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Abstract

Little information is available regarding the effectiveness of ozone on the inactivation of caliciviruses and enteric

adenoviruses. Inactivation experiments were conducted with feline calicivirus (FCV), closely related to the human

caliciviruses based on nucleic acid organization and capsid architecture, and adenovirus type 40 (AD40). Experiments

were carried out in buffered disinfectant demand free water at pH 7 and 5 1C. Ct values; concentration of ozone

multiplied by contact time with virus; were determined from application of the efficiency factor hom (EFH) model. Ct

values for 4-log (99.99%) ozone inactivation at 5 1C and pH 7 ranged from 0.07 to 0.60mg/lmin for AD40 ando0.01
to 0.03mg/lmin for FCV. Ct values listed in the US environmental protection agency ‘‘Guidance Manual for

Compliance with Filtration and Disinfection Requirements for Public Water Systems Using Surface Water Sources’’

were higher than Ct values generated by this study. Very low ozone residuals (o0.01(mg/l) substantially inactivated
FCV and AD40 under the studied conditions.

Published by Elsevier Ltd.
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1. Introduction

According to the United States Environmental

Protection Agency (USEPA) National Primary Drink-

ing Water Standards, enteric viruses must be removed or

inactivated by 4-logs (99.99%) from source water by

filtration or disinfection, or a combination of these
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technologies (USEPA, 2001). Viral pathogens can

bypass conventional filtration processes due to their

small size making disinfection an important treatment

barrier between drinking water consumers and viral

gastroenteritis. While chlorine is the most common

disinfectant in the US for drinking water and wastewater

treatment, alternative disinfectants are needed to reduce

highly chlorine resistant pathogens, such as Cryptospor-

idium parvum. Ozone is an effective disinfectant for the

reduction of protozoan parasites in water (Gyurek et al.,

1999; Rennecker et al., 1999; Widmer et al., 2002). There

is little information, however, regarding the ability of
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ozone to inactivate adenoviruses and caliciviruses, which

are listed on the USEPA’s contaminant candidate list

(CCL) (Federal Register, 1998).

Based on previous viral disinfection studies, the

USEPA published the ‘‘Guidance Manual for Compli-

ance with the Filtration and Disinfection Requirements

for Public Water Sources’’ (USEPA Guidance Manual)

(37). Ct values, disinfectant concentration multiplied by

contact time between the disinfectant and microorgan-

ism, for 2–4 logs viral inactivation by several disinfec-

tants, including ozone, at different pH and temperature

conditions are listed in the manual. The Guidance

Manual Ct values were calculated by multiplying Ct

values obtained from bench-scale, disinfectant inactiva-

tion experiments conducted with dispersed hepatitis A

virus in buffered, disinfectant demand-free water by a

‘‘safety factor’’ of three. This safety factor is assumed to

assure reduction of not only hepatitis A virus but also

other waterborne viruses. The Guidance Manual’s Ct

values guide public water utilities in order to ensure that

their disinfection practices meet regulatory viral log

inactivation requirements. However, these Ct values

may not be adequate for emerging viral pathogens who’s

susceptibility to drinking water disinfectants is largely

unknown.

The USEPA, mandated by the Safe Drinking Water

Act (SDWA), published the Drinking Water CCL in

1998 (Federal Register, 1998). These contaminants are

under regulatory consideration since little to no in-

formation regarding health, drinking and wastewater

treatment or analytical methodology is currently avail-

able. Several enteric viruses, including enteric adeno-

viruses and caliciviruses, are included on the CCL and

were investigated in the current study.

Ozone is a very strong oxidizing agent and an effective

alternative to chlorine for pathogen reduction in water.

Ozone improves coagulation and is effective at control-

ling color, taste, and odor in water (AWWA, 1995).

Disadvantages of ozone disinfection in water include, (a)

short half-life; (b) needs to be generated on-site; (c)

corrosive; and (d) ozone gas is toxic (AWWA, 1995).

Previous studies have reported that ozone effectively

inactivates several viruses in water and sewage (Finch

and Fairbairn, 1991; Hall and Sobsey, 1993; Harakeh

and Butler, 1985; Herbold et al., 1989; Roy et al., 1982;

Shin and Sobsey, 2003; Vaughn et al., 1990), but no

information is available concerning the reduction of

feline caliciviruses (FCVs) (a surrogate for noroviruses

(NV)) and enteric adenoviruses in treated water.

Members of the human calicivirus genus, NV, are a

principal cause of nonbacterial acute gastroenteritis

(Fankhauser et al., 1998; Kapikian et al., 1996) and

have been identified as etiological agents of waterborne

outbreaks (Hafliger et al., 2000, Kukkula et al., 1997).

Previous outbreaks caused by NV-contaminated ice and

cooked shellfish have suggested that these viruses are
capable of withstanding harsh environmental conditions

(Glass et al., 2000). Their ability to withstand current

drinking water disinfection practices is largely unknown

since there are no known animal or mammalian cell

culture systems that determine NV infectivity. Due to

these difficulties, two alternative studies, a human

feeding study and a polymerase chain reaction (PCR)

based study, have been carried out previously (Keswick

et al., 1985; Shin et al., 1998). However, conflicting

results between these studies made conclusions regard-

ing NV chlorine resistance difficult. More recently, a NV

surrogate, FCV, has been used as a substitute for NV

inactivation in several disinfection studies (Nuanualsu-

wan and Cliver, 2003; Thurston-Enriquez et al.,

2003a, b). FCV has similar genome organization (Clarke

and Lambden, 2000; Jiang et al., 1993) and capsid

architecture (Prasad et al., 2000) compared to NVs and

can be easily grown in cell culture. While these

characteristics have been used as justifications for

employing FCV as a surrogate of NVs, varying

susceptibilities to disinfectants between these viruses is

likely due to genomic and amino acid composition

differences. Chlorine inactivation experiments carried

out with FCV, however, resulted in similar conclusions

as those reported in the NV PCR-based study (Shin

et al., 1998; Thurston-Enriquez et al., 2003a).

Like NV, the enteric adenoviruses, adenovirus 40

(AD40) and 41 (AD41), are also important causes of

self-limiting, acute gastroenteritis, especially in children

less than 4 years of age (Horowitz, 1996). Enteric

adenoviruses have increased environmental stability

compared to other enteric viruses (Enriquez et al.,

1995), so their presence in sewage and surface water

makes them likely contaminants in public water supplies

(Hurst et al., 1988; Irving and Smith, 1981). Moreover,

enteric adenoviruses and NV were identified as two of

the etiological agents causing acute gastroenteritis in a

waterborne outbreak in Finland (Kukkula et al., 1997).

Enteric adenoviruses are susceptible to chlorine (Thur-

ston-Enriquez et al., 2003a) but are very resistant to UV

light (Thurston-Enriquez et al., 2003b).

Based on previous viral disinfection studies, the

USEPA published the ‘‘Guidance Manual for Compli-

ance with the Filtration and Disinfection Requirements

for Public Water Sources’’ (USEPA Guidance Manual)

(USEPA, 1989). Ct values, (disinfectant concentration

(C) multiplied by contact time (t) between the disin-

fectant and microorganism), for 2- to 4-logs viral

inactivation by ozone and other water disinfectants at

different pH and temperature conditions are listed in the

manual. Guidance Manual’s Ct values (mg/lmin) direct

public water utilities to ensure that disinfection practices

meet regulatory microbial log inactivation requirements.

However, ozone Ct values may not be adequate for

caliciviruses and adenoviruses whose susceptibility to

this disinfectant is largely unknown.
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The objectives of this study were to: (1) compare

ozone inactivation of AD40 and FCV; (2) use previously

described disinfection models to generate Ct values for

each virus; and (3) compare predicted Ct values to

USEPA Guidance Manual Ct values.
2. Methods

2.1. Virus propagation and assay

AD40 (strain Dugan), FCV (strain F9), primary liver

carcinoma cell line (PLC/PRF/5) and Crandell Feline

Kidney (CRFK) cell lines were obtained from American

Type Culture Collection (Rockville, MD, USA). AD40

and FCV stocks were propagated, enumerated, concen-

trated, purified, stored, and titered (most probable

number) in the same manner as described by Thur-

ston-Enriquez et al. (2003a, b).

2.2. Ozone production and measurement

Ozone gas was generated using a model #648-G ozone

generator manufactured by Bankston Electric Company

(Bankston Electric Company, Mansfield, TX, USA). A

500ml amber bottle containing distilled water was

placed into an ice-filled insulated bucket and ozone gas

was bubbled into water for at least 2 h to produce a high

concentration ozone stock solution. Ozone concentra-

tions were measured according to the Standard Methods

for the Examination of Water and Wastewater Indigo

Colorimetric Method (Method 4500-O3 B) (APHA,

1998).

2.3. Experimental protocol

The experiment was carried out according to proto-

cols described by Thurston-Enriquez et al. (2003a). All

glassware was soaked in ozonated water and dried prior

to use. Disinfectant demand-free glass beakers contain-

ing 50ml phosphate buffered demand-free (BDF) water
Table 1

Summary of parameter estimates for EFH Model and R2 values for c

O3 dose
a (mg/l) Virus No. of replicates

0.49 AD40 2

0.30 AD40 2

1.00 FCV 3

0.06 FCV 2

aExperiments conducted at pH 7 and 5 1C.
bAverage disinfectant decay constant for replicate experiments.
cInactivation rate constant.
dCoefficient of dilution.
eConstant for the inactivation rate law (describes deviation from C
at pH 7 were kept at 5 1C in a refrigerated water bath. At

least five reaction beakers were analyzed for each

experimental condition. The first beaker, containing

only BDF water and ozone was measured at 15 s in

order to determine the initial ozone dose in the absence

of ozone demand from the viral stock. The second and

third reaction beakers were inoculated with one of the

studied viruses at concentrations that would allow

detection of at least 2-logs of viral inactivation. The

second and third beakers were also inoculated with

ozonated water and immediately stirred. The second

beaker was sampled to determine ozone demand of viral

stocks and ozone decay. In order to determine viral

inactivation, 2ml samples were taken from the third

beaker and immediately inoculated into collection tubes

containing 20 ml of sterile 10% sodium thiosulfate

solution to quench any residual disinfectant activity.

The fourth reaction beaker, or control beaker, contained

only virus and BDF water. This control beaker was

necessary to (1) determine initial virus concentration for

every experiment, and (2) evaluate whether virus

inactivation occurred under the tested conditions (in

the absence of disinfectants). Two to three replicates (a

fifth or sixth reaction beaker identical to the third

reaction beaker) were conducted for each virus. Viral

samples were kept at 4 1C until assay.
2.4. Kinetic modeling and Ct values

Disinfectant decay and Ct values (Tables 1 and 2)

were calculated using the efficiency factor hom (EFH)

model (Thurston-Enriquez et al., 2003a). Ozone decay

constants, k0, for each experiment were calculated using

the Solver function in Microsoft Excel 2000 (Microsoft

Corp.) to regress (using the least-squares method) the

first-order kinetic equation:

C ¼ C0 expð�k0tÞ, (1)

where C and C0 are ozone residual (mg/l) at time t and

time 15 s (closest measurement to time 0), respectively;

and k0 is the first-order free ozone decay rate constant
omparison of predicted and observed ozone inactivation curves

k0b kc nd me R2

6.10 75.72 1.53 0.51 0.98

5.96 8.56 0.03 0.16 0.99

8.83 9.91 5.01 0.01 0.99

4.40 98.60 0.69 0.59 0.96

hick–Watson kinetics).
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Table 2

EFH Model predicted Ct values for inactivation of FCV and

AD40 under negligible ozone decay (k0 ¼ 0.0001)

�Log10
inactivation

EFH model valuesa EPA guidance

manual Ct value

AD40 FCV

Ct99.0�99.99% (mg/lmin)

2 0.02b o0.01e 0.6

o0.01c o0.01f

3 0.04b o0.01e 0.9

0.10c 0.02f

4 0.07b,d o0.01e 1.2

0.60c,d 0.03f

aCt99.0�99.99% values for experiments conducted at pH 7 and

5 1C.
bOzone dose ¼ 0.49mg/l.
cOzone dose ¼ 0.30mg/l.
dCt values predicted by EFH Model since 4-log inactivation

was not achieved in bench-scale experiments.
eOzone dose ¼ 1.00mg/l.
fOzone dose ¼ 0.06mg/l.
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(min�1). Viral most-probable-number values for each

experiment, grouped by virus type, were fit into the EFH

model:

lnN=N0 ¼ �kC0t
m½ð1� expð�nk0t=mÞ=ðnk0t=mÞ�, (2)

where k is the inactivation rate constant, n is the

coefficient of dilution and m is the constant for the

inactivation rate law which describes deviation from

ideal Chick–Watson kinetics (Haas and Joffe, 1994).

lnN/N0 is the natural log of the survival ratio (number

of viruses remaining at time t divided by the number at

time zero). Microsoft Excel Solver (Microsoft Excel

2000, Microsoft Corp.) was used to minimize the sum of

squares of the difference between the observed and

predicted lnN/N0 for viral disinfection experiments

performed with the same virus in order to determine

the values for each model’s coefficients.

Ct value is the disinfectant concentration (mg/l)

multiplied by the time (min) when a specific log

inactivation, 2, 3 or 4-log (99%, 99.9% and 99.99%)

occurred. Ct values (Ct99.0%, Ct99.9% and Ct99.99%) were

used to assess viral sensitivity to ozone and compare

observed bench-scale inactivation to predicted EFH

model Ct99.0–99.99% values. Generation of predicted Ct

values for each virus and set of conditions was

determined through application of the EFH model

parameters. Because of the rapid decay of ozone and

tailing of disinfection curves, only viral inactivation

values where ozone levels were above 0.001mg/l

(determined through disinfectant decay model) were

used with the EFH Model. A value of 0.0001 for k0

(conditions of negligible disinfectant decay) was used for

EFH model Ct values. This value was chosen in order to
produce baseline Ct values and because k0 varied

between experiments. As suggested by earlier studies,

only disinfectant concentrations similar to amounts

applied in the bench-scale experiments were used to

calculate Ct values (Thurston-Enriquez et al., 2003a, b).

R2 values were calculated using Microsoft Excel 2000

(Microsoft Corp.) to determine the fit of predicted EFH

model inactivation curves to observed bench-scale

curves.
3. Results

Table 1 lists parameter estimates for EFH model

analysis and R2 values for observed versus predicted

inactivation curves. All R2 values are close to 1.0

indicating that the EFH Model closely predicted

observed bench-scale ozone AD40 and FCV inactiva-

tion. Table 2 compares EFH Model predicted Ct values

for minimal disinfectant decay (k0 ¼ 0.0001) calculated

from this study’s bench scale experiments to EPA

Guidance Manual Ct values for 2-, 3-, or 4-log

(Ct99.0–99.99%) viral inactivation. Under this study’s

experimental conditions, EFH Model Ct values for

AD40 and FCV are far below EPA Guidance Manual

Ct values for ozone inactivation.

Ozone decayed rapidly during the course of all viral

disinfection experiments. For AD40 experiments, ozone

decreased from an initial dose of 0.49mg/l down to an

average of 0.11 within 15 s and was not measurable by

2min. For FCV, a dose of 1.0mg/l ozone was decreased

to a concentration of 0.11mg/l by 15 s and below

detection by 5min. The practical lower limit of detection

for ozone in water by the Indigo Colorimetric Method is

between 0.01 and 0.02mg/l (APHA, 1998). Ozone

decayed more slowly in experiments conducted with

AD40 at 0.30mg/l and FCV at 0.06mg/l ozone dose

(Table 1).

For each ozone dose tested, Table 3 lists the �log10
inactivation and associated ozone residual value ob-

served at the contact time listed. Ozone residual values

listed in the table were derived from the first-order

kinetic disinfectant decay equation. The values in Table

3 demonstrate that ozone was effective at viral inactiva-

tion at very low ozone residuals.
4. Discussion

To the best of our knowledge, this is the first report

describing the effectiveness of ozone to inactivate FCV

and AD40 in water. In comparison to EPA Guidance

Manual Ct values, Ct99.0–99.99% values generated by this

study demonstrate that EPA Guidance Manual Ct

values are sufficient for reducing AD40 and FCV by at

least 4-logs in treated water under the tested conditions.
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Table 3

Average ozone dose, residual, and contact time for low and high inactivation values for AD40 and FCV

AD40 FCV

�Log10
inactivation

Contact time (min) Ozone residual

(mg/l)a
�Log10
inactivation

Contact time (min) Ozone residual

(mg/l)a

Ozone dose ¼ 0.49mg/l Ozone dose ¼ 1.00mg/l

2.63 0.25 0.108 4.28 0.25 0.110

3.28 2.00 o0.001 44.74 1.20 o0.0001

Ozone dose ¼ 0.30mg/l Ozone dose ¼ 0.06mg/l

3.04 0.50 0.014 1.85 0.25 0.020

3.55 10 o0.001 2.77 5.00 o0.0001

aOzone residual was determined from disinfectant decay equation for the contact time listed.
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Comparison of Ct values for the inactivation of the

studied viruses suggests that AD40 is more resistant to

the effects of ozone compared to FCV. While AD40

ozone disinfection experiments were carried out with

higher initial ozone doses, Ct values for AD40 were still

higher than values calculated for 1- to 4-log inactivation

of FCV.

Results presented by this study further demonstrate

that ozone is a very effective water disinfectant for

viruses in water. AD40 and FCV were both readily

inactivated by low ozone doses of 0.30 and 0.06mg/l,

respectively. Ct99.99% values corresponding with these

low ozone doses were 0.60 and 0.03 for AD40 and FCV,

respectively. At higher initial ozone concentrations,

FCV was reduced by 4.28-logs within 15 s by 1.00mg/l

ozone dose. Previous studies have also demonstrated the

effectiveness of ozone for viral inactivation in buffered

disinfectant demand-free water. For example, poliovirus

type 1 was inactivated by 2-logs within 30 s at 0.15mg/l

ozone dose and a non-purified poliovirus type 1 viral

stock was also readily inactivated (Ellis, 1991). Hepatitis

A virus was reduced by 5-logs within 1min at 1mg/l

ozone (Vaughn et al., 1990) and Norwalk virus was

reduced by over 3-logs by 10 s at 0.37mg/l ozone dose,

pH 7, and 5 1C (Shin and Sobsey, 2003). Adenovirus

type 2 Ct99.99% values of 0.17 and 42.0mg/lmin were
calculated from graphs describing adenovirus type 2

inactivation by 0.2mg/l ozone dose at pH 7 (Riley et al.,

2002). Ozone residuals at these two contact times,

however, were not described (Riley et al., 2002).

Differences in ozone residual between these two disin-

fection experiments may have been the cause for the

large differences in Ct values. Specific information

regarding experimental methods used in many ozone

disinfection studies is lacking. The manner in which

disinfection experiments are designed can have a great

impact on the outcome of viral inactivation. Disparities

between viral disinfection studies make comparison and
conclusions regarding disinfectant effectiveness difficult

(Thurston-Enriquez et al., 2003a, b).

The idea of ozone threshold levels in water has been

described by several researchers (Ellis, 1991). It has been

suggested that there is an ozone concentration that must

be achieved for adequate disinfection. Ozone threshold

levels of 1.0, 0.7, and 0.1mg/l have been suggested by

various researchers (Ellis, 1991). Disinfection effective-

ness of ozone below these levels has been suggested to be

non-existent or extremely poor (Ellis, 1991). Results of

this study, however, demonstrate that even very low

ozone residuals can inactivate AD40 and FCV particles

in water. Batch reactors used in this study resulted in

ozone decay throughout each experiment, unlike con-

tinuous ozone flow reactors used by previous research

groups (Emerson et al., 1982; Roy et al., 1982; Shin and

Sobsey, 2003). Using previously described equations for

disinfectant decay (Thurston-Enriquez et al., 2003a, b),

ozone residual was calculated for different contact times

for each FCV and AD40 batch experiment. For AD40

experiments dosed at 0.30mg/l ozone, residuals aver-

aged 0.015mg/l and less than 0.0001mg/l by 30 s

and 10min, respectively. Even at these low ozone

residuals, the concentration of AD40 observed at 30 s

was further reduced by 67% by 10min. Similar

reduction was observed for FCV, where FCV concen-

trations at 15 s were reduced by an average of 76% by

10min contact time. Ozone residuals for these FCV

experiments were 0.02mg/l at 15 s compared to

o0.001mg/l at 45 s. Coliphage MS-2 was inactivated
by 4-logs within 20 s at ozone concentrations less than

0.04mg/l (Finch and Fairbairn, 1991) and a nonpurified

poliovirus type 1 viral suspension was completely

inactivated in 2min by an ozone concentration of

0.05mg/l (Ellis, 1991). While not as effective as higher

ozone concentrations, these results suggest that very low

ozone concentrations are capable of lethal damage to

viral particles.
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All disinfection experiments were carried out with

BDF water that was inoculated with purified (removal

of cell debris and cell culture media) and relatively

dispersed (chloroform extraction) AD40 and FCV viral

stocks. Removal of cell debris and cell culture media

significantly reduces ozone demand in viral stocks.

Results obtained by these controlled disinfection studies

provide baseline information necessary for understand-

ing ozone efficacy against CCL viral pathogens in

treated water. Moreover, this information is important

for evaluation of ozone as a primary or secondary

disinfectant for inactivation of the studied viruses under

the tested water conditions. Previous chlorine disinfec-

tion studies have demonstrated that these viruses are

inactivated at different rates depending on viral and

water quality conditions (Thurston-Enriquez et al.,

2003a). Thus, further studies are needed to determine

whether EPA Guidance Manual ozone Ct values are

adequate for reducing AD40 and FCV in an aggregated

state and in natural waters.
5. Conclusions
�
 Under the conditions of this study, ozone is very

effective in inactivating FCV and AD40 in treated

water and at low ozone concentrations.
�
 Ct values listed in the US EPA’s Guidance Manual

are adequate for 4-log inactivation of FCV and

AD40 under the conditions of this study.
�
 Low ozone residuals (o0.01mg/l) observed after

10min contact time, continued to reduce FCV and

AD40 by 67% and 76%, respectively.
Acknowledgement

This work was supported by the American Water

Works Association Research Foundation (Project 442).

Disclaimer:

Mention of trade names or commercial products in

this article is solely for the purpose of providing specific

information and does not imply recommendation or

endorsement by the US Department of Agriculture.
References

APHA, 1998. Standard Methods for the Examination of Water

and Wastewater, 20th ed. American Public Health Associa-

tion, Washington, DC.

AWWA, 1995. Water Treatment: Principles and Practices of

Water Supply Operations, second ed. American Water

Works Association, Denver.
Clarke, I.N., Lambden, P.R., 2000. Organization and expres-

sion of Calicivirus genes. J. Infect. Dis. 181, S309–S316.

Ellis, K.V., 1991. Water disinfection: a review with some

consideration of the requirements for the third world. Crit.

Rev. Environ. Control 20, 341–407.

Emerson, M.A., Sproul, O.J., Buck, C.E., 1982. Ozone

inactivation of cell-associated viruses. Appl. Environ.

Microbiol. 43, 603–608.

Enriquez, C.E., Hurst, C.J., Gerba, C.P., 1995. Survival of the

enteric Adenovirus-40 and Adenovirus-41 in tap, Sea, and

waste-water. Water Res. 29, 2548–2553.

Fankhauser, R.L., Noel, J.S., Monroe, S.S., Ando, T., Glass,

R.I., 1998. Molecular epidemiology of ‘‘Norwalk-like

Viruses’’ in outbreaks of gastroenteritis in the United

States. J. Infect. Dis. 178, 1571–1578.

Federal Register, 1998. Announcement of the drinking water

contaminant candidate list, Federal Register 63,

pp. 10273–10287.

Finch, G.R., Fairbairn, N., 1991. Comparative inactivation of

poliovirus type 3 and MS2 coliphage in demand-free

phosphate buffer by using ozone. Appl. Environ. Microbiol.

57, 3121–3126.

Glass, R.I., Noel, J., Ando, T., Fankhauser, R., Belliot, G.,

Mounts, A., Parashar, U.D., Bresee, J.S., Monroe, S.S.,

2000. The epidemiology of enteric caliciviruses from hu-

mans: a reassessment using new diagnostics. J. Infect. Dis.

181, S254–S261.

Gyurek, L.L., Hanbin, L., Belosevic, M., Finch, G.B., 1999.

Ozone inactivation kinetics of Cryptosporidium in phos-

phate buffer. J. Environ. Eng. 125, 913–924.

Haas, C.N., Joffe, J., 1994. Disinfection under dynamic

conditions: modificatin of Hom’s model for decay. Environ.

Sci. Technol. 28, 1367–1369.

Hafliger, D., Hubner, P., Luthy, J., 2000. Outbreak of viral

gastroenteritis due to sewage-contaminated drinking water.

Int. J. Food Microbiol. 54, 123–126.

Hall, R.M., Sobsey, M.D., 1993. Inactivation of hepatitis A

virus and MS2 by ozone and ozone-hydrogen peroxide in

buffered water. Water Sci. Technol. 27, 371–378.

Harakeh, M.S., Butler, M., 1985. Factors influencing the ozone

inactivation of enteric viruses in effluent. Ozone: Sci. Eng. 6,

235–243.

Herbold, K., Flehmig, B., Botzenhart, K., 1989. Comparison of

ozone inactivation, in flowing water, of hepatitis A virus,

poliovirus 1, and indicator organisms. Appl. Environ.

Microbiol. 55, 2949–2953.

Horowitz, M.S., 1996. Adenoviruses. In: Fields, B.N., Knipe,

D.M., Howley, P.M. (Eds.), Fields Virology, vol. 1, third

ed. Lippincott-Raven, Philadelphia, pp. 2149–2171.

Hurst, C.J., McClellan, K.A., Benton, W.H., 1988. Comparison

of cytopathogenicity, immunofluorescence and in situ DNA

hybridization as methods for the detection of adenoviruses.

Water Res. 22, 1547–1552.

Irving, L.G., Smith, P.A., 1981. One-year survey of entero-

viruses, adenoviruses, and reoviruses isolated from effluent

at an activated-sludge purification plant. Appl. Environ.

Microbiol. 41, 51–59.

Jiang, X., Wang, M., Wang, K., Estes, M.K., 1993. Sequence

and genomic organization of Norwalk virus. Virol 195,

51–61.



ARTICLE IN PRESS
J.A. Thurston-Enriquez et al. / Water Research 39 (2005) 3650–36563656
Kapikian, A.Z., Estes, M.K., Chanock, R.M., 1996. Norwalk

group of viruses. In: Fields, B.N., Knipe, D.M., Howley,

P.M. (Eds.), Fields Virology, vol. 1, third ed. Lippincott-

Raven, Philadelphia, pp. 783–810.

Keswick, B.H., Vinje, J., Wit, M.d., Leenen, I., Poel, W.v.d.,

Duynhoven, Y.v., 1985. Inactivation of norwalk virus in

drinking water by chlorine. Appl. Environ. Microbiol. 50,

261–264.

Kukkula, M., Arstila, P., Klossner, M.L., Maunula, L.,

Bonsdorff, C.H.V., Jaatinen, P., 1997. Waterborne out-

break of viral gastroenteritis. Scand. J. Infect. Dis. 29,

415–418.

Nuanualsuwan, S., Cliver, D.O., 2003. Capsid functions of

inactivated human picornaviruses and feline calicivirus.

Appl. Environ. Microbiol. 69, 350–357.

Prasad, B.V.V., Hardy, M.E., Estes, M.K., 2000. Structural

studies of recombinant Norwalk capsids. J. Infect. Dis. 181,

S317–S321.

Rennecker, J.L., Marinas, B.J., Owens, J.H., Rice, E.W., 1999.

Inactivation of Cryptosporidium parvum oocysts with ozone.

Water Res. 33, 2481–2488.

Riley, K.R., Gramos, D. M., Gerba, C. P., Nwachuku, N.,

2002. Inactivation of microbial contaminants in the

USEPA’s drinking water contaminant candidate list

(CCL) by various disinfectants. Presented at the Proceed-

ings of the International Water Association’s Disinfection

2002 Meeting, St. Petersburg, FL.

Roy, D., Englebrect, R.S., Chian, E.S.K., 1982. Comparative

inactivation of six enteroviruses by ozone. J. AWWA

December, 660–664.
Shin, G.A., Sobsey, M.D., 2003. Reduction of norwalk virus,

poliovirus 1, and bacteriophage MS2 by ozone disinfection

of water. Appl. Environ. Microbiol. 69, 3975–3978.

Shin, G.A., Battigelli, D., Sobsey, M. D., 1998. Reduction of

Norwalk virus, poliovirus 1, and coliphage MS2 by free

chlorine, chlorine dioxide, and ozone disinfection of water.

In: Proceedings of the Water Quality Technology Con-

ference. American Water Works Association, Denver, CO.

Thurston-Enriquez, J.A., Haas, C.N., Jacangelo, J.G., Gerba,

C.P., 2003a. Chlorine inactivation of adenovirus type 40

and feline calicivirus. Appl. Environ. Microbiol. 69,

3979–3985.

Thurston-Enriquez, J.A., Haas, C.N., Jacangelo, J.G., Gerba,

C.P., 2003b. Inactivation of feline calicivirus and adenovirus

type 40 by UV radiation. Appl. Environ. Microbiol. 69,

577–582.

USEPA, 1989. Guidance Manual for Compliance with the

Filtration and Disinfection Requirements for Public Water

Systems Using Surface Water Sources. Office of Water, US

Environmental Protection Agency, Washington, DC.

USEPA, 2001. National Primary Drinking Water Standards,

EPA 816-F-01-007. Office of Water, US Environmental

Protection Agency, Washington, DC.

Vaughn, J.M., Chen, Y., Novotny, J.F., Strout, D., 1990.

Effects of ozone treatment on the infectivity of hepatitis A

virus. Can. J. Microbiol. 36, 557–560.

Widmer, G., Clancy, T., Ward, H.D., Miller, D., Batzer, G.M.,

Pearson, C.B., Bukhari, Z., 2002. Structural and biochem-

ical alterations in Giarida lamblia cysts exposed to ozone.

J. Parasit. 88, 110–1106.


	Inactivation of enteric adenovirus and feline calicivirus �by ozone
	Introduction
	Methods
	Virus propagation and assay
	Ozone production and measurement
	Experimental protocol
	Kinetic modeling and Ct values

	Results
	Discussion
	Conclusions
	Acknowledgement
	References


