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Laboratory validation of an ozone device for recreational
water treatment
Robert S. Donofrio, Sal Aridi, Ratul Saha, Robin Bechanko, Kevin Schaefer,
Lorelle L. Bestervelt and Beth Hamil

ABSTRACT
Obtaining an accurate assessment of a treatment system’s antimicrobial efﬁcacy in recreational
water is difﬁcult given the large scale and high ﬂow rates of the water systems. A laboratory test
system was designed to mimic the water conditions and potential microbial contaminants found in
swimming pools. This system was utilized to evaluate the performance of an in situ ozone
disinfection device against four microorganisms: Cryptosporidium parvum, bacteriophage MS2,
Enterococcus faecium, and Pseudomonas aeruginosa. The sampling regimen evaluated the
antimicrobial effectiveness in a single pass fashion, with samples being evaluated initially after
exposure to the ozone unit, as well as at points downstream from the device. Based on the ﬂow
dynamics and log reductions, cycle threshold (Ct) values were calculated. The observed organism log
reductions were as follows: >6.7 log for E. faecium and P. aeruginosa; >5.9 log for bacteriophage
MS2; and between 2.7 and 4.1 log for C. parvum. The efﬁcacy results indicate that the test system
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effectively functions as a secondary disinfection system as deﬁned by the Centers for Disease
Control and Prevention’s Model Aquatic Health Code.
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INTRODUCTION
Recreational water includes numerous water types, such as

O157:H7 (Craun et al. ; Turgeon ). The US Environ-

swimming pools, hot tubs, fresh water and salt water bea-

mental Protection Agency (USEPA) has issued a number of

ches, and water amusement parks. Of these many

water quality standards, such as the Interim Enhanced Sur-

varieties, only swimming pools and spas are typically

face Water Treatment Rule (IESWTR), to address microbial

amended with biocides and/or antimicrobial treatment tech-

pathogen contamination in surface water and recreational

nologies to control microbial growth (Unhoch & Vore ).

water (USEPA , ). However, the incidence of diar-

Recreational waters are subject to microbial contamination

rhea related to RWI breakout in the United States has

due to a variety of activities (Craun et al. ; Turgeon

signiﬁcantly increased over the past decade (Hlavsa et al.

). It is difﬁcult to determine the levels of microbial con-

). This is mainly due to the lack of effort to regulate

tamination because of the variability of the sources and

public recreational water facilities.

conditions (Castor & Beach ). Recreational water ill-

Cryptosporidium parvum is one of the most important

ness (RWI) can be spread by swallowing or just by having

waterborne pathogens associated with RWI as it causes

contact with the polluted water from swimming pools,

severe gastroenteritis (cryptosporidiosis) (Alden et al.

spas, hot tubs, and lakes. The most common RWI is gastro-

). C. parvum has been associated with rivers and

enteritis, mainly diarrhea caused by microorganisms such as

lakes,

Cryptosporidium, Giardia, Shigella, and Escherichia coli

Traditional treatment technologies, such as chlorination,
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have been shown to have limited efﬁcacy against C.

conditions and public health risks. The AOAC method for

parvum oocysts (Letterman ). Furthermore, many of

evaluating swimming pool disinfectants and ANSI/NSF

the studies to determine the cycle threshold (Ct) values of

International’s Standard 50 both utilize bacterial species as

treatment approaches for C. parvum have been performed

test surrogates. Additional organisms could be evaluated,

under oxidant demand-free conditions. Ct values represent

but their inclusion into the protocol must be validated.

the product of C (residual disinfectant concentration in

To guide local and state agencies in preventing and

mg/L and T (disinfectant contact time in minutes). These

responding to RWIs in swimming pools the CDC has

Ct values may not be directly applicable to recreational

released the Model Aquatic Health Code, or MAHC (CDC

water systems since the effect of organic contaminants pre-

). Currently, no uniform standard is available on rec-

sent in a recreational water environment has not been

reational swimming pool water quality or RWI response.

evaluated (Carpenter et al. ). Due to the disadvantages

The MAHC describes the operating criteria for different

associated with chemical treatment, researchers have used

treatment technologies and classiﬁes these approaches in

alternative methods, such as sand ﬁltration, ultraviolet

three different categories: primary (chlorine and bromine),

(UV) irradiation, and ozonation to control C. parvum con-

secondary (ozone and UV light disinfection), and sup-

tamination of recreational waters (Fayer et al. ; Clancy

plementary (i.e., copper and silver ions). As a secondary

et al. ; Loganthan et al. ). Even though the USEPA

treatment system, the MAHC states that the system must

has accepted UV disinfection as a method for inactivating

achieve a minimum of 3 log reduction of infectious C.

Cryptosporidium, there are certain disadvantages associ-

parvum.

ated with it. UV has poor penetration capability and

The objective of the present study was to validate the

therefore suspended particles cause a shielding effect to

antimicrobial efﬁcacy of a commercial ozone generator for

the smaller oocysts of the Cryptosporidium (Morita &

the treatment of contained recreational water systems (i.e.,

Hirata ). In addition, UV treatment is ﬂow-rate depen-

swimming pools). To accurately assess the disinfection capa-

dent. Since 1906, ozone has been used as a means of

bilities of the treatment device, a test rig was designed that

disinfection of drinking water. In comparison to chlori-

incorporated the ﬂow rates, water quality, and potential

nation, ozone produces less harmful by-products and is

interferences expected in a swimming pool, rather than

also effective against most of the waterborne pathogens,

rely on a scaled-down bench scale evaluation. Antimicrobial

including protozoa and viruses (Shin & Sobsey ). It

efﬁcacy, in terms of log reduction, was assessed using repre-

has been suggested that to optimize inactivation of C.

sentative Gram-positive and Gram-negative bacteria, as well

parvum in recreational waters, a series of treatment tech-

as a RNA bacteriophage, MS2. The impact on the infectivity

nologies could be employed (Letterman ).

of C. parvum was also evaluated. Ct values were then calcu-

Annually, outbreaks of cryptosporidiosis in recreational

lated for C. parvum within the test system.

water venues are reported to the Centers for Disease Control
and Prevention (CDC) (Alden et al. ; Yoder et al. ).
The frequency of these occurrences, coupled with the docu-

MATERIALS AND METHODS

mented resistance of C. parvum to chlorination, suggest that
alternative treatment technologies need to be researched and

Cultures, cell lines, media, and reagents

implemented (Bukhari et al. ). To assess the potential
antimicrobial efﬁcacy of various treatment technologies in

The following bacteria were obtained from the American

recreational water, guidelines and standards have been

Type Culture Collection (ATCC, Rockville, MD, USA):

developed by independent bodies, such as AOAC and NSF

Enterococcus faecium strain PRD ATCC 6569, Escherichia

International, and have been subsequently adopted in regu-

coli ATCC 15597, and Pseudomonas aeruginosa ATCC

lations set forth by the USEPA (USEPA ; NSF ).

27313. Bacteriophage MS2 ATCC 15597-B1 stock suspen-

These methodologies typically incorporate the physical con-

sions were obtained from Biological Consulting Services of

ditions and surrogate organisms to mimic ‘real world’

North Florida (BCS, Gainesville, FL, USA). The bacterial
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Test system design for C. parvum efﬁcacy studies

tions. The concentration of the bacteriophage stock was
veriﬁed by using the double agar overlay method (DAL)

The test setup for determining the efﬁcacy of the ozonator

with tryptic soy agar (TSA) serving as the base media and

device against C. parvum consisted of a test tank made of

tryptic soy broth (TSB) þ 1% agar serving as the top agar

custom fabricated polypropylene (Imperial Industries,

(Kropinski et al. ).

Inc., Belleville, MI, USA) and a pump (Model #3P663,

C. parvum (Iowa strain) was obtained from Sterling Para-

Teel/Dayton Electric Manufacturing Co., Niles, IL, USA)

sitology Laboratories (Tucson, AZ, USA). The C. parvum

that forced water through a main and branch line, a

stock possessed at least 90% viability (as determined by

static mixer (Model #2-40C-4-6-2, Koﬂo Corporation,

excystation) and was stored with 100 IU/mL penicillin and

Cary, IL, USA) and 9.14 m of 50 mm hose downstream

100 μg/mL gentamicin at 4 C. The stock was puriﬁed via dis-

from the remix point of the main and branch lines. The

continuous sucrose and cesium chloride centrifugation

ozone treatment system (Del Ozone Genesis CD-2, Del

gradients and was used within 8 weeks of collection.

Ozone, San Luis Obispo, CA, USA) was located in the

W

All media used for bacterial isolation and growth were

branch line of the setup. The system delivered 2 g/h at

from Difco (Becton Dickinson, Franklin Lakes, NJ, USA).

2.5% by weight at 1.18 standard liters per minute gas

Unless otherwise noted, an incubation temperature of
W

ﬂow. A schematic of the setup is illustrated in Figure 1.

35 C was used for all enrichment and growth plates and

A volume of 3,028 L of de-ionized water was balanced

all reagents and chemicals were ACS (American Chemical

to the speciﬁcations in Table 1 prior to the addition of

Society) reagent grade or higher (Sigma-Aldrich Co.,

challenge constituents. The system ﬂow rate was set at

St Louis, MO, USA).

80 L/min. After the test water was conditioned, a 1 L

The human colon cancer cell line HCT-8 (ATCC CCL

sample was collected in triplicate from the test tank and

244) was obtained from ATCC and cultured/propagated

served as the negative control sample. A branch water

according to the supplier’s speciﬁcations.

line was diverted to the ozone generator from the main

Figure 1

|

Schematic and ﬂow diagram for the recreational water test rig used for the C. parvum efﬁcacy studies. Test water inoculated with the challenge organism is introduced to the
commercial ozonator after a reduction in ﬂow rate from 65 to 21 lpm. Samples were obtained directly after exposure to the treatment system (C. parvum studies only) as well as
9.14 m downstream (all studies) to assess the disinfection capability of residual ozone in the test system.
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Water parameters utilized for the Cryptosporidium parvum, bacterial and viral
efﬁcacy studies using a commercial ozone water treatment device. Data presented for the C. parvum assays are averages of three studies. Standard
deviations for the data are presented. Bacteriophage MS2, Enterococcus faecium, and P. aeruginosa were utilized as the challenge bacteria according to
NSF Standard 50 (NSF 2009)
C. parvum infectivity

Standard 50 bacterial and

Parameter

assay

viral assays

Water temperature

25.0 ± 0.6 C

19.4 C

pH

7.30 ± 0.15

7.30

Total alkalinity

106 ± 30 mg/L

88.2 mg/L

Total hardness

293 ± 63 mg/L

389 mg/L

Free chlorine

<0.01 ± 0.00 mg/L

<0.01 mg/L

Turbidity

0.90 ± 0.07 NTU

0.54 NTU

Baby oil

Not added

20 mg/L

Urea

Not added

9 mg/L

W
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For determining system variability, the C. parvum efﬁcacy test was repeated on three separate occasions.
Cryptosporidium infectivity determination
To determine the concentration of the C. parvum stock,
membrane ﬁltration followed by immunoﬂuorescent stain-

W

ing using the Crypt-a-Glo kit from Waterborne Inc. (New
Orleans, LA, USA) was performed. The percent infectivity
of the oocyst stock, controls, and experimental samples
was determined using a modiﬁed foci detection-most probable number (MPN) method (Slifko et al. ; Aboytes
et al. ; Johnson et al. ). The control and experimental water samples were transferred to 500 mL conical
centrifuge tubes (Corning, Lowell, MA, USA) and centrifuged for 15 min at 3,000 × g. The supernatant of each
centrifugation was aspirated gently by vacuum, and an

line at a ﬂow rate of 27 L/min then recombined with the

additional water sample was added and re-centrifuged.

mainline ﬂow and directed to drain. Thereby only one-

The ﬁnal concentrated pellet was washed and suspended

third of the ﬂow was exposed to the ozone treatment

in 50 mL of phosphate-buffered saline (PBS; Fisher Scienti-

system.

ﬁc, Pittsburgh, PA, USA), transferred to 50 mL tubes and

Water ﬂow within the test system was discontinued for

re-centrifuged. The supernatant was aspirated and the

a period to allow for addition of C. parvum. The oocysts

pellet was suspended in 2 mL of acidiﬁed Hank’s balanced

were added to the tank to achieve a target of 1.0 × 106

salt solution (HBSS) supplemented with 0.001% trypsin

oocysts per 10 L. A circulating pump was employed for

(MediaTech, Manassas, VA, USA). The solution was then

10 min within the tank to achieve homogenous distribution

incubated for 60 min at 37 C, with vortexing every

of the challenge organism. To conﬁrm the actual oocyst

15 min, to trigger oocyst excystation and infectivity. The

concentration in the test system, a 1 L sample was collected

concentrates were then washed by centrifugation, and

in triplicate from the test tank immediately after the mixing

were suspended in HBSS. This wash was repeated in dupli-

period. These samples served as the numbers control for

cate. Three 10-fold dilutions of the numbers control sample

subsequent log reduction calculations. Flow was then

and three of the experimental samples were performed

resumed to the ozone treatment system and the generator

using HBSS as the diluent. Five 0.1 mL aliquots of each

was turned on. At the time points of 4, 9, and 14 min fol-

sample and dilution were used for each infectivity assay.

W

ﬂow,

HCT-8 cells were cultured in Labtech II eight-well

individual 10 L samples were collected at a location

chamber slides (Nalgene Nunc, Naperville, IL, USA). All

9.14 m downstream from the ozone generator/mainline

eight wells of each chamber slide were inoculated with

remix point. The sampling duration for each time point

100 μL of each control or sample dilution. The oocysts in

lasted 3 min. At a time point of 19 min, a 10 L sample

each sample were allowed to incubate onto the cell mono-

was collected directly downstream of the ozone generator

layer in each well for 120 min. RPMI media (MediaTech,

before being remixed with the mainline. Following collec-

Manassas, VA, USA) supplemented with 2% FBS (Atlanta

tion of the samples, the samples were allowed to aerate

Biologicals, Lawrenceville, GA, USA) was added to the

for more than 30 min before being capped and placed at

wells. The well slides were then incubated in a 5% CO2

lowing

the

initiation

of

the

challenge

W

water

W

4 C and transported overnight to BCS for infectivity

atmosphere incubator at 37 C for 72 h. Following the

processing.

72 h incubation, the cells were washed twice in PBS and
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ﬁxed in methanol. The infected cell monolayers were

obtained. Additional samples were taken in triplicate

stained with ﬂuorescent-labeled monoclonal antibody

every 6 min until an exposure duration of 30 min had

speciﬁc for the reproductive stages of the C. parvum life-

been reached.
All samples were processed to determine micro-

cycle. The number of infectious oocysts were enumerated
by evaluating each well for the presence of foci of infection

biological

by UV epiﬂuorescence microscopy. These foci contain clus-

concentrations of P. aeruginosa and E. faecium were

ters of stained sporozoites that have disseminated from a

determined

central focus of infectivity. When a focus is identiﬁed, it

(APHA ). For each sample, a volume of 100 mL was

is conﬁrmed by differential interference contrast (DIC)

ﬁltered through a 0.45 μm porosity cellulose ﬁlter (GN6,

microscopy so that sporozoite structure can be determined.

Pall Corporation, East Hills, NY, USA). The ﬁlters were

Wells were scored as either positive or negative based on

aseptically transferred to M-PA-C agar and KF Streptococ-

the presence or absence of sporozoite clusters. The

cus

number of infections per well is not relevant in the MPN

concentrations of bacteriophage MS2 within the samples

method. Results were calculated using a MPN statistical

were determined using the DAL procedure described

analysis. Results were reported as MPN of infectious

previously.

agar,

content
using

then

within
the

1h

of

ﬁltration

membrane

incubated

at

collection.

W

35 C

for

The

method

48 h.

The

oocysts per unit volume.
Test system design and assays for the antibacterial and

Calculations

antiviral efﬁcacy studies
An individual geometric mean was obtained for all triplicate
A total volume of 625 L of deionized test water was

samples taken at each individual time point. The log

balanced to the speciﬁcations in Table 1 prior to the

reduction was determined at each sample time by using

addition of challenge constituents (urea and baby oil) and

the following equation:

microorganisms. A recirculation pump (Model #3P663,
Teel/Dayton Electric Manufacturing Co., Niles, IL, USA)

Log reduction ¼ log10 (Ns=No)

(1)

was utilized to maintain a ﬂow rate of 25 L/min. Three
1 L water samples were obtained to serve as a background

where Ns is the sample geometric mean for each exposure

organism control. All of the samples for this analysis were

time and No is the geometric mean of the numbers control

collected using sterile bottles at a location immediately

(NSF ).

downstream of the mixing tower on the return line to the
tank.

Table 2 contains the physical parameters and ﬂow rates
of the test system used for the calculation of the Ct values

Challenge cultures of E. faecium and P. aeruginosa

within the branch line and branch/main mixing line. The

were prepared according to the protocol speciﬁed in

Ct values were calculated by determining the time the test

ANSI/NSF Standard 50 (NSF ). A ﬁnal concentration

water was exposed to ozone based on test ﬂow rates and

of 1.0 × 106 colony forming units (CFU)/100 mL for each

the cross-sectional area of the piping setup. The concen-

organism was targeted for the test water. For bacteriophage

tration of ozone (mg/L) was then multiplied by the

MS2, a ﬁnal concentration of 1.0 × 105 plaque forming

exposure time (minutes) to calculate the Ct. Calculations

units (PFU)/mL was targeted. To obtain a homogenous dis-

in the undiluted mix were made based on a certiﬁed ozone

persion of the microorganism challenges, urea and baby oil

output rate of 2 g/h and a mass transfer efﬁciency of both

within the test system, the water was circulated for 15 min

60 and 100%. This output rate calculates to an ozone con-

with the ozone treatment system turned off. Three 1 L

centration of 1.257 mg/L in the test water at 100% transfer

water samples were obtained to serve as a numbers control.

efﬁciency. The calculated C. parvum Ct values for the

The ozone treatment system was turned on and, following

branch line and branch/main mixing line are provided in

6 min of circulation, three 1 L water samples were

Table 3.
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Measured physical parameters and ﬂow rates of the test system used for the calculation of Ct values within the branch line and branch/main mixing line

Piping description

Piping area cm2 (in2)

Piping length cm (inches)

Flow rate L/min (gal/min)

Velocity cm/s

3.3 (0.51)

107 (42.0)

26.57 ± 0.45 (7.02 ± 0.12)

135.2 ± 2.3

165.2 (25.60)

82.6 (32.5)

26.57 ± 0.45 (7.02 ± 0.12)

Time seconds

Branch line
19 mm sch40 PVC
Contact chamber

0.8 ± 0.0

2.69 ± 0.05

30.8 ± 0.6

19 mm sch40 PVC

3.3 (0.51)

87.6 (34.5)

26.57 ± 0.45 (7.02 ± 0.12)

135.2 ± 2.3

0.6 ± 0.1

19 mm PVC hose

2.1 (0.33)

383.5 (151.0)

26.57 ± 0.45 (7.02 ± 0.12)

206.9 ± 3.6

1.9 ± 0.1

20.3 (8.0)

79.9 ± 0.79 (21.1 ± 0.21)

70.00 ± 0.64

0.4 ± 0.1

Branch and main line mix
50 mm sch80 PVC

19.0 (2.95)

50 mm static mixer

19.0 (2.95)

33.0 (13.0)

79.9 ± 0.79 (21.1 ± 0.21)

70.00 ± 0.64

0.5 ± 0.0

50 mm ID PVC hose

20.3 (3.14)

929.6 (366.0)

79.9 ± 0.79 (21.1 ± 0.21)

65.81 ± 0.61

14.0 ± 0.1

Table 3

|

Calculated Ct values for the branch line and branch/main mixing line for the C. parvum infectivity assay. Data presented for the contact times and ozone concentrations are
averages of three studies. Standard deviations for the data are presented. Ozone concentrations are presented in mg/L. Ct values are calculated using the following equation:
Ct ¼ (Ozone mg/L) * [(Contact time seconds)/(60 s)]. To calculate the NSF rated Ct value, a safety factor of 2 was incorporated

Location

Contact time (seconds)

60% Ozone concentration

100% Ozone concentration

60% Ct (calculated)

100% Ct (calculated)

Branch line

34.1 ± 0.6

0.74 ± 0.01

1.24 ± 0.02

0.42 ± 0.01

0.70 ± 0.01

Branch and main line mix

14.9 ± 0.1

0.61 ± 0.42

0.66 ± 0.36

0.05 ± 0.04

0.06 ± 0.03

Total Ct ¼ 0.76 ± 0.04.
NSF rated Ct value ¼ (0.76 × 2) ¼ 1.52.

RESULTS AND DISCUSSION

pool waters. The test system and challenge water were
designed speciﬁcally to include the interferences that may

Evaluation of the microbial efﬁcacy of various water treat-

be expected in a ‘real world’ situation. The assessment of

ment and disinfection technologies at the bench-scale level

the antimicrobial performance of the device was carried

is well documented (Letterman ). The test conditions

out at the same ﬂow rates that would be used in a swimming

usually involve well-deﬁned water quality parameters and

pool application. The water temperature, chemical constitu-

may lack built-in interferences for the disinfection technol-

ents, and additives employed in the study were selected to

ogy being evaluated. This may lead to an inaccurate

mimic both human contamination and the water quality of

estimate of the Ct value associated with that technology.

the pools (NSF ). The goal of this study was to obtain

This is especially true for recreational water treatment sys-

representative Ct values, relative to C. parvum, for a com-

tems where the initial Ct studies may have involved only

mercial

oxidant demand-free water and may not be representative

contaminated swimming pool water.

ozonator

when

treating

microbiologically

of actual recreational water (Carpenter et al. ). During

Four challenge organisms were selected for use in the

scale-up or implementation of the treatment technology at

study: C. parvum, bacteriophage MS2, E. faecium, and P.

the ﬁeld level, safety factors are often added to ensure that

aeruginosa. Their inclusion was based on historical epide-

public health is protected. This typically involves increasing

miological data associated with acquired waterborne

the dosage of the disinfectant treatment to account for

illness in recreational waters. E. faecium and P. aeruginosa

untested or unexpected water quality conditions (Rakness

were also selected to serve as representatives for other

). This paper details a test system designed for assessing

pathogenic Gram-negative and Gram-positive bacteria. For

the extent of microbial disinfection by a commercial ozona-

determining system variability, the C. parvum efﬁcacy test

tor intended for the treatment of recreational swimming

was repeated on three separate occasions.
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Prior to initiation of the study, the actual infectivity of

concentration helped to contain costs since this was an

the stock oocysts was determined. The MPN infectivity

exploratory run. Results for the ﬁrst run demonstrated >3

assay revealed that the C. parvum stock was approximately

log reduction in infectivity at all points. Once the results

7% infective (culture MPN assay compared to direct counts

were available, the inﬂuent concentrations were increased

via hemocytometer). The initial test was performed at a

in the two subsequent test runs. The target for infectious

lower challenge concentration (target 1.0 × 103 MPN/10 L).

cysts in the test system for the second and third assays was

This concentration was targeted given the MAHC’s require-

1.0 × 106 per 10 L. These test achieved an average of 2.9 ×

ment of secondary disinfection systems achieving a

105 infectious cysts per 10 L. Theoretically, if no infectious

minimum 3 log (99.9%) reduction of infective Cryptospori-

cysts were present in the treated samples, the treatment

oocysts

dium

(CDC

).

Additionally,

the

lower

system would have achieved greater than 5.5 log reduction
in infectious cysts. The results of the C. parvum infectivity

Table 4

|

reduction studies are presented in Table 4. All samples
Log reductions observed for Cryptosporidium parvum when exposed to ozonetreated test water at varying time intervals. The system evaluation was

exposed to the ozone treatment displayed greater than a 1

repeated on three separate occasions and the results for each are provided.

log reduction in infectivity. The greatest reduction (average

The samples designated as 4, 9, and 14 min post-startup were collected at a
location 9.14 m downstream from the ozone generator/mainline remix point.
The system blank was collected from the test tank prior to inoculation. Total
C. parvum concentrations were determined via microscopy. MPN infectious

3.4 log for runs 2 and 3) in infectivity observed was in
the branch/main mixing line, immediately after exposure

C. parvum concentrations were determined via the foci detection-most prob-

to the ozone treatment system. Moderate reduction in

able number method (Slifko et al. 1999). All concentrations for C. parvum are
presented in MPN/10 L

C. parvum infectivity (average 1.4 log for runs 2 and 3)
was observed for all of the samples obtained downstream

Sample description

Initial total C. parvum
Initial MPN infectious
C. parvum

Experiment 1

Experiment 2

3

6

6.6 × 10

2.8 × 10

3

5

2.4 × 10

3.5 × 10

Experiment 3

of the treatment device. This demonstrated that the residual

6

ozone remaining in the system was at a concentration that

5

was efﬁcacious.

4.5 × 10
3.2 × 10

The antibacterial and antiviral efﬁcacy assays indicated

Log reduction at 4 min
post-startup

>3.0

1.3

<1.3

Log reduction at 9 min
post-startup

>3.0

1.6

1.5

Log reduction at 14 min
post-startup

>3.0

1.3

1.5

count data and the log reductions are presented in

Log reduction
immediately after
ozonator

>3.0

2.7

4.1

for the bacterial studies. Greater than a 6 log reduction

System blank C. parvum

<1.0

Table 5

|

that the ozone dosage allowed for a signiﬁcant decrease in
viability for both E. faecium and P. aeruginosa, as well as
for bacteriophage MS2. The actual bacteria and virus
Table 5. The target of 1.0 × 106 CFU/100 mL was achieved
was observed for both organisms at 6 min post-startup, and

<1.0

<1.0

for each subsequent sampling event. The observed 6 log
kill achieved through the ozone device at less than 10 min

Log reductions observed for Enterococcus faecium, Pseudomonas aeruginosa, and MS2 bacteriophage when exposed to ozone-treated test water at varying time intervals. The
post-startup samples were collected at a location 9.14 m downstream from the ozone generator/mainline remix point. The system blank was collected from the test tank prior to
inoculation. Following addition of the challenge organisms and 15 min mixing period, the numbers control samples were collected from the tank. The post-startup concentrations
represent the observed results for the ﬁve different sampling times (6, 12, 18, 24, and 30 min). All concentrations for E. faecium and P. aeruginosa are presented in colony forming units (CFU) per 100 mL. All concentrations for bacteriophage MS2 are presented in plaque forming units (PFU) per mL. The results presented are means of triplicate replicates.
Standard deviations are provided in parentheses

Challenge organism

Numbers control concentrations

Post-startup concentrations

Log reduction

E. faecium

4.5 × 106 (3.6 × 105)

<1.0 × 100

>6.7

P. aeruginosa

4.5 × 10 (1.9 × 10 )

0

<1.0 × 10

>6.7

MS2 bacteriophage

7.1 × 105 (2.1 × 105)

<1.0 × 100

>5.9

<1.0 × 10

Not applicable

System blank

6

<1.0 × 10
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compares favorably to alternative treatment technologies.

observed the following log reductions at a pilot-scale ozona-

Anipsitakis et al. () detailed a 4 log kill of E. coli after

tion treatment project performed using Ohio River water:

60 min of treatment with activated potassium peroxymono-

2.67 log reduction for C. parvum at a Ct of 7.15 mg.min/L;

sulfate. The viability of bacteriophage MS2 was reduced by

4.1 log reduction for coliform bacteria at a Ct of 6.26 mg.

greater than 5.9 log at all exposure points. The susceptibility

min/L; and 3.36 log reduction for heterotrophic bacteria at

of MS2 to active ozone in this test system is consistent with

a Ct of 6.26 mg.min/L.

previously published data. In demand-free water, Shin &

The current study differs from the aforementioned C.

Sobsey () observed greater than a 7.5 log reduction in

parvum investigations in that a cell culture-based assay

infective MS2 following a 10 s exposure to test water at

was utilized for infectivity determinations rather than an

pH 7 and possessing an ozone concentration of 0.37 mg/L.

animal infectivity model. In vitro excystation assays and

Ct values for the bacterial and protozoal studies were cal-

vital dye approaches, such as those described by Bukhari

culated based on the observed ﬂow rates of the test system as

et al. (), were considered, but due to their unreliability

well as the measured ozone concentration present in the

to assess inactivation as compared to neonatal mouse

branch line and branch/main mixing line (Figure 1). For

studies, an alternative method was sought. The cell cul-

the studies, the concentration of ozone in the water was

ture-based assay described by Slifko et al. () and

measured just before the dilution/mixing point to be an aver-

Aboytes et al. () showed close correlation to the gold-

age of 1.07 mg/L. This value was used for calculations after

standard neonatal mouse infectivity standard and were

the main line and the branch line were remixed (diluted

thus selected for the current investigation. The in vitro cell

mix) since the ozone concentration in water at that point

culture technique is more cost efﬁcient, it does not rely on

was signiﬁcantly lower and measured an average of

sacriﬁcing live animals, and the results are obtained in half

0.18 mg/L. The NSF rated Ct value of 1.56 includes a safety

the time than animal infectivity assays. Johnson et al.

factor of 2 and assumes 100% transfer efﬁciency. This Ct

() have recently reported on a study comparing the

value and corresponding log reductions for C. parvum and

HCT-8 cell culture immunoﬂuorescent antibody and

the two bacterial challenge organisms presented in this

microscopy assay (IFA) method and an approach that

study vary from those published in the literature. At the furth-

coupled cell culture to quantitative polymerase chain reac-

est sampling point present in the system (9.14 m downstream

tion (CC-qPCR). The researchers observed that the HCT-8

of the ozone introduction), an average of 1.4 log inactivation

IFA cell culture method generated the lowest number of

of C. parvum oocysts was observed for runs 2 and 3. The log

false positives and had a lower limit of detection. Thus, it

infectivity reduction for C. parvum was much greater at a

was concluded that the HCT-8 IFA cell culture method is

sampling point immediately following the ozone treatment

most suitable for use by the drinking water industry in

device (average 3.4 log for runs 2 and 3). Kanjo et al. ()

detecting infective C. parvum oocysts.

demonstrated that C. parvum infectivity was reduced by 2
log and 3 log via ozone Ct values of 3 and 8 mg/min/L,
respectively. Finch et al. () utilized a nonlinear Hom

CONCLUSIONS

model for calculating the Ct values for C. parvum infectivity
reduction in a demand-free test water. Log reductions of 2

This study demonstrates that a laboratory test system can be

and 3 were observed at Ct values of 1.6 and 2.4, respectively

constructed to simulate the conditions expected at a rec-

(Finch et al. ). At colder temperatures (1 C), it has been

reational

observed that Ct values of 7.2 and 15 mg.min/L were

interferences, ﬂow rates, exposure times) and be effectively

required to inactivate C. parvum oocysts to 0.7 and 1.3 logs,

utilized to evaluate the antimicrobial capabilities of a

respectively (Finch & Hanbin ). In addition, studies car-

given water treatment system. In this particular study, a

ried out in natural waters showed increased Ct values and log

commercial ozone device was the focus. The test system

inactivations compared with studies performed at the bench-

was constructed in a manner such that different treatment

scale level or in demand-free water. Owens et al. ()

systems could be incorporated, such as membrane ﬁltration

W
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or UV light disinfection. The presented method is based on a
controlled system with all components well deﬁned, leading
to a robust determination of Ct values. These controlled conditions do not negate the validity of the Ct values when
applied to another system, but do place importance on
knowledge of critical process parameters when applied.
Accurate data for piping system characteristics and accurate
measurements of ozone concentrations and ﬂow rates are
required. The level of water chemistry control and actual
water quality in real world systems may introduce interference to the implementation of the Ct values determined in
this study. However, the water chemistry used in the study
was adjusted to levels found in well-balanced and maintained pool water to mimic real world application. NSF
also applied a conservative factor of safety to the ﬁnal Ct
value to address unknown system variables so that the
ﬁnal Ct value might be used in application. Extrapolation
of system size and Ct could be done, but requires accurate
knowledge of the proposed system parameters, such as
piping characteristics, water volume, ﬂow rates, and disinfectant concentrations.

ACKNOWLEDGEMENTS

BCS for his assistance in processing the samples for
Cryptosporidium infectivity.

REFERENCES
Aboytes, R., Di Giovanni, G. D., Abrams, F. A., Rheinecker, C.,
McElroy, W., Shaw, N. & LeChevallier, M. W. 
Detection of infectious Cryptosporidium in ﬁltered drinking
water. J. Am. Water Works Assoc. 96, 88–98.
Alden, N. B., Ghosh, T. S., Vogt, R. L., Andreasen, C., BullerFenton, S., Saathoff-Huber, L., Davis, J., Henry, S. A., Ratard,
R., Roach, A., Drociuk, D., Meredith, J., Ball, R., Baker, L.,
Grandpre, J., Murphy, T., Van Houten, C., Beach, M. J.,
Bishop, H., DaSilva, A. J., Hill, V. R., Xiao, L., Boehmer, T.
K., Brunkard, J. M., Christian, K. A., Luce, R. & Trevino, I. C.
 Cryptosporidiosis outbreaks associated with
recreational water use – ﬁve States, 2006. MMWR 56,
729–732.

Downloaded from https://iwaponline.com/jwh/article-pdf/11/2/267/395474/267.pdf
by guest

|

11.2

|

2013

American Public Health Association  Standard Methods for
the Examination of Water and Wastewater, 20th edn. APHA,
Washington, DC.
Anipsitakis, G. P., Tufano, T. P. & Dionysiou, D. D.  Chemical
and microbial decontamination of pool water using activated
potassium peroxymonosulfate. Water Res. 42, 2899–2910.
Bukhari, Z., Marshall, M. M., Korich, D. G., Fricker, C. R., Smith,
H. V., Rosen, J. & Clancy, J. L.  Comparison of
Cryptosporidium parvum viability and infectivity assays
following ozone treatment of oocysts. Appl. Environ.
Microbiol. 66, 2972–2980.
Carpenter, C., Fayer, R., Trout, J. & Beach, M. J.  Chlorine
disinfection of recreational water for Cryptosporidium
parvum. Emerg. Infect. Dis. 5, 579–584.
Castor, M. L. & Beach, M. J.  Reducing illness transmission
from disinfected recreational water venues: swimming,
diarrhea and the emergence of a new public health concern.
Pediatr. Infect. Dis. J. 23, 866–870.
Centers for Disease Control and Prevention  Model aquatic
health code. Available at: http://www.cdc.gov/healthywater/
pdf/swimming/pools/mahc/structure-content/mahcdisinfection-water-quality-module.pdf.
Clancy, J., Bukhari, Z., Hargy, T., Bolton, J., Dussert, B. W. &
Marshall, M. M.  Using UV to inactivate
Cryptosporidium. J. Am. Water Works Assoc. 92, 97–104.
Craun, G. F., Calderon, R. L. & Craun, M. F.  Outbreaks
associated with recreational water in the United States. Int. J.
Environ. Health Res. 15, 243–262.
Fayer, R., Speer, C. A. & Dubey, J. P.  General biology of
Cryptosporidium. In: Cryptosporidium and Cryptosporidiosis
(R. Fayer, ed.). CRC Press, Boca Raton, FL, pp. 1–41.
Finch, G. R. & Hanbin, L.  Inactivation of Cryptosporidium at
1 C using ozone or chlorine dioxide. Ozone-Sci. Eng. 21,
477–486.
Finch, G. R., Black, E. K. & Gyurek, L.  Ozone inactivation of
Cryptosporidium parvum in demand-free phosphate buffer
determined by in vitro excystation and animal infectivity.
Appl. Environ. Microbiol. 59, 4203–4210.
Hlavsa, M. C., Watson, J. C. & Beach, M. J.  Cryptosporidiosis
surveillance-United States 1999–2002. MMWR 54, 1–8.
Johnson, A. M., Di Giovanni, G. D. & Rochelle, P. A. 
Comparison of assays for sensitive and reproducible
detection of cell culture-infectious Cryptosporidium parvum
and Cryptosporidium hominis in drinking water. Appl.
Environ. Microbiol. 78, 156–162.
Kanjo, Y., Kimata, I., Miyanaga, S., Okada, H., Banno, C.,
Matsumoto, M. & Shimada, Y.  Inactivation of
Cryptosporidium spp. oocysts with ozone and ultraviolet
irradiation evaluated by in vitro excystation and animal
infectivity. Water Sci. Technol. 41, 119–125.
Kropinski, A. M., Mazzocco, A., Waddell, T. E., Lingohr, E. &
Johnson, R. P.  Enumeration of bacteriophages by double
agar overlay plaque assay. Methods Mol. Biol. 501, 69–76.
Letterman, R. D.  Water Quality and Treatment: A Handbook
of Community Water Supplies. McGraw-Hill, New York.
W

The authors would like to thank Dr George Lukasik from

Journal of Water and Health

276

R. S. Donofrio et al.

|

Laboratory validation of an ozone device for recreational water treatment

Loganthan, S., Rongchang, Y., Bath, A., Gordon, C. & Ryan, U.
 Prevalence of Cryptosporidium species in recreational
versus non-recreational water sources. Exp. Parasitol. 131,
399–403.
Morita, S. & Hirata, T.  Effect of the presence of coexisting
substances on UV inactivation of Cryptosporidium parvum
oocysts. J. Water Environ. Technol. 3, 33–40.
NSF International  Equipment for Swimming Pools, Spas,
Hot Tubs, and other Recreational Water Facilities.
NSF/ANSI, Ann Arbor, MI, 50-2009.
NSF International  Ultraviolet Microbiological Treatment
Systems. NSF/ANSI, Ann Arbor, MI, 55-2012.
Owens, J. H., Miltner, R. J., Rice, E. W., Johnson, C. H., Dahling,
D. R., Schaefer III, F. W. & Shukairy, H. M.  Pilot-scale
ozone inactivation of Cryptosporidium and other
microorganisms in natural water. Ozone-Sci. Eng. 22, 501–517.
Rakness, K. L.  Ozone in Drinking Water Treatment: Process
Design, Operation and Optimization. American Water Works
Association, Denver, CO.
Shin, G. A. & Sobsey, M. D.  Reduction of norwalk virus,
poliovirus 1, and bacteriophage MS2 by ozone disinfection of
water. Appl. Environ. Microbiol. 69, 3975–3978.

Journal of Water and Health

11.2

|

2013

Slifko, T. R., Huffman, D. E. & Rose, J. B.  A most-probablenumber assay for enumeration of infectious Cryptosporidium
parvum oocysts. Appl. Environ. Microbiol. 65, 3936–3941.
Turgeon, P.  Monitoring recreational waters: how to integrate
environmental determinants. J. Environ. Protect. 3, 798–808.
Unhoch, M. J. & Vore, R. D.  Recreational water treatment
biocides. In: Directory of Microbicides for the Protection of
Materials (W. Paulus, ed.). Springer, New York, pp. 141–156.
USEPA  DIS/TSS-12 Efﬁcacy data requirements – Swimming
pool water disinfectants. Available at: www.epa.gov/
oppad001/dis_tss_docs/dis-12.htm.
USEPA  Bacterial water quality standards for recreational
water (freshwater and marine waters). In: Beaches:
Environmental Assessment, Closure and Health Program –
Water Quality. EPA/823/R-98/003. Ofﬁce of Water, US
Environmental Protection Agency, Washington, DC.
USEPA  Interim Enhanced Surface Water Treatment Rule.
EPA/816/R-01/014. Ofﬁce of Water, US Environmental
Protection Agency, Washington, DC.
Yoder, J., Wallace, R. M., Collier, S. A., Beach, M. J. & Hlvasa, M.
C.  Cryptosporidiosis surveillance – United States, 2009–
2010. MMWR 61, 1–12.

First received 8 October 2012; accepted in revised form 10 March 2013. Available online 8 April 2013

Downloaded from https://iwaponline.com/jwh/article-pdf/11/2/267/395474/267.pdf
by guest

|

