L AL ENUE & erdath B Uldr-t5] 2 LX ST TR
Vol 20, pp. 203-22] leacrnatonul Orone Assccimbon
Frimled m ghe L5 A, Copyright © 19378

Bactericidal Effects of High Airborne Ozone Concentrations
on Escherichia coli and Staphylococcus aureus

W.]. Kowalski', W.P. Bahnfleth', and T.5. Whittam®

The Pennsylvania State University
!Department of Architectural Engineering
Department of Biclogy
University Park, PA 16802

Received for Review | 15 June 1997
Accepted for Publication : 25 April 1998

Abstract

The bactericidal effects of high concentrations of airbome ozone were
tested against Excherichia coli and Staphylococens anreus. Petr dishes
containing the microorganisms were inserled in a chamber and exposed for
10 - 480 seconds 1o ozone concentrations between 300 and 1500 ppm.
Death rates in excess of 99.99% were achieved for both species. The
mechanism of inactivation accorded with the predictions of first- and
second-order kinetics, suggesting that the disinfection action of ozone in
air parallels the action of ozone in water.

Introvinction

The transmission of respiratory infections in indoor environments represents a major public
health concem for which engineering alternalives are limited. Evidence for the
dissemination of respiratory diseases inside buildings, and specifically by ventilation
syslems, exists in the epidemiological data (Hers and Winkler, 1973; Williams, 1960;
Zeterberg, 1973; Riley and O'Grady, 1961). Common technologies, such as high
efficiency particulate air (HEPA) filters and ultraviolet germicidal irradiation (UVGI), have
proven less effective in real-world installations than in laboratory studies (Weinstein, 1991;
Miller-Leiden et al, 1996) and have inherent limitatjons. New disinfection options are
needed for building designers, and the success of ozone in waler systems suggests its
potential for airside applications. This study seeks to determine if airborne ozone can be
used to mactivate pathogenic agents rapidly, with the long-term goal of applying this
method to the disinfection of ventilation system airsireams as found in typical commercial
buildings, or to the decontamination of unoccupied rooms, food storage Facilities, or
biosafety cabinels.
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Ozone has been investigated previously as an aenal disinfectant, but with inconclusive
results (Hartman, 1925; Elford and Eude, 1942; Rodberg et al,, 1991). The disinfection
of entire rooms with ozone shows some promise (Masaoka et al., 1982), but data on
pzone disinfection of air remain sparse. A summary of results obtained by previous
investigators is shown in Table I for bactenia and in Table IT for viruses. These results
indicate that ozone can inactivate pathogens rapidly and efficiently in water. The
possibility that similar results could be obtained in air has motivated this study.

TABLE L, PREVIOUS RESULTS OF OZONATION OF BACTERIA

Medium Test Ozone | Time |Survival Resenrchers
Organlam Ppm Bec a
Alr £ u:.:.h‘-ru_};s 0.6 600 1 Elford & van de Eude (19432)
S.epidermis | 0.60 | 2407 04 U |Heindel etall (199355108 _
B, suhriliz 1.1 50 0.01 Batzenhart et al. (1993)
E. coil i3 | 10 ] 00037 |Kauzenclsoh & SR (1975)
Water |8, ryphimurium 1.36 36 0.0002 |Farooq et al. (1983)

E. coli ‘0.81 | 30 | 0.00003 |Finchatal(ia8) S
E.coli iz [i¥3 0.00015 |Bunning & Hempel (1355)
E. coli e B A T =t Iddiighﬂif'ﬂﬁﬁfﬁﬁ
8. aureus P 15 0 Burleson <t gl. (1975)

TABLE IL PREVIOUS RESULTS OF QZONATION OF VIRUSES

Medium Test Ozone | Time | Surviwal Researchers

| O rganism rpm fec %
Air |pxi174 b.04 480 | Da T |de mil’lﬂﬂ’%—ﬂfa&?’%ﬁ;—%

| elioviras I 0.20 3e0 1 Harskeh & Butler (1985)
NDY 200 | 417 |51 [pereaRey oSSl RS
o olioviras | 0.21 120 0.1  |Roy et al. (1982)

Water  [polioviras 1 1.50 s | 205" |katéneion ebal (1979
T2 phage 1.30 70 0.083 |Kntzenelson (1973)
T7 phage 095 | 240 ] 0,001 |otkEmi (1B
retavirus §A-00| D25 1n 0.001 |Veughn ed al. (1987)
Heparitls A 1.66 5 |0.00001 [Haiv® Sehisy (9] e
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The toxicity of high ozone concentralions to humans presents an cbvious obstacle to such
applications, but the development of efficient ozone fillers (Reiger et al,, 1995; Takeuchi
and Itoh, 1993) and ozone-destruction catalysts (Rodberg et al, 1991) offers some means
of removing residual ozone and producing sterilized, breathable air, In addition, the low
doses that have proven effective in water (Katzenelson et al,, 1973; Hart et al., 1995;
Beliran, 1995; Chang et al., 1996) coupled with the rapid decomposition rates that have
been observed (Horvath et al., 1985, McCarthy and Smith, 1974; Harakeh and Butler,
1985), indicate that engineered alternatives to ozone filters may be feasible, These
alternatives includeultraviolet irradiation and heating to enhance decomposition, extended
residence time in mixing plenums, and the catalytic effect of glass and silica (Oeuderni et
al, 1996).

A secondary application is the sterilization of surfaces or medical equipment with airtbome
concentrations of ozone. The use of UVGI and autoclaving typically require at least 20
minutes of exposure for complete sterilization of equipment, The use of ozone to sterilizg
equipment has the special advantage of both rapid inactivation and lower overall energy
consumption. Applications also could include the sterilization of surfaces of contaminated
rooms, biosafety cabinets, or entire buildings,

Elimination of bacteria and viruses through ozonation should prove as effective in air as
it does in water on a mass fraction basis, normalized to the mass of the uid. Ozone does
not react significantly with water or air in the absence of UV radiation over the short
periods required for pathogen inactivation. These fluids merely provide the medium in
which concentrations of ozone diffuse and react with organic molecules. Under ultraviolet
irradiation, however, ozone reacts with water and decomposes into various short-lived
radicals, such as the highly reactive hydroxyl radical. Theoretical and empirical evidence
suggests that most of the sterilization effect results from the radicals produced, and not the
ozone itself (Rice, 1997; Beltran, 1995). The decomposition reaction can be enhanced in
air by the use of ultraviolet irradiation and through controlled humidity (NIST, 1992),
Theoretically, therefore, the effects of ozone in air, under controlled conditions, should
parallel the effects of ozone in water, and the effectiveness of ozone for eliminating
airbomne pathogens in either medium may be comparable.

The threshold concentrations at which ozone inactivates viruses and bacteria in water are
remarkably low. For example, the threshold for Escherfehia coli lies between (.1 and 0.2
ppm (Katzenelson et al., 1973; Broadwater et al , 1974). Viruses also are sensitive to low
levels of ozone, an advantage for an air-based system, since these small microbes are
especially difficult to remove by filtration. With the Occupational Safety & Health
Administration (OSHA) limit set at 0.1 ppm (time-weighted average over an 8-hour day,
S daysweek) for human exposure, the design of an air-based ozonation system for indoor
environments appears feasible.

The purpose of the experiments described below was to determine the kinetics of
disinfection for various concentrations of ozone in air. Two model bacterial organisms,
E. coli and S. anrens, were used to assay a wide range of ozone concentrations and
exposure times on killing rates. The results demonstrate that airborne ozone levels can
effectively kill bacteria cells and sterilize surfaces.
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