 V,
5 logs reduction of infectivity of Feline calicivirus was achieved, and the
peptides located in the viral particles were observed to be oxidized in
lab-scale electrochemical flow-cell system (4 mM phosphate buffered
saline, pH = 7.4, room temperature) (Shionoiri et al., 2015). There are
four factors that take effects in the rate of electrochemical disinfection:
the mass transfer rate, the concentration of the reactant, the adsorption
capacity of the reactant on the electrode, the relationship between the
electron transfer rate of the reactant adsorbed on the electrode surface
and the electrode material, and the rate of the -OH generation on the
electrode surface.

On the other hand, the indirect oxidation at anode generally requires
a concentrated saline solution, thus the molecules and ions (e.g., HoO
and Cl7) accumulated around the electrode are oxidized to produce
chlorine-active substances (e.g., Cly, HOCI, and ClO3) and oxygen-active
substances (e.g., -OH, atomic oxygen [O(3 P)], HoO2, O3). The inter-
mediate products play a vital role in transferring electrons between the
target substance and the electrode surface to realize the oxidation and
removal of the target substance (Panizza and Cerisola, 2005; Santana
et al., 2005; Martinez-Huitle and Brillas, 2008; Yang et al., 2018; Jung
et al.,, 2020). Since natural water contains chloride ions, indirect
oxidation plays a more significant role in drinking water disinfection.
Previous studies confirmed that hypochlorite production by electrolysis
from very dilute chloride solutions could be applied for water disinfec-
tion purposes (Kraft et al., 1999). When an iridium-antimony-tin-coated
titanium anode and direct current were applied for inactivating MS2 in
solutions with sodium chloride addition, better disinfection could be
achieved with increases in salt content, contact time, and applied cur-
rent (Fang et al., 2006). Chlorine-active substances generated by elec-
trochemical device on-site performed a faster inactivation rate of EC,
Vibrio cholerae, Clostridium perfringens and MS2 than that of free
chlorine. However, though the viruses present smaller in size and
simpler constructed compared to bacteria, their resistance to electro-
chemical treatment is greater than that of bacteria, so it limits the
applicability and needs further investigation (Drees et al., 2003).

The inactivation efficiency of the electrochemical disinfection sys-
tem depends to a large extent on the target cell structure, electrode
materials, electrolyte composition, microorganisms, and other experi-
mental parameters (e.g., flow rate and current density). The electro-
chemically generated oxidants like chloride-active substances enhance
the disinfection efficiency, while H,PO%~, HCO3, and CO% have
inhibitory effect on the deactivation of electrochemical process (Chris-
tensen et al., 2003). It is speculated that the excessive chlorine species
produced by electrochemical system owns the same disadvantages as
chlorine in drinking water disinfection.

5. Quantitative microbial risk assessment application

The application of QMRA has become a promising predictive model
for risk assessment (Schijven et al., 2011; Enger et al., 2012). The four
steps of QMRA describe the whole process from the scientific under-
standing of pathogens, the transportation in natural and engineering
systems, as well as the routes of exposure and disease outbreaks. QMRA
is applied for estimation of the microbial risk resulted from exposure to a
particular pathogen and reveal the critical steps in risk exposure. Also,
the reverse risk assessment could be applied to evaluate the effect of
drinking water treatment to achieve acceptable limits of microbial risk
(US EPA, 2017). Owing to the difference in occurrence and resistance to
disinfectant of viruses in aquatic environment, details on the recovery,
viability, and infectivity (and other microbial factors relevant to the
exposure assessment) in QMRA were reported to various extents. It is
recommended to apply QMRA for microbial risk assessment based on
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site-specific conditions to reveal the processes with high potential risk,
for the purpose of risk mitigation. The estimation of microbial risk from
exposure to pathogens relies on raw water indicators (e.g., pathogen
concentration), treatment performance (e.g., effect of drinking water
treatment system), and exposure route (Schijven et al., 2016; Hamouda
et al., 2018). Here, we focus on the studies that examined the perfor-
mance of drinking water treatments for removing and/or inactivating
waterborne viruses, and the proposed reduction of waterborne viruses to
achieve the accepted annual disease risk in DWTP in Table S3.

As mentioned above, there are mainly three ways for viruses to enter
and pollute drinking water, among which the sewage discharge and
reuse serves as the vital way. It was believed that scenarios incorpo-
rating considerable failure in drinking water treatments resulted in the
risk level surpassing the acceptable limit (Mohammed and Seidu, 2019).
In drinking water treatment system, chlorine disinfection played a most
important role in controlling the microbial risk (Sokolova et al., 2015;
Mohammed and Seidu, 2019), while a sub-optimal disinfection pro-
cesses (particularly UV treatment) significantly increased the patho-
genic infection risk, which emphasized the importance of the ability to
disinfection continuously (Mohammed and Seidu, 2019). In addition,
the reverse risk assessments were applied to evaluate the reduction
target in drinking water treatment system by setting annual disease risk
targets. Astrom et al. (2007) put forward that 6-7 logs removal for NV
and 5-6 logs removal for EV would be necessary to keep the risk limit.
While another reasearch confirmed that the average required reduction
for NV was between 7.6 and 8.8 logs (Sokolova et al., 2015). As to the
treatment effect of viruses in the drinking water treatment, the disin-
fection process has a vital role in assuring inactivation of waterborne
viruses and the microbial safety of drinking water supply. It is necessary
to assess the site-specific microbial risk posed by waterborne viruses
timely to ensure microbial safety of drinking water.

6. Conclusions

This paper reviewed and emphasized the knowledge about water-
borne viruses in drinking water treatment system, including the sources
and occurrence of viruses, and their concentration, detection, and
reduction, as well as the critical processes and objectives in controlling
the microbial risk according to QMRA. Although much effort has been
made to improve the waterborne viruses related treatments (including
concentration, detection, and reduction technologies), further research
is needed for controlling microbial risk posed by waterborne viruses.
This review focused on the drinking water treatment system, the crucial
barrier to prevent the transmission of waterborne viruses, particular the
performance of conventional and emerging disinfection techniques. The
summarized emerging disinfection techniques and issues with the cur-
rent technologies offer opportunities to achieve tradeoff between
effective reduction of viruses and the generation of harmful disinfection
byproducts. For the existing treatment systems, QMRA was proposed to
guide engineering improvements to confine annual disease risks to
acceptable levels. The key messages from this review are listed as
follows:

(1) The microbial health risk posed by the waterborne viruses could
be assessed timely according to local conditions with QMRA, thus
the critical steps in microbial risk exposure could be revealed.
Also, the reverse risk assessment is a good way of evaluating
drinking water treatment effect in achieving acceptable limits of
microbial risk.

(2) Coagulation, sedimentation, and disinfection are crucial in con-
trolling waterborne viruses, and coagulation and sedimentation
processes take effect in the effect of subsequent disinfection. The
effect of coagulation and sedimentation significantly impact the
subsequent disinfection step. Indicator viruses or bacteriophages
with various sensitivities are needed to investigate the perfor-
mance and mechanisms of reducing virus during coagulation and
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sedimentation, for a better control of waterborne viruses in the
subsequent disinfection with less disinfectant’s addition.
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